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CHAPTER I 

INTRODUCTION 

Background 

The global rise in obesity across the last three decades has reached epidemic 

proportions, partly due to the drastic change in our food supply towards western-style 

diets (high fat, high sugar) (1). Data from the World Health Organization (WHO) 

estimates that about 30% of the world’s population is either overweight or obese (2). It is 

also estimated that 13% of the world’s obese population reside in the United States (2). 

Obesity is significantly associated with a variety of health complications, which includes 

insulin resistance (IR) that leads to type 2 diabetes (T2D), and increased risks of 

cardiovascular diseases and cancer (3). It is noteworthy that the precipitating factor for 

many of these complications is the state of low-grade chronic inflammation that 

accompanies the development of obesity (3). This is evident in increased circulation of 

pro-inflammatory cytokines such as tumor necrosis factor alpha (TNF-α), interleukin 

(IL)-1, and IL-6 in high fat (HF) diet-induced obese animals and in humans, which 

contributes to the development of T2D (4). 

Recent studies have associated the onset of diet-induced obesity and its 

complications to disruption in gut homeostasis (5, 6). These changes include disruption of 

the commensal  microbial populations (termed gut dysbiosis) and lamina propria 

lymphocytes which line our gastrointestinal tract to aid digestion, gut protection, and 

maintenance of gut  
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structure. Prominent among the gut microbes modified in HF diet-induced obesity and 

T2D include Bifidobacteria, Akkermansia, Lactobacillus, Bacteroides-related species and 

short chain fatty acid (SCFA)-producing genera such as Roseburia (7).  In addition, 

immune cells vital for gut homeostasis including forkhead box (FOX)P3+ T-cells that are 

important in gut immunoregulation and Th17 cells, which are the most abundant T-cells 

in mucosal tissues (8), are also altered by HF diet (6). A vital function of the gut 

microbiota is the production of SCFAs from the fermentation of soluble dietary fiber and 

other non-digestible carbohydrates (9). Within the gut, SCFAs increase the expression of 

T-regulatory cells and promote the extra-thymic differentiation of T-cells into IL-10 

producing T-cells, thus inducing gut tolerance to food and other antigens (9). This 

function is diminished in gut dysbiosis induced by a HF diet, which consequently results 

in increased intestinal permeability to endotoxin (5).  

In order to combat systemic inflammation that may be initiated by the epithelial 

passage of both commensal and pathogenic microbes the mammalian gut develops a 

number of defense mechanisms. Among these are the antimicrobial peptides (AMPs) 

such as defensins, cryptidins, and the regenerating islet-derived protein (Reg)3 lectins, 

chiefly produced from the Paneth cells in the intestinal crypts (10). Interestingly, certain 

commensal bacteria show immunoprotective ability in the gut by metabolizing dietary 

factors which stimulate the release of AMPs. For example, gut bacteria-derived butyrate 

and tryptophan metabolites from Lactobacillus protect intestinal integrity by elevating the 

expression of IL-22 that is capable of activating the signal transducer and activator of 

transcription (STAT)3- regenerating islet-derived protein (Reg)3 pathway in intestinal 

epithelial cells (IECs) (11, 12). Consequently, an increase in gut Reg3 lectins prevent 
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bacterial translocation to peripheral tissues (13). Thus, it could be hypothesized that 

dietary approaches that enhance the production of AMPs in the gut may reduce the 

impact of HF diet-induced bacteremia/endotoxemia and suppress inflammation in 

peripheral tissues. 

Strong scientific evidences accumulating in recent studies have shown that in HF 

diet-induced obesity, a reduction in specific gut bacteria and immune cells are observed 

in IR, a condition that precedes the development of T2D (5, 6, 14). Garidou et al. showed 

in a murine model of obesity that prior to the development of IR, HF feeding induces gut 

dysbiosis, suppresses antimicrobial peptide secretion (Reg3β and Reg3γ) and decreases 

ileal Th17 and FoxP3+ T-cells (6). Moreover, the early decrease in Th17 cells 

significantly correlated to a reduction in the bacterial family Porphyromonadaceae, 

whose members have been reported to trigger IL-17 production (6, 15). Furthermore, 

mice fed a HF diet experienced increased endotoxemia, which sets the tone for IR and 

inflammation in the liver and adipose tissue (5). These gut changes induced by the HF 

diet were observed as early as 10 days of HF feeding and continued until 30 days, 

preceding the onset of IR in mice (5, 6).  Thus, these studies (5, 6, 14) infer that HF diet 

suppresses gut immune surveillance, which enhances translocation of bacteria and their 

products across the gut. These gut changes lead to the onset of IR in HF diet-induced 

obesity. 

Prebiotics serve as food to the gut microbiome and may be a vital component in 

managing obesity related complications including IR and T2D (16). Dietary fiber and 

non-digestible carbohydrates such as inulin, oligofructose, resistant starch (RS) and 

glucooligosaccharide (GOS) have been reported for their gut modulatory and anti-
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diabetic potential (17-19).  Importantly, synbiotic (combination of prebiotic and 

probiotic) administration to mice fed a HF diet for 30 days prevented gut dysbiosis and 

the reduction in gut Th17 and FoxP3+ T-cells and consequently improved glucose 

tolerance (6). While most studies have concentrated on the impact of isolated fiber as a 

prebiotic, only few studies have shown that whole foods, such as maize, whole wheat, 

banana and mango may also show prebiotic properties (20-23).  Therefore, investigating 

whole foods that modulate gut microbiota and immune cells may be an important 

approach in preventing the negative effects of HF diet. 

Accumulating evidence shows that certain whole foods containing a variety of 

nutrients possess gut modulatory and prebiotic effects (20, 21). For example, wheat germ 

(WG) is a nutrient-dense component of the wheat grain that contains a modest 4% fiber, 

23% protein, and several bioactive compounds with various health benefits (24). Apart 

from its fiber component, WG is a good source of the essential amino acid – tryptophan 

(300 mg / 100 g) (25), which could be available for the metabolic survival of certain 

commensal gut bacteria, including members of the Lactobacillus genera (26).  Few 

studies have investigated the health benefits of WG. For example, fermented WG extracts 

showed anti-tumor properties (27). In addition, WG oil has been shown to have a strong 

anti-inflammatory and antioxidant effects in animal and in hypercholesterolaemic 

patients (28, 29). Furthermore, 6-month supplementation with 60 g WG modulated 

glucose homeostasis in T2D subjects (30). From a preventive standpoint, it is unclear if 

WG could influence the gut bacteria, SCFAs, and induce gut tolerance and protection 

required to prevent peripheral inflammation and obesity-induced insulin resistance. 
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Dry beans (Phaseolus vulgaris) on the other hand are high in fiber (15-45% 

wt/wt) depending on the variety, and may improve diet quality (31)). Additionally, beans 

are nutrient dense foods that provide high quality protein, are low in fat, and contain 

many bioactive compounds such as vitamins, minerals, and polyphenols (32). The most 

commonly produced and consumed bean in the US is the pinto variety (Phaseolus 

vulgaris L.), which is approximately half of US dry bean production in 2009 (33). Pinto 

beans (PB) showed the potential to modulate the postprandial glucose response in T2D 

patients, and reduce risk factors of metabolic syndrome (34). Furthermore, PB influenced 

in vitro SCFA production and gut microbiota in individuals with pre-metabolic syndrome 

(35).  Since our recent understanding of changes to the gut biology in obesity indicate 

that the disruption of the gut immune defense and gut microbiota precedes the onset of 

HF diet-induced T2D (5-7), no studies have been carried out on PB in preventing these 

early detrimental changes in the gut.  

Due to the prevalence of diets rich in saturated fat and simple sugars in the current 

food supply, it is vital to identify dietary components that could mitigate the detrimental 

outcomes of the western-style diets. Hence, the incorporation of beneficial whole foods in 

the diet may potentially improve several facets of gut health when consuming either a 

normal diet or western-style diets. In turn, these gut modulatory effects of whole foods 

may be vital for the prevention of obesity-induced adipose tissue dysfunction and chronic 

inflammation that is typically associated with the induction of glucose intolerance in the 

long term.  
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Purpose: By using animal models of diet-induced obesity, the purpose of this project is 

to determine the gut-protective mechanisms of WG and PB when added to a western-

style diet and the implication on glucose tolerance and the induction of proinflammatory 

cytokines in the adipose tissue. 

Central Hypothesis: In animals fed a western diet, supplemental WG and PB will 

uniquely modulate gut bacterial diversity and composition, activate STAT3 signaling, 

and upregulate antimicrobial peptides (AMP) in the small intestine. These effects of WG 

and PB will contribute to the improvement of glucose homeostasis and suppression of 

proinflammatory markers in the visceral adipose tissue (VAT). 

 

Specific Aim 1:  To investigate the gut modulatory potential of WG on the gut 

microbiome, lamina propria lymphocytes, jejunal antimicrobial peptide expression 

and adipose tissue inflammation in C57BL6J mice fed a high fat, high sucrose (HFS) 

diet for 12 weeks 

 

Sub-Aim 1.1:   To evaluate the effects of WG supplementation on body composition, 

glucose homeostasis, and lipemia in C57BL/6J mice fed a HFS diet for 12 weeks. 

 

Sub-Aim 1.2:   To determine the effects of WG supplementation on the cecal microbial 

population, fecal SCFA, small intestinal CD4+ T cells, and systemic inflammation in 

C57BL/6J mice fed a HFS for 12 weeks. 
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Sub-Aim 1.3:   To investigate the effect of supplemental WG on the STAT3-AMP 

pathway in the gut, and its potential to reduce inflammation and immune cell infiltration 

in the visceral adipose tissue of C57BL/6J mice fed a HFS for 12 weeks. 

 

 

Working Hypothesis 1: 

WG will prevent aspects of HFS-induced gut dysbiosis and induce AMP genes in the gut, 

indicating an enhanced capacity to mitigate HF-induced leaky gut. This effect of WG on 

the gut would be associated with reduced IR, immune cell infiltration and 

proinflammatory cytokines in the VAT. 

 

Specific Aim 2:  To determine the early protective effects of PB supplementation on 

the cecal microbiome, antigen presentation marker (major histocompatibility 

complex, MHC II), and antimicrobial peptide expression, and adipose tissue 

inflammation in C57BL6J mice fed a HFS diet for 30 days. 

 

Sub-Aim 2.1:   To evaluate the effects of PB supplementation on body composition and 

glucose homeostasis in C57BL/6J mice fed a HFS diet for 30 days. 

 

Sub-Aim 2.2:   To determine the effects of supplemental PB on cecal bacteria and 

fermentative capacity in C57BL/6J mice fed a HFS for 30 days. 
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Sub-Aim 2.3:   To investigate the effect of PB supplementation on gut MHC II protein 

and Reg3 gene, and its potential to reduce immune cell infiltration and activation in the 

VAT of C57BL/6J mice fed a HFS for 30 days. 

 

Working Hypothesis 2: 

At the early onset of HFS-induced glucose intolerance, PB will beneficially modulate the 

gut bacteria, increase SCFAs, upregulate MHC II protein in the gut, and enhance Reg3 

transcription. These PB effects in the gut of HFS-fed mice may explain its ability to 

prevent of glucose intolerance and reduced proinflammatory milieu in the visceral 

adipose tissue. 
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CHAPTER II 

 

REVIEW OF LITERATURE 

1.0 Obesity as a global health issue 

Over the years, many countries have experienced a rising prevalence of 

overweight and obesity (36). Analysis of overweight and obesity prevalence in 188 

countries between 1980 and 2013 revealed that none of the countries showed a decline in 

obesity in the past 33 years (2). During this period, the number of overweight and obese 

individuals rose from 857 million to 2.1 billion globally and 671 million of these 

individuals are classified as obese in 2013 (2). Additionally, more men were considered 

overweight and obese in developed countries, while a greater prevalence was observed in 

women than men in developing countries (Figure 1). The United States had the highest 

number of individuals classified as obese in 2013, accounting for 13% of obese people 

worldwide (2). To put this into more perspective, both China and India with a population 

of over 2.5 billion people (compared to the United States with population of about 300 

million) account for 15% of the world’s obese individuals (2). 

The increase in overweight and obesity is a health concern for both developed and 

developing countries and has been characterized as a global pandemic (36, 37). Globally, 

obesity was estimated to account for 4% of disability-adjusted life years (DALYs) in 
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2010 (38). Furthermore, it accounts for 4% of years of life lost and 3.4 million deaths 

worldwide in the year 2010 (38). It is well known that overweight and obesity is a major 

risk factor for many chronic diseases such as diabetes, cancer and cardiovascular diseases 

(3, 38-40). All the problems associated with obesity makes it a global public health 

priority especially in the United States. Several explanations have been offered for the 

global rise in obesity, including caloric intake increase, diet compositional changes, lower 

levels of physical activity and recently, gut microbial changes (41-44). To alleviate the 

imminent health effects of rising overweight and obesity, it is vital to intervene against 

these determinants of obesity by active promotion of healthy food production and 

consumption, and encouraging physical activity. 

   

 

 

 

 

 

Figure 1: Age-standardized prevalence of overweight and obesity (BMI ≥ 25 kg/m2) in 
developed and developing countries, ages ≥20 years, by gender, 1980–2013. BMI=body-mass 
index. Retrieved from Ng et al. (2)  
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2.0 Mechanisms linking obesity to type 2 diabetes (T2D) 

One of the most devastating consequences of obesity is T2D, as over 80% of T2D 

patients are obese (45). In the year 2000, about 171 million people were estimated to live 

with T2D with the numbers projected to reach 366 million by 2030 (46). Furthermore, 

T2D prevalence is higher in men than in women, although more women have diabetes 

than men at the turn of the century (46). Moreover, the United States, India and China 

make up the top three countries with most people living with T2D in year 2000 and these 

positions are projected to be the same by 2030 (46). 

 Obesity is associated with insulin resistance (IR), a situation where insulin-

responsive tissues become less sensitive to insulin action (47). However, at the early 

stages, most obese and insulin resistant people may not develop sustained hyperglycemia, 

due to the ability of the pancreatic beta cells to maintain normal glucose tolerance by 

elevating insulin release to compensate for reduced insulin efficiency (47). Over a period 

of time, pancreatic β-cells may lose their ability to continually compensate completely 

for the reduction in insulin sensitivity (also termed IR), which then leads to T2D 

characterized by hyperglycemia (48). Some factors in obesity that may result in the 

development of IR and T2D are further described below. 

 An important tissue contributing to the emergence of T2D in obesity is the 

adipose tissue. The adipose tissue contributes to the body’s metabolism by the release of 

non-esterified fatty acid (NEFA), proinflammatory cytokines, and hormones such as 

adiponectin and leptin (49, 50). In obesity, the release of these products is significantly 

elevated. Increased NEFA levels are associated with IR in both obese and T2D subjects 
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(51). IR was observed within hours of acute elevation in human plasma NEFA (52). In 

contrast, an acute decrease in NEFA levels with acipimox (an antilipolytic agent) 

improved glucose uptake and glucose tolerance (53). Elevated intracellular NEFA may 

compete with glucose oxidation, resulting in the inhibition of the glycolytic enzymes 

hexokinase II and phosphofructokinase activity (54). Furthermore, increase intracellular 

NEFA results in an elevation of fatty acid metabolites such as ceramides, which leads to 

reduced activation of insulin receptor substrates (IRS) 1 and 2 (54). Consequently, 

activation of the PI(3)K pathway is impaired and other downstream events of insulin 

receptor signaling are reduced, leading to impaired insulin sensitivity (54).  

 Another factor that may contribute to the development of IR and T2D in obesity, 

especially intra-abdominal adiposity, is the macrophage-induced production of 

proinflammatory cytokines, primarily TNF-α, IL-6 and IL-1beta (4, 55, 56).  In 

adipocytes, TNF-α affect the insulin signaling pathway via the inhibition of IRS-1 

phosphorylation (56). Further, TNF-α and IL-6 may inhibit insulin action in the liver, 

thus increasing hepatic glucose output and further contributing to hyperglycemia (57). 

Moreover, elevation in TNF-α may stimulate hepatic production of free fatty acids in the 

liver (58), which may further contribute to IR as described above. 

 While it is believed that the adipose tissue is the major source of TNF-α in obese 

subjects, it may also be produced in other tissues such as the skeletal muscle (59). Gene 

expression and secretion of TNF-α was elevated in the skeletal muscle of IR and T2D 

patients (59, 60). Increased TNF-α gene expression correlated with reduced glucose 

uptake, thereby suggesting that TNF-α has a link to reduced insulin sensitivity in the 

skeletal muscle (59). Pro-inflammatory cytokines may also indirectly impact insulin 
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metabolism in pancreatic β-cells, as a combination of TNF-α, IL-1 and interferon (IFN)-

γ, stimulated nitric oxide formation in human islets, resulting in an impairment of 

glucose-stimulated insulin secretion (61). Moreover, IL-1β induced pancreatic β-cell 

dysfunction via the expression of inducible nitric oxide synthase (iNOS) (62). 

Furthermore, exposure of rat pancreatic islets to TNF-α resulted in DNA double strand 

breaks and impaired insulin secretion (63). Together, these studies showed that elevation 

of free fatty acids and proinflammatory cytokines are directly or indirectly involved in 

the etiology of IR and T2D in obesity. 

 Interestingly, recent studies have accumulated evidence about the involvement of 

the gut, most importantly the gut bacteria and resident immune cells in the 

pathophysiology of obesity and T2D. This concept is further discussed in detail below.  

3.0 The gut microbiome 

The human gastrointestinal tract houses trillions of commensal bacteria, which 

acts as a bioreactor that is powered by dietary macronutrients to generate bioactive 

compounds (64). About 500 times more genes are encoded by the microbial genome 

compared to the human genome (65-67). The gut microbiome and signals originating 

from these microorganisms modulate host metabolism in various ways, and a distortion 

in the gut microbial composition and metabolites, contribute to many human diseases 

(64). 

 In humans, microbial density increases as we move down the gastrointestinal 

tract, which is predominantly colonized by anaerobic bacteria (67). Five phyla dominate 

the gut microbial community: Firmicutes, Bacteroidetes, Proteobacteria, Verrucomicrobia 
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and Actinobacteria (64). The Firmicutes are the most dominant phylum, and it includes 

key members of the genera Lactobacillus, Ruminococcus, Clostridium, and butyrate 

producers such as Roseburia, Fecalibacterium and Eubacterium. The phylum 

Bacteroidetes includes the Bacteroides, Xylanibacter and Prevotella which are all 

efficient dietary fiber-degrading genera. Desulfovibrio and Escherichia are key genera in 

the phylum Proteobacteria. At the moment, the only genus identified in the 

Verrucomicrobia phylum is the mucus-degrading Akkermansia. Lastly, the 

Actinobacteria phylum consist of a major genus called Bifidobacterium, and many taxa 

within this genus are used in probiotic supplements (64). 

 Environmental and genetic factors vastly influence the gut microbial composition 

starting in early life (68). For example, the phylum Bacteroidetes seem to be influenced 

by environmental factors, while the abundance of the family Christensenellaceae is 

influenced by host genetics (69). Furthermore, babies born via vaginal delivery have a 

different gut microbial community compared to cesarean delivery (70). The direct contact 

with the intestinal and maternal vaginal flora during vaginal delivery is important in 

establishing the biodiversity of the infant gut microbial community (70). This direct 

contact is absent in cesarean delivery, leading to intestinal colonization of the infant with 

more of environmental and non-maternally derived bacteria (71). During infancy, the 

gradual development of an adult-like anaerobic population of the gut microbiome is 

largely dependent on diet (64, 67). Diet quality and quantity, such as fiber, fat and 

carbohydrate content modulate gut microbial stability (72, 73). Moreover, antibiotic 

usage may induce loss of gut microbial stability, and the restoration of the core gut 

microbes may delay for a long time, or not recover at all (74, 75). It is worthy to note that 
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gut microbial community perturbations may occur dramatically within a few days by 

factors such as diet, infection or a change of environment (76-78). Together, these reports 

show that an established gut microbiota is an integral part of the host and disruptions may 

impact host metabolism and overall health. 

4.0 Gut Microbiota-derived Signaling Molecules in Health and Disease 

 The homeostatic relationship between the gut microbiota and the gut mucosal 

immune system is important in the maintenance of the host’s overall health (64). Health 

maintenance or disease manifestation is modulated by several signaling molecules, which 

can either be bacterial metabolites or structural components of bacteria. Some of these 

gut signaling molecules which have been implicated in the pathophysiology of obesity 

and IR are discussed below. 

4.1 The Interplay between Gut Bacteria and Immune Cells 

 Certain pattern-recognition receptors (PRRs) such as nucleotide-binding 

oligomerization domain (NOD)-like receptors (NLRs) and toll-like receptors (TLRs), are 

embedded on intestinal epithelial cells (IECs) and immune cells (79). These PRRs 

recognize microbe-associated molecular patterns (MAMPs) on both normal gut flora and 

pathogens such as bacterial flagellin, lipopolysaccharide (LPS, an endotoxin in gram 

negative bacteria), peptidoglycan and other bacterial structural components (79). The 

PRRs’ recognition prevents MAMPs from translocating across the gut epithelial barrier 

(64). The localization of MAMPs to the gut is also dependent on mucins and epithelial 

tight junction proteins, including zonula occludens 1 (ZO-1) and occludin (7). Diet may 

significantly impact the intestinal tight junctions and the protective mucus layer, as a 
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reduction in the thickness of the colonic mucus layer was observed in mice fed a HF diet 

(80). Moreover, tight junction proteins were reduced in mice fed a HF diet (7), which 

may promote the passage of bacteria and MAMPs across the intestinal epithelium.  

The translocation of MAMPs across the gut epithelial barrier may be the most 

significant factor linking HF diet-induced obesity to systemic IR (64). Although 

translocation of MAMPs and other bacterial products are generally prevented in eubiosis, 

very low amounts of MAMPs, especially LPS, may be packaged with chylomicrons and 

delivered to the systemic circulation (81, 82). Increased LPS concentrations was observed 

in the blood (termed endotoxemia) of HF fed mice (5), and postprandial levels in humans 

were elevated after a high fat meal but not after smoking (83). Upon reaching peripheral 

tissues, LPS may induce IR via TLR4/CD14 signaling (5). Furthermore, LPS and other 

bacterial products in the plasma may activate TLRs on adipocytes leading to macrophage 

recruitment in a CCL2 dependent manner (84). TLR activation and monocyte recruitment 

to the white adipose tissue may then contribute to the pathophysiology of obesity-related 

IR, by increasing the release of free fatty acids and production of pro-inflammatory 

molecules (as discussed in section 2.0).  

Under gut homeostatic conditions, IECs produce antimicrobial peptides (AMPs) 

and mucins, which control their interaction with the gut microbiota (85, 86)).  Also, upon 

the identification of MAMPs by innate lymphoid cells 3 (ILC3), IL-22 is delivered to 

IECs which results in the production of antimicrobial peptides (α-defensins, REG3β and 

REG3γ), that kill or inhibit bacteria around the IEC’s surface (85). The production of 

AMPs is impaired in HF diet-induced obesity (6, 87). When compared to mice fed a 

chow diet, mice fed a HF diet had reduced numbers of Paneth cells, which are specialized 
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IECs responsible for producing AMPs (87). Furthermore, as early as 30 days after HF 

feeding, mice became IR and have a significant reduction in REG3β and REG3γ gene 

expression in the ileum (6). In contrast, a symbiotic administration (probiotic and 

prebiotic) improved the gene expression of the AMPs to the level of control (6). This 

shows that HF diet reduced homeostatic gut immune surveillance by AMPs, thus 

exposing the IECs to direct bacterial interaction which may stimulate gut inflammation. 

Under eubiosis, there exists a healthy balance of the commensal gut bacteria and 

inflammation is often directed towards gut tolerance (86). In this healthy gut state, 

recognition of MAMPs induces the IEC to produce mucins, AMPs and anti-inflammatory 

cytokines, such as IL-33, transforming growth factor β (TGF-β), and IL-25 (86). This in 

turn, stimulates the development of tolerogenic dendritic cells and macrophages (86). The 

tolerogenic macrophage secretes the anti-inflammatory cytokine, IL-10, which inhibits 

further activation, differentiation and proliferation of immune cells (86)). Tolerogenic 

dendritic cells on the other hand, stimulates T-regulatory cells (T-reg cells) expressing 

the transcription factor FoxP3, to also secrete IL-10 via a TGF-β and retinoic acid – 

dependent mechanism (86). Furthermore, the induced T-reg cells secrete TGF-β which 

promotes the production of immunoglobulin A (IgA) from IgA+ plasma cells (86). This 

ensures the abundance of IgA in the lumen, which further limits the interaction of the 

microbiota with the IEC (just like AMPs and mucins). Interestingly, HF feeding has been 

shown to reduce IL-10 levels and FoxP3+ T-cells in the gut (6, 88). Rats fed a 45% HF 

diet had a significant reduction of the IL-10 gene in the ileum as early as 1 week from the 

commencement of HF feeding (88). Moreover, mice became insulin resistant and a 

reduction of FoxP3-expressing T-cells was observed as early as 10 days of HF feeding, 
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which became statistically significant after 30 days of HF feeding (6). These studies 

suggest that HF feeding disrupts eubiosis and immune gut tolerance mechanisms. 

TH17 cells, on the other hand, are vital in the containment and elimination of 

pathogenic bacteria, fungi and other MAMPs in the gut (8). This important function of 

TH17 cells make them one of the most abundant T-helper cell, together with T-reg cells, 

in the intestinal lamina propria (8). Upon pathogen recognition, dendritic cells deliver the 

cytokines, TGF-β and IL-6 to naïve T-cells, which stimulate the expression of the 

transcription factor retinoic acid orphan receptor (ROR)γt, and their subsequent 

differentiation to TH17 cells (89). The effector function of TH17 cells is the production 

of a subset of cytokines, including IL-17A, IL-17F, IL-22, and IL-26 (86, 89). IL-17A 

and IL-17F are vital cytokines for neutrophilia, since they stimulate IECs to produce 

CXC chemokines, which promote the recruitment of neutrophils for pathogen elimination 

(86, 90). Furthermore, IL-22 produced from TH17 cells promote epithelial proliferation 

and barrier maintenance, and the production of antimicrobial peptides, including REG3β, 

REG3γ and lipocalin-2, thereby restricting pathogens to the gut lumen (89, 90). The gut 

protective effect of TH17 cells during pathogen invasion was shown in IL-17RA-/- mice, 

where the absence of IL-17 signaling in Salmonella typhimurium –induced diarrhea led to 

a defect in neutrophil recruitment and promoted bacteremia (91). Furthermore, recent 

evidence showed that mice fed a HF diet for 30 days had a dysbiotic microbial signature 

and developed IR coupled with a significantly reduced TH17 cells and antimicrobial 

peptides (6). Thus, it was postulated that a reduction in TH17 cells with HF feeding 

suppresses the effector functions of these cells in orchestrating gut mucosal protection – a 

situation which encouraged endotoxemia-induced IR (6). 
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Despite the gut protective ability of TH17 cells, these cells may exist in a 

dichotomy of help and harm. Due to their high degree of plasticity, delivery of the 

cytokines IL-23 or IL-12 from dendritic cells or macrophages lead to the transition of 

TH17 cells to the IFNγ-producing TH1 cells, which are pro-inflammatory (86). 

Therefore, since T-regs are vital in inducing tolerance, a balance between TH17 cells and 

T-reg cells may be central in the maintenance of eubiosis (8).  

4.2 Short Chain Fatty Acids (SCFAs) 

Prebiotics are substrates that can be selectively utilized by the gut microbiota and 

confer a health benefit to the host (92). These complex carbohydrates also known as 

fiber, (including inulin, oligofructose, resistant starch, pectin, β-glucan etc) are 

selectively fermented into SCFAs in the distal GI tract (93). Acetate, butyrate and 

propionate are the main products of dietary fiber fermentation. Depending on the 

microbiota composition, fiber intake and intestinal transit time, SCFAs concentrations 

may reach 20-140 mM, and they may be absorbed and contribute 6-10% of the total daily 

energy requirement (94, 95). SCFAs serve as vital energy sources for both the 

commensal gut bacteria and intestinal epithelial cells of the host (96). Thus, dietary fiber 

can be beneficial to both the host and gut microbiota’s health in many ways, which 

includes modulation of major shifts in the gut microbiota composition and gut mucosal 

immunomodulation towards an anti-inflammatory phenotype (93). 

The anti-inflammatory effects of fiber are mainly due to gut microbial-dependent 

SCFAs production. For example, butyrate has been widely studied for its gut 

immunomodulatory functions (97-102). Butyrate serves as the main source of energy for 
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colonic epithelial cells and augments intestinal barrier function by upregulating tight 

junction proteins (97, 98). Also, butyrate may reduce colon cancer by inhibiting the 

activity of histone deacetylases (HDACs) (99). Furthermore, the administration of a diet 

rich in soluble fiber, resistant starch and inulin in an inflammatory bowel disease (IBD) 

model, resulted in high butyrate concentrations which was associated with elevated T-reg 

cells and reduced IFN-γ production (100). Moreover, butyrate administration in 

ulcerative colitis patients reduced NF-kB signaling pathways, by upregulating 

peroxisome proliferator activated receptor (PPAR)γ, which contributes to the reduction of 

intestinal inflammation (101, 102). 

 Due to the increasing evidence of the benefits of SCFAs to the host, its 

mechanism of action is becoming clearer (103). Three G protein-coupled receptors 

(GPRs) have been identified as vital in SCFAs signaling. These SCFAs receptors are 

GPR41 (Ffar1), GPR43 (Ffar2) and GPR10A (Hcar2), and are expressed by numerous 

cell types including IECs and immune cells (93). The adipose tissue expresses GPR41 

and it is also expressed on peripheral blood mononuclear cells (PBMC) at low levels 

(93). On the other hand, GPR43 is expressed on immune cells, particularly high on 

neutrophils and eosinophils (103). This is evident in a colitis model, which showed that 

SCFAs induced the expansion and suppressive function of FoxP3+ T-reg cells in a 

GPR43-dependent manner (104). Indeed, mice lacking the GPR43 gene showed an 

increased susceptibility to inflammatory bowel disease (IBD), and were incapable to 

resolve inflammation due to the lack of SCFAs signaling on their immune cells (103). 

Furthermore, activation of GPR41 by SCFAs prevented colitis by inducing the 

differentiation of T-reg cells and IL10-producing T-cells (105). Since, SCFAs (especially 
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acetate) may be absorbed and reach high concentrations in the blood, systemic anti-

inflammatory effects may also be observed (93). Therefore, SCFAs induction of gut 

tolerance may be vital to maintain eubiosis, by preventing the disruption in the 

communication between the gut microbiome and immune cells, which is significantly 

associated with the onset of metabolic disease. 

5.0 The Gut-Adipose Axis in Obesity 

The intestinal epithelium is a vital physiological barrier that prevents the passage gut 

bacteria and endotoxins into the circulation (106, 107). The regulation of this barrier is 

impaired in diet-induced obesity leading to increased adherence of bacteria and 

subsequent translocation mainly via paracellular channels (7, 108, 109). Similarly, LPS 

from gram negative bacteria may get into the systemic circulation mainly via passive 

transcellular diffusion (110). Primarily, LPS exits the gut through the lymphatic system 

more than through portal gateways (111). The entry of LPS into systemic circulation is 

via the thoracic duct (at the subclavian vein) (112). Thereafter, circulating LPS may bind 

to LPS-binding protein (LBP) to induce inflammation and impair insulin sensitivity in 

peripheral tissues such as the skeletal muscle, adipose tissue, or liver (113-115). 

Consequently, circulating LBP has been suggested as a marker for IR in obesity (116). 

Furthermore, LPS could be attached to lipoproteins and delivered to the adipose tissue 

where they contribute to chronic inflammation and adipose tissue dysfunction (81, 82). 

In ideal situations, translocated bacteria are normally phagocytosed and processed 

by antigen presenting cells for effective elimination of such bacteria (108, 112, 117, 118). 

This process is impaired at the early stages of diet-induced obesity, as only a 10-day 
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feeding of a HF diet adequately suppressed MHC II signals in the distal ileum (6). The 

failure of gut restriction or elimination of bacteria encourages translocation into the 

mesenteric fat surrounding the gut and they may also reach mesenteric lymph nodes (108, 

112, 117-119). This was evident in the study using GFP-labelled E. coli which showed 

that after only one week of HF feeding, live bacteria were observed in the white adipose 

tissue of mice fed a HF diet before the induction of pro-inflammatory markers such as 

TNF-α and IFN-γ (108). By the 4th week of HF feeding, observed adipose bacteria were 

2-folds higher than week 1, which consequently corresponded to the elevated TNF-α and 

IFN-γ genes in the adipose tissue (108). Importantly, these changes occurred before the 

onset of HF diet-induced diabetes in the animals (5-7, 108). This is not surprising since 

the white adipose tissue contributes significantly to the chronic inflammatory state in 

obesity, which enables the impairment of insulin sensitivity (5, 120, 121).  

In support of this, adipocytes express several PRRs such as TLR4, which is 

activated by LPS to generate proinflammatory factors such as IL-6, IL-1β, TNF-α and 

chemokines such as monocyte chemoattractant protein (MCP)-1 (122, 123). Furthermore, 

the abundance of immune cells such as macrophages in obese visceral adipose tissue may 

further enhance the pro-inflammatory state, since LPS-activated macrophages generate 

M1-like macrophages characterized by nitric oxide production and other mediators for 

microbicidal activity (124, 125). In agreement with the notion that gut-derived signals 

mediate adipose inflammation and obesity-induced diabetes, studies in germ-free (GF) 

mice showed that in comparison to conventionally raised mice, GF mice were resistant to 

obesity, were more glucose tolerant, and had less adipose inflammation (126-128). These 

studies suggest that mechanisms that improve intestinal homeostasis may aid the 
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restriction of bacteria and LPS to the gut, and be beneficial to prevent obesity-induced 

adipose inflammation and subsequent IR. 

6.0 The Role of Signal Transducer and Activator of Transcription (STAT)3 in Gut 

Homeostasis 

STAT proteins are cytoplasmic transcription factors that play a central role in 

signaling from the cell membrane to the nucleus (129). There exists seven members of 

the STAT family (129). Of these, STAT3 stands out as key in several vital cell types in 

the body. The importance of STAT3 is evident in the fact that whole body STAT3-KO 

mice did not survive past the embryogenesis stage (130). 

STAT3 is a key player in intestinal health, but its impact in intestinal epithelial 

cells (IEC) have been mostly studied using STAT3IEC-KO mice (131-133). For example, 

restoration of intestinal homeostasis in DSS-induced colitis models required STAT3 

activation (131, 134). STAT3 is activated by several signals, including the binding of 

IL6, IL-22, and IL-11 to their receptors, which results in the phosphorylation and nuclear 

translocation of STAT3 (131, 133). This leads to the transcription of STAT3 responsive 

genes involved in antimicrobial defense response and wound healing, such as Reg3β, 

Reg3γ, birc5 and pla2g5 genes (131). Among STAT3-inducing cytokines, IL-22 seems to 

be more important since IL-22 KO mice did not show any STAT3 phosphorylation in the 

IECs (131). Indeed, both IL-22 KO and STAT3IEC-KO mice showed a similar phenotype 

(131). This demonstrates that IL-22 signaling in the IECs is central to STAT3 activation 

and intestinal defense and healing to achieve homeostasis.  
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More recently, studies show that the SCFA, butyrate, contributes to intestinal 

homeostasis via the activation of the STAT3 pathway in intestinal epithelial cells (12, 

135). Gut microbiota-derived or orally administered butyrate activated STAT3 in a 

GPR43-dependent manner, to induce the expression of Reg3γ and defensins in IECs (12). 

At the moment, it is unclear if the effect of butyrate on epithelial cell STAT3 could occur 

independent of IL-22. However, in vitro evidence suggest that butyrate plays a supportive 

role in IL22 signaling in human Caco2 cells, by upregulating the pivotal chain of the 

heterodimeric IL22 receptor- IL22R1 (135).  

Apart from bacterial-derived butyrate, more evidence shows that the gut 

microbiome is involved in STAT3 activation in IECs to promote intestinal health (11, 

136). Indeed, Lactobacillus-related bacteria may convert tryptophan into indole 3 acetic 

acid (I3A), which is capable of inducing IL-22 expression in innate lymphoid cells via 

the aryl hydrocarbon receptor (136). Consequently, STAT3 is activated leading to the 

expression of the Reg3 antimicrobial proteins (11, 136).  Collectively, these studies imply 

that dietary sources of fiber and tryptophan may be vital in producing butyrate and I3A 

respectively, which could activate STAT3 in IECs for antimicrobial defense or wound 

healing. Consequently, HF diet-induced gut translocation into the blood or tissues such as 

the adipose and liver may be suppressed corresponding to the amelioration of 

inflammation and IR. 

7.0 The Nutritional and Health Potential of Wheat Germ 

Wheat germ (WG) is about 3.8% of the wheat grain and comprises of the scutellum and 

the embryonic axis (24). WG is a rich source of oil used in the production of certain 
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vitamins such as alpha-tocopherol (24). Due to its rich unsaturated oil content, WG is 

separated during the wheat milling process to prevent oxidative rancidity which is a 

significant commercial factor (137). Worldwide, WG is underutilized despite being a 

nutrient-dense component of the wheat grain. It is a significant source of concentrated 

nutrients such as phytosterols, tocopherols, policosanols, carotenoids and thiamin (24). 

The reports on its fiber content are somewhat inconsistent, as it has been reported to 

contain up to 4.5% fiber (24) or 13% fiber (Table 1) (138). In addition, WG is a rich  

Table 1: Nutrient content of Wheat Germ 

Nutrient Per 100 g Wheat Germ (crude) 

Total kcal 360 

Carbohydrate (g) 51.8 

           Fiber (g) 13.2 

Fat (g) 9.72 

Protein (g) 23.15 

            Leucine (mg) 1571 

            Lysine (mg) 1468 

            Tryptophan (mg) 317 

Calcium (mg) 39 

Phosphorus (mg) 842 

Potassium (mg) 892 

USDA FoodData Central for Standard Reference Release 28 (138) 

 

source of high quality protein (23% protein) (24). For example, a digestibility study using 

the digestible indispensable amino acid score (DIAAS) showed that WG is a good source 
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of the essential amino acid – tryptophan (300 mg / 100 g, Table 1) (25, 138). This 

suggests that apart from its fiber component, its tryptophan content could also be 

available for the metabolic survival of certain beneficial gut bacteria (26).  Despite its 

reported nutrient richness, only few studies have investigated the potential health benefits 

of WG. For example, fermented WG extracts showed anti-tumour properties, including 

the induction of apoptosis and anti-proliferative effects in HT-29 colon cancer cells (27, 

139). In addition, WG oil reduced chronic inflammation and oxidative stress in rats (28, 

140), and exerted anti-oxidant effects in hypercholesterolaemic patients (29). 

Furthermore, 6-month supplementation with 60 g WG modulated glucose homeostasis in 

T2D subjects (30). More recently, a randomized crossover trial showed that daily intake 

of WG bread (6g) may promote a healthy gut bacteria and gut health, due to an increase 

in Bifidobacterium spp. as measured by quantitative polymerase chain reaction (141). 

Despite the reported health benefits, the potential mechanisms of WG action in 

promoting gut health in vivo, and how it may avert the gut and systemic implications of 

obesity is still largely unknown. 

8.0 The Nutritional and Health Potential of Dried Beans  

In developing countries, beans serve as an economical source of nutrients in the 

diet (32). However, consumption of dried bean has declined over the years due to the 

adoption of more western-style diets (32). Specifically, between 1960 and 1990, bean 

intake decreased by 24% and 40% in Mexico and India, respectively (142). In North 

America, dried beans are vastly underutilized (31). An NHANES data (1999-2002) 

reported that less than 8% of Americans consume beans on any given day with pinto 

variety being the most consumed (31). Furthermore, there is considerable variability in 
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consumption among ethnic groups, as the Hispanics represent 25% of those who 

consume any variety of dried beans daily (31). 

Beans are protein-rich foods uniquely known for their low fat and high 

carbohydrate content. Interestingly, only about 3% of kilocalories in beans come from 

fat, which is mostly unsaturated fat (32). Apart from its high protein and low fat content, 

what makes beans considerably important especially for those on a plant-based diet is its 

content of the indispensable amino acid lysine. Indeed, a 60-kg individual may obtain 

25% of the total lysine requirement by consuming one-half cup of beans (32). In addition, 

the NHANES 1999-2002 data showed that bean consumers are likely to consume more 

magnesium, folate, iron and zinc than non-consumers (31). Importantly, beans are also a 

good source of potassium, as one-half cup of cooked beans provides up to 436 mg 

potassium (Table 2) (138), similar to that provided by one serving of cow’s milk 

(32).Additionally, beans have some antioxidant ability due to its content of polyphenols, 

such as flavonoids, phenolic acids and tannins (32, 143). 

In comparison with other legumes and grains, beans are particularly rich in 

resistant starch (RS), which is the portion of starch that escapes digestion in the small 

intestine (144, 145). For example, the RS content of cooked beans may range from 1.7 – 

4.2 g/100g, while that of oatmeal is 0.2 g/100g (32). Moreover, beans also have a high 

fiber content compared with other plant foods. Specifically, one-half cup of cooked pinto 

beans may provide about 9 g of total fiber (Table 2) compared to a maximum of about 4 

g provided by one-half cup of whole grains (32). Interestingly, beans are also one of the 

best sources of soluble fiber (146). Its content of soluble fiber makes beans a suitable 

dietary component since it may promote gut bacterial fermentation to produce SCFAs. 
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The high content of RS and fiber in dried beans may be beneficial in maintaining 

gastrointestinal health, by sustaining the microbiome and promoting microbial 

fermentation. Pinto beans increased in vitro SCFAs production, especially 

Table 2: Nutrient Content of Pinto Beans 

Nutrient Per 100 g cooked pinto beans 

Total kcal 143 

Carbohydrate (g) 26.22 

           Fiber (g) 9 

           Sugar (g) 0.34 

           Starch (g) 15.12 

Fat (g) 0.65 

Protein (g) 9 

            Leucine (mg) 664 

            Lysine (mg) 571 

            Tryptophan (mg) 98 

Calcium (mg) 46 

Phosphorus (mg) 147 

Potassium (mg) 436 

USDA FoodData Central for Standard Reference Release 28 (138) 

 

propionate in human with pre-metabolic syndrome (35). Moreover, supplementation with 

red kidney beans resulted in high butyrate production in rats (147). Due to the ability of 

these SCFAs, especially butyrate, to induce growth arrest and apoptosis in vitro, it has 

been suggested that beans possess anti-cancer properties (34, 148). 
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Dried bean may be beneficial in glycemic control and management of diabetes 

due to their low glycemic index (GI). The replacement of carbohydrate-rich foods with 

beans reduced postprandial glucose levels in both nondiabetic and diabetic individuals 

(149, 150). Diabetic subjects who increased their intake of legumes with low GI (i.e. 

cooked beans, chickpeas or lentils), to 1 cup/day, had a decrease in glycated hemoglobin 

(HbA1c) levels compared to those supplemented with wheat fiber (151). Also, a 

prospective epidemiological study, the Shanghai Women’s Health Study, showed that 

there is decreased risk of developing diabetes with bean intake (152).  

Furthermore, dried bean consumption may also modulate other diseases other 

than diabetes. For example, half cup of pinto bean consumption for 8 weeks resulted in a 

decrease in serum total cholesterol and LDL-cholesterol in moderately insulin resistant 

subjects (153). Also, a significant reduction in serum cholesterol  upon pinto bean intake 

has been shown in both normolipidemic and hyperlipidemic men (154, 155). In separate 

studies, bean intake was shown to reduce acute inflammation which may lead to the 

progression of diseases (156, 157). Hull extracts of four different bean variety inhibits 

cyclooxygenase (COX)1, COX2 and lipooxygenease (157). In vitro, hydrolates of pinto 

bean cultivars showed an inhibition of inflammation via the modulation of NF-kB (156). 

These studies show the antioxidant and anti-inflammatory potential of bean consumption 

and its ability to markers of cardiovascular disease risk.  

In conclusion, dried beans are a protein-rich, low-fat food with some 

micronutrients. Beans are also rich in RS and fiber that may explain some of their health 

benefits. While beans are an important part of the diet in developing countries, it is 

severely underutilized in North America. Thus, in an era where western diets are 
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prevalent and more people tend to turn to supplement intake, it is vital for nutrition and 

health professionals to encourage more whole food intake. This could be achieved in part, 

by understanding how whole foods may avert some of the HF diet-induced maladies. To 

this end, this project aims to determine the gut-protective mechanisms of WG and PB 

when added to a western-style diet and the implication on IR and the induction of 

proinflammatory cytokines in the adipose tissue.
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CHAPTER III 

Wheat Germ Supplementation Alleviates Insulin Resistance in an Animal Model Of Diet-

Induced Obesity 

Abstract 
Obesity is strongly associated with insulin resistance (IR), along with mitochondrial 

dysfunction to metabolically active tissues and increased production of reactive oxygen 

species (ROS). Foods rich in antioxidants such as wheat germ (WG), protect tissues from 

damage due to ROS and modulate some negative effects of obesity. This study examined 

the effects of WG supplementation on markers of IR, mitochondrial substrate metabolism 

and innate antioxidant markers in two metabolically active tissues (i.e. liver and heart) of 

C57BL/6 mice fed a high fat-high sucrose diet (HFS) diet. Six-week-old male C57BL/6 

mice were randomized into four dietary treatment groups (n=12 mice/group): control (C, 

10% fat kcal), control+10% WG (C+WG), HFS (60% fat kcal), or HFS+10% WG 

(HFS+WG). After 12 weeks of treatment, HFS+WG mice had significantly less visceral 

fat (-16%, P=0.006) compared to the HFS group. WG significantly reduced serum insulin 

(P=0.009), the insulinotropic hormone, gastric inhibitory peptide (GIP, P = 0.0003), and 

the surrogate measure of insulin resistance, HOMA-IR (P=0.006). HFS diet significantly 

elevated (45%, P=0.02) cardiac complex 2 mitochondrial oxygen consumption, 

suggesting increased metabolic stress, while WG stabilized this effect to the level of 

control. Consequently, genes which mediate antioxidant defense and mitochondrial 

biogenesis (Sod2 and Pgc1a, respectively) were significantly reduced (P<0.05) in the 

heart of the HFS group while WG supplementation tended to upregulate both genes. WG 

significantly increased hepatic gene expression of Sod2 (P=0.048) but not Pgc1a. 

Together, these results showed that WG supplementation in HFS diet, reduced insulin 

resistance and improved cardiac mitochondrial metabolic functions.  

*This chapter has been published in Br J Nutr. 2017 Aug;118(4):241-249. 
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Introduction 

Consumption of diets high in simple sugar and saturated fat (i.e. the Western diet) 

is linked to the development of obesity, insulin resistance (IR), and cardiovascular 

diseases (1). Increased intake of highly energy-dense diets causes lipid accumulation in 

non-adipose tissue such as the liver, heart, and skeletal muscle that leads to metabolic 

disturbances (2-5).  Fat accumulation in the heart results in lipid-induced IR in cardiac 

myocytes and cardiovascular dysfunction (6, 7), and fat in the liver can lead to peripheral 

IR (8, 9). With the mitochondria being a major cellular site involved in lipid metabolism 

and the main source of reactive oxygen species (ROS), mitochondrial dysfunction plays a 

major role in fat deposition and increased oxidative stress which may result to impaired 

hepatic and cardiac function in high fat (HFS) diet-induced obesity and IR (10).  

Therefore, approaches that reduce detrimental effects on mitochondrial function and ROS 

generation in these metabolically active tissues may help delay the development of IR.  

Although medical advancements in recent years have increased the opportunities 

for the pharmacological management of IR and type 2 diabetes (T2D), these drugs may 

have potential side effects. Several drugs, including diabetic treatment and anti-

inflammatory drugs, may undermine mitochondrial function and induce mitochondrial 

toxicity (11, 12). Therefore, alternative approaches such as identification of dietary 

components that prevent or delay IR and hyperglycemia, may consequently modulate 

mitochondrial function and associated metabolic stress. 

Wheat germ (WG) is an understudied portion of the wheat grain that contains 

several bioactive compounds, including large amounts of tocopherols, carotenoids, 

flavonoids and phytosterols, each of which possesses antioxidant properties (13). 
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Traditionally, WG has been mostly ignored as a byproduct of wheat milling. When 

utilized, it has been most frequently used to produce wheat germ oil or to add bulk to 

livestock feed (13). However, extracts from fermented WG has been studied for their anti-

tumor properties (14). Additionally, WG oil showed a dose-dependent inhibitory potential 

towards acute and chronic inflammation in rats (15). In their report, Allesandri and 

colleagues concluded that WG oil supplementation, due to its n-3 fatty acid content, 

exerted anti-atherosclerotic effects by reducing oxidative stress and platelet CD40 ligand 

expression in hypercholesterolemic patients (16). Furthermore, six-month supplementation 

with high dose WG (30 g, twice daily), reduced fasting blood glucose and glycosylated 

hemoglobin in T2D subjects (17). Despite the reported health potential of WG and its 

bioactive components, its impact on mitochondrial function and antioxidant potential in 

metabolically active tissues such as the liver and heart is unknown. Therefore, using a 

model of HFS diet- induced obesity, this study evaluated the effects of WG 

supplementation on markers of IR, mitochondrial oxidative capacity, and innate 

antioxidant markers in the liver and heart of C57BL/6 mice fed a HFS diet for 12 weeks. 

We hypothesized that WG supplementation, due to its many bioactive compounds, will 

delay the development of IR, preserve mitochondrial oxidative capacity, and maintain the 

antioxidant ability of the liver and heart, in mice fed a HFS diet. 

 

Methods 

Study design 

Forty-eight, six-week-old male C57BL/6 (Charles River Laboratory) mice were 

housed at the Oklahoma State University (OSU, Stillwater, OK, USA) Laboratory 
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Animal Research facility in a temperature and humidity-controlled environment, 

maintained on a 12 hr light:dark cycle. Mice were acclimated to standard rodent diet 

(AIN-93M, Harlan-Teklad Diets, Envigo, WI, USA) for 1 week. Following acclimation, 

mice were randomly assigned to four dietary treatment groups (n=12 mice/group): 

control (C, 10% fat; AIN-93M), control + 10% wheat germ (C+WG), high fat-high 

sucrose (HFS; 60% fat), and HFS + 10% wheat germ (HFS+WG) for 12 weeks.  The 

level of fat in the diet was based on our previous study (18) while the 10% wheat germ 

dose was based on similar studies that investigated other components of the wheat grain 

in animals (19) and WG supplementation in humans (16, 17). The 10% WG dose used in this 

study is equivalent to approximately 50 g WG when calculated on a dry human diet (w/w) 

basis, which is within the range of what has been used in other human studies (16, 17). 

WG from Oklahoma red winter wheat were obtained from Shawnee Milling Co 

(Shawnee, OK, USA), analyzed for its nutrient composition by NP Analytical 

Laboratories, (St Louis, MO, USA), and added to the control or HFS diets (10%, wt/wt). 

The WG diets were adjusted to have the same macronutrient composition, Ca and P to the 

control or HFS diets. Summary of diet compositions are presented in Supplementary 

Table 1. Individual body weights were measured weekly and food intake was recorded 3 

times/week. Deionized water and food were provided ad libitum. The Institutional 

Animal Care and Use Committee at OSU approved all animal handling and procedures 

and were strictly followed. 
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Glucose Tolerance Test (GTT) 

After 11 weeks of dietary treatment, mice were fasted for 6 hours before 

undergoing an intraperitoneal GTT. Blood glucose was measured from tail blood 

(baseline) followed by injection of a 20% glucose solution (2 g /kg body weight). Blood 

glucose was measured again at 15, 30, 60, and 120 minutes post-glucose injection using 

an AlphaTrak glucometer (Abbott Laboratories, IL, USA). 

Necropsy and Tissue Processing 

At the end of the 12 week dietary treatment, mice were feed-deprived for 3 hours 

and anesthetized with a cocktail of ketamine/xylazine (80 and 8 mg/kg, respectively). 

Body composition was assessed using a whole-body densitometer (PixiMus, GE Lunar, 

Madison, WI, USA). Serum was processed from blood collected from the carotid artery 

and stored at -800C for later analyses. Abdominal fat, heart, and liver were collected, 

weighed, snap-frozen in liquid nitrogen, and stored at -800C for further analyses. A 

portion of fresh liver and heart was isolated for mitochondrial function analyses (as 

detailed below).  

 

Serum Measurements 

Serum lipids, inflammatory markers, and diabetes markers were determined as 

described previously (20). Briefly, serum concentrations of triglycerides (TGs), non-

esterified fatty acids (NEFA), total cholesterol (TC), and HDL cholesterol were measured 

using a BioLis 24i automated analyzer (Carolina Chemistry, NC, USA). Diabetic markers 

were assessed with the Bio-Plex mouse diabetic markers kit (product # 171F7001M; 

gastric inhibitory peptide [GIP], glucagon-like peptide 1 [GLP1], insulin, leptin, 
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plasminogen activator inhibitor 1 [PAI-1], and resistin) using the Bio-Plex MAGPIX 

Multiplex reader (Bio-Rad Laboratories Inc, CA, USA) according to the manufacturer’s 

instructions. IR was estimated utilizing the homeostatic model assessment of insulin 

resistance (HOMA-IR) as described previously (21): HOMA-IR = (fasting insulin 

(μU/mL) x fasting glucose (mg/dL)/405. 

 

Mitochondrial Respirometry 

Liver and heart samples (60 mg) were homogenized on ice at low speed (Qiagen 

homogenizer) in 0.5 mL of mitochondrial isolation buffer (210 mM mannitol, 70 mM 

sucrose, 5 Mm HEPES, 1 mM EGTA and 0.5% (w/v) fatty acid-free BSA, pH 7.2), 

followed by a series of centrifugation steps as described earlier (22). Isolated 

mitochondrial pellets were suspended in mitochondrial assay solution (1X MAS, 70 mM 

sucrose, 220 mM mannitol, 5 mM MgCl2, 2 mM HEPES, 10 mM KH2PO4, 1 mM EGTA, 

0.2% (w/v) fatty acid-free BSA) and protein concentration was determined using Pierce 

BCA protein assay kit (ThermoScientific, Rockford, IL). Mitochondrial pellet was re-

suspended in 200 µg/mL mitochondrial assay solution for further analyses. Mitochondrial 

respiration was measured as oxygen consumption rates (OCR) using the Seahorse XF 96 

flux analyzer (Seahorse Bioscience, Billerica, MA, USA) following the manufacturer’s 

instructions. Briefly, isolated mitochondria from the liver and heart samples were seeded 

in triplicates into a 96-well microplate at 4 ug/well and 1 ug/well, respectively. For the 

coupling assay, final concentrations of compounds after port injections were 4 mM ADP 

(port A), 1.5 µM oligomycin (port B), 4 µM FCCP (port C) and 4 µM antimycin A (port 

D). Final concentrations of compounds for the electron flow assay were 2 µM rotenone 
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(port A), 10 mM succinate (port B), 4 µM antimycin A (port C) and 10 mM/100 µM 

ascorbate/TMP (port D). From these reactions, basal respiration, proton leak, maximal 

respiratory capacity, complex 1, 2, 4, and 5 OCR were calculated using the adjusted 

method from previous study (23) and as illustrated in Supplementary Figure 1. Results 

are reported as pmol O2 min-1 µg-1 protein. 

 

Gene Expression Analyses 

Total RNA was isolated from frozen liver and heart samples using Trizol reagent 

(Thermo Fisher Scientific, Middletown, VA) following the manufacturer’s protocol. 

RNA concentration and quality were assessed using a Nanodrop spectrophotometer 

(Thermo Fisher Scientific, Middletown, VA) and agarose gel electrophoresis (18). Real 

time polymerase chain reaction was carried out as previously described (20). In the liver 

and heart samples, relative abundance of genes involved in mitochondrial biogenesis 

(peroxisome proliferator-activated receptor γ coactivator [Pgc] 1-α, and Pgc-1β) and 

innate antioxidant defense (Sod1, Sod2, Sod3) were assessed using SYBR green 

chemistry on an ABI 7900HT system (Applied Biosystems, Grand Island, NY, USA). 

Relative quantitation for each gene was determined using the 2-ΔΔCT method (24) with 

cyclophilin B as the invariant control. Oligonucleotide primer sequences used in these 

experiments are listed in Supplemental Table 2. The results are presented relative to the 

control group. 
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Statistical Analyses 

To calculate power, or the probability of detecting a specified difference, a two-

tailed significance level of 0.05 was used. All data are reported as means SE. Differences 

between treatments groups were determined using two-way ANOVA with factors of high 

fat/high sucrose (HFS) and wheat germ (WG), followed by Tukey adjustment. For the 

weekly body weights and GTT data, repeated measures ANOVA were also conducted. 

All statistical analyses were carried out using SAS 9.4 software (SAS Institute, NC, 

USA). A P-value < 0.05 was considered statistically significant. 

 

Results 

Body Weights, Food Intake and Body Composition 

Mice had similar body weights at the start of dietary treatment through the third 

week of feeding (Fig. 1a). Starting at the fourth week of dietary treatment, significant 

differences in weekly body weights were observed until the end of the twelve week study 

(P< 0.0001, Fig. 1a).  A statistically significant main effect of HFS (P< 0.0001) and WG 

(P=0.008) on weekly body weight was observed. HFS diets increased body weight 

compared to those receiving the control diets starting at week five of treatment (P< 

0.0001, Fig. 1a). At the end of the 12-week treatment, mice fed the control diet had the 

lowest body weight and the rest of the groups were statistically similar.  

There was a significant main effect of HFS (P=0.003) on food intake (calories 

consumed/day) but not WG (Fig. 1b). As expected, HFS diet decreased relative amount 

of lean mass and increased relative amount of fat mass in comparison to the control diets 

(P< 0.0001, Fig 1c). The addition of WG also tended to decrease relative lean mass 
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(P=0.056) and increase relative fat mass (P=0.057). Similarly, HFS decreased relative 

liver weight and increased relative visceral fat mass (P< 0.0001) and the addition of WG 

has no effect on liver weight (Fig. 1c). Compared to control, the HFS diet significantly 

increased relative visceral fat mass by 32% (P<0.0001). However, WG supplementation 

in the HFS diet resulted in a 16% reduction (P=0.006) in relative visceral fat mass 

compared to HFS (Fig. 1c). 

 

Glucose and Insulin Metabolism 

Data from the glucose tolerance test showed that after 11 weeks of dietary 

treatment, mice that received the HFS diet had approximately 23% higher blood glucose 

(P<0.0001, Fig. 2a) compare to control prior to glucose injection (baseline, 0 min). Mice 

that received WG in combination with the control or HFS diet had similar baseline 

glucose to both the control and HFS diets. Following glucose injection, there is a 

significant interaction effect of HFS and WG (P = 0.037) as well as main effect of HFS 

(P<0.00010) but not WG (P=0.340, Fig. 2a). Both HFS and HFS+WG group had 

significantly higher (P< 0.05) blood glucose after 15, 30, 60 and 120 min of glucose 

injection, compared to both control diets. (Fig. 2a). The 19% decrease in blood glucose at 

the 120 min time point in HFS+WG compared to HFS was not statistically significant 

(P=0.256; Fig. 2a). In addition, HFS feeding significantly elevated (P< 0.0010) glucose 

total area under the curve (tAUC) by 48% compared control (Fig. 2b). The addition of 

WG to both the control and HFS diets had no effect on tAUC. Despite an 8% decrease in 

tAUC in the HFS+WG group compared to HFS, this did not reach significant levels 

(P=0.242).  
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Addition of WG to both the control and HFS diets resulted in approximately 50% 

reduction in fasting insulin (P=0.0009; Fig. 2c). Furthermore, WG also decreased serum 

concentration of the insulinotropic hormone, GIP (P=0.0003, Fig. 2d), and a trend to 

decrease the other insulinotropic hormone, GLP-1 (-27%, P=0.088, Fig. 2e). Finally, WG 

but not the HFS diet, significantly reduce (-46%, P=0.006, Fig. 2f) the surrogate measure 

of insulin resistance, HOMA-IR. 

 

Serum Lipids 

Analysis of serum triglycerides showed a significant main effect of HFS 

(P=0.002) and a trend in the HFS and WG interaction (P=0.063, Fig. 3a). WG 

significantly increased (P=0.010) serum NEFA in C diet group, but not in the groups 

consuming the HFS diet (Fig. 3b). Both the HFS (P<0.0001) and WG (P<0.005) 

treatments increased serum cholesterol (Fig. 3c). Finally, HDL was elevated in the HFS 

group compared to control (P<0.0001) while the addition of WG had no effect (Fig. 3d). 

 

Hepatic and Cardiac Mitochondrial Respirometry 

Mitochondrial function may be assessed by measuring its OCR to various 

challenges (25). Mitochondrial respirometry data showed that neither HFS nor WG had an 

effect on hepatic mitochondrial OCR during basal respiration, maximum respiration, at 

each complexes of the electron transport chain, and proton leak (Fig. 4a). However, in the 

mitochondria from the myocardium, complex 1 OCR was significantly reduced by both 

HFS (P=0.011) and WG (P=0.021; Fig. 4b). In complex 2, the HFS diet significantly 

elevated OCR by 45% (P=0.024) compared to control, but OCR was normalized to the 
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level of control in the HFS+WG group (Fig. 4b). Despite the increase in complex 2 OCR 

by HFS diet, complex 5 OCR was significantly reduced by the HFS diet compared to 

control (23% decrease; P=0.002, Fig. 4b). The addition of WG to the HFS diet had no 

statistically significant effect on complex 5 OCR (Fig. 4b). Complex 4 OCR tended 

(P=0.060) to be decreased by the addition of WG.  

 

Mitochondrial Biogenesis and Gene Expression of Innate Antioxidants  

Similar to the results of hepatic mitochondrial OCR, hepatic gene expression of 

mitochondrial biogenesis and antioxidants were not significantly affected by dietary 

treatments, with the exception of WG effects on hepatic Sod2 (Fig. 5a). A 38% increase 

(P=0.048) in hepatic gene expression of Sod2 was observed with the addition of WG to 

both the C and HFS diets. In the heart, the HFS diet significantly suppressed the 

expression of Pgc1α by 49% (P=0.0034) compared to control. WG decreased Pgc1α 

when added to the C diet, but increased in the HFS+WG group to the level of both the C 

and HFS groups (Fig. 5b). Pgc1β was not significantly modulated by the dietary 

treatments (Fig. 5b). Furthermore, expression of the mitochondrial isoform of the innate 

antioxidant gene, Sod2, was significantly lowered (-45%; P=0.02) by HFS feeding 

compared to control (Fig. 5b). In contrast to the HFS group, HFS+WG diet showed a 

trend (P=0.11) to counteract the HFS-induced decrease in Sod2 expression (Fig. 5b). 

Finally, neither the cytoplasmic Sod1 nor the extracellular Sod3 was impacted by dietary 

treatments (Fig. 5b).  
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Discussion 

 We evaluated the effects of WG supplementation on markers of IR, mitochondrial 

oxidative capacity, and antioxidant markers in the liver and heart of mice fed a high fat- 

high sucrose diet. The liver and the heart are metabolically active tissues and increased 

intake of highly energy-dense diets causes lipid accumulation and oxidative stress in 

these tissues that leads to metabolic disturbances. In this study, WG supplementation 

reduced IR and stabilized complex 2 mitochondrial metabolism in the heart but not the 

liver. This study also demonstrates the potential of WG in modulating mitochondrial 

biogenesis and antioxidant markers. 

 Few studies have investigated the impact of WG in reducing components of T2D, 

which is characterized by insulin resistance and prolonged hyperglycemia (17, 26). In 

diabetic patients, daily intake of WG (60 g) reduced fasting blood glucose and 

glycosylated hemoglobin levels (17). Furthermore, WG possess α-glucosidase inhibitory 

properties that may be vital in preventing post-prandial hyperglycemia, a key factor in 

managing T2D (26). The present study shows from a preventive standpoint that WG 

supplementation may afford protection against the hyperinsulinemic response and insulin 

resistance associated with high fat feeding. This effect may be aided by the reduction in 

visceral fat seen in this study, since accumulation of such fat may predict the 

development of insulin resistance (27). It should also be noted that WG supplementation 

lowered serum GIP in both control and HFS mice, accompanied by a reduction in serum 

insulin and the insulin resistance index, HOMA-IR. Interestingly, reports have shown that 

ablation of the GIP signaling pathway with a GIP antagonist reverses insulin resistance in 

mice (28, 29). This suggests that WG supplementation in this study may have modulated 
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insulin metabolism via reduction in the production or signaling of GIP, although this 

effect needs to be further explored.  

 HFS diet-induced damage to organs such as the liver and the heart can be due to 

ROS overproduction by the mitochondrial respiratory chain (30). ROS overproduction 

results from the hyperpolarization of the mitochondrial membrane potential, leading to 

accumulation of electrons which consequently drives the reduction of O2 to the 

superoxide radical (30).  High fat feeding in this study significantly elevated complex 2 

OCR in the cardiac mitochondria compared to control, without increasing complex 5 

OCR.  WG supplementation normalized the complex 2 OCR to the level of the control. 

Turner et al (31) previously reported similar findings in the skeletal muscle of HFS-fed 

mice, where excess lipid availability increased the protein expression of mitochondrial 

complexes, including complex 2. It is noteworthy that HFS feeding in this study 

significantly elevated serum triglycerides compared to control.  Therefore, our findings 

suggest that electrons generated in the cardiac mitochondria of the HFS group were not 

efficiently passed down the subsequent mitochondrial complexes for ATP generation 

which may potentiate increased ROS production. Subsequently, WG supplementation in 

the HFS diet showed the ability to counteract the HFS-induced cardiac mitochondrial 

inefficiency and dysfunction. 

Correspondingly, our results indicate that the ability of the heart muscle to cope 

with the potential ROS generation was impaired as the HFS-fed mice had a significant 

decrease in cardiac Sod2 gene compared to control. This is in agreement with the study of 

Sreekumar et al (32) where HFS feeding reduced free radical scavenging enzymes, 

including Sod1 and Sod2, in rat skeletal muscle. Sod2 is particularly important in 
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preventing mitochondrial oxidative injury as Sod2-deficient mice experienced perinatal 

mortality due to cardiomyopathy and fatty liver (33, 34). WG supplementation in the HFS 

diet showed an antioxidant potential to upregulate hepatic and cardiac Sod2 transcript. 

This effect may be due to the richness of WG in tocopherols and bioactive compounds 

such as carotenoids and flavonoids (13). Although cardiac Sod2 upregulation by WG in the 

HFS diet is still statistically similar to HFS, it is probable that the 12-week 

supplementation in this study was insufficient, as a 36-week supplementation period with 

antioxidants in HFS diet was reported to upregulate Sod1 and Sod2 transcript in rat 

skeletal muscle (32).  Furthermore, it is interesting to note that our data on Sod2 transcript 

follows a similar pattern to Pgc1α gene expression in the heart of mice fed a HFS diet. 

HFS feeding significantly reduced Pgc1α compared to control while WG 

supplementation showed a potential for upregulation compared to HFS diet. Apart from 

its mediation of mitochondrial biogenesis, Lu et al (35) demonstrated that Pgc1α plays a 

vital role in regulating the expression of mitochondrial antioxidants including Sod2, in 

the hearts of mice. Therefore, our results suggests that HFS feeding reduces the ability of 

the heart to cope with ROS generation by suppressing Pgc1α and Sod2 gene expression, 

but WG supplementation showed the potential to counter this effect. 

 Furthermore, WG supplementation in HFS-fed mice increased serum total 

cholesterol. This finding is in contrast to a previous report in humans (36). Apart from the 

physiological differences in mice versus humans, a factor in modulating cholesterol 

action of WG may be its phytosterol content. Phytosterol-rich wheat germ significantly 

reduced plasma cholesterol compared to phytosterol-depleted wheat germ in 

normolipidemic volunteers (37). This effect of phytosterols on cholesterol metabolism was 
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also found to be dose-dependent (38). Since we did not assess the phytosterol content of 

the WG used in this study, it is possible that the phytosterol content of the WG was 

insufficient to modulate cholesterol metabolism. Limitations of our study include the use 

of single dose of WG and we did not assess the individual bioactive components present 

in the WG used in this study. Therefore, future studies should address these limitations as 

well as explore different sources of WG (i.e. from different wheat varieties), its dose-

dependent effects on markers of IR and mitochondrial function, and including other 

mechanistic pathways it modulates. Furthermore, studies focused on the effects of WG on 

lipid metabolism should consider analyzing the phytosterol content. 

 In conclusion, this study showed that WG supplementation in HFS-fed C57BL/6 

mice reduced IR and improved cardiac, but not liver mitochondrial function. WG also 

showed a potential to improve the HFS diet-induced reduction in Sod2 and Pgc1a gene 

expression in the hearts of mice. The bioactive components in WG may be vital in 

mitigating some of the detrimental effects of HFS diet-induced obesity and IR. 
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Figures 

Figure 1: (a) Weekly body weights, (b) Food intake, and (c) Body composition and liver 
weight of C57BL/6 mice fed either a control (C) or high fat-high sucrose (HFS) diet 
supplemented with 10% wheat germ for 12 weeks. Data = mean ± SE, n=12/group. P 
values for significant main effects are shown in each panel. Fig 1(a): Symbols indicate 
significant differences between groups (P<0.05, two-way repeated measures ANOVA). 
*C is different from HFS and HFS + WG; # C + WG is different from HFS and HFS + 
WG; † C is different from HFS + WG. Fig (c): When the interaction HFS × WG was 
significant (P<0.05, two-way ANOVA), different letters indicate differences between 
groups as determined by the post-hoc testing. Dietary treatments: control (C), control + 
10% wheat germ (C+WG), high fat-high sucrose (HFS), and high fat-high sucrose + 10% 
wheat germ (HFS+WG). 
 
Figure 2:  (a) Glucose tolerance test (GTT),  (b) GTT total area under the curve (tAUC),  
(c)  serum insulin concentration, (d) serum GIP concentration, (e) serum GLP-1 
concentration and (f)  HOMA-IR in C57BL/6 mice fed either a control (C) or high fat-
high sucrose (HFS) diet supplemented with 10% wheat germ (WG) for 12 weeks. Data = 
mean ± SE, Figures (a)-(b) is n=10-12/group while Figure (c)-(f) is n=9/group. P values 
for significant main effects are shown in each panel. Fig 2 (a): When the interaction HFS 
× WG was significant (P<0.05, two-way repeated measures ANOVA), symbols indicate 
differences between groups at a given time point as determined by the post-hoc testing. ∆ 
C is different from HFS, * C is different from HFS and HFS + WG; # C + WG is 
different from HFS and HFS + WG; † C + WG is different from HFS.  
Dietary treatments: control (C), control + 10% wheat germ (C+WG), high fat-high 
sucrose (HFS), and high fat-high sucrose + 10% wheat germ (HFS+WG). GIP = Gastric 
inhibitory peptide, GLP1 = glucagon-like peptide 1, HOMA-IR = homeostatic model 
assessment of insulin resistance.  

Figure 3:  Serum concentrations of (a) Triglyceride, (b) NEFA, (c) Total cholesterol, and 
(d) HDL-cholesterol of C57BL/6 mice fed either a control (C) or high fat-high sucrose 
(HFS) diet supplemented with 10% wheat germ (WG) for 12 weeks.  Data = mean ± SE, 
n=12/group.   
P values for significant main effects are shown in each panel. When the interaction HFS 
× WG was significant (P<0.05, two-way ANOVA), different letters indicate differences 
between groups as determined by the post-hoc testing. Dietary treatments: control (C), 
control + 10% wheat germ (C+WG), high fat-high sucrose (HFS), and high fat-high 
sucrose + 10% wheat germ (HFS+WG). NEFA= Non-esterified fatty acid, HDL= high 
density lipoprotein  
 



50 
 

 

Figure 4:  Mitochondrial oxygen consumption rates (OCR) in the (a) liver and (b) heart 
of C57BL/6 mice fed either a control (C) or high fat-high sucrose (HFS) diet 
supplemented with 10% wheat germ (WG). Mitochondrial OCR was measured in both 
liver and heart samples using the Seahorse XFe 96 Extracellular Flux Analyzer (see 
methods). Data = mean ± SE, n=5/group.  
P values for significant main effects are shown in each panel. When the interaction HFS 
× WG was significant (P<0.05, two-way ANOVA), different letters indicate differences 
between groups as determined by the post-hoc testing. Dietary treatments: control (C), 
control + 10% wheat germ (C+WG), high fat-high sucrose (HFS), and high fat-high 
sucrose + 10% wheat germ (HFS+WG). 
 
Figure 5:   Relative gene expression of mitochondrial biogenesis (Pgc1α, Pgc1β) and 
antioxidant markers (Sod1, Sod2, Sod3) in the (a) liver and (b) heart of C57BL/6 mice 
fed either a control (C) or high fat-high sucrose (HFS) diet supplemented with 10% wheat 
germ (WG) for 12 weeks. Data = mean ± SE, n=6/group. P values for significant main 
effects are shown in each panel. When the interaction HFS × WG was significant 
(P<0.05, two-way ANOVA), different letters indicate differences between groups as 
determined by the post-hoc testing. Dietary treatments: control (C), control + 10% wheat 
germ (C+WG), high fat-high sucrose (HFS), and high fat-high sucrose + 10% wheat 
germ (HFS+WG). Pgc1α= Peroxisome proliferator-activated receptor gamma coactivator 
1-alpha; Pgc1β= Peroxisome proliferator-activated receptor gamma coactivator 1-beta; 
Sod1=Superoxide dismutase 1; Sod2=Superoxide dismutase 2; Sod3=Superoxide 
dismutase 3. 
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Supplementary Figure 1:   Template for Seahorse XFe  96 mitochondria respirometry 
analysis 
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Supplementary Figure 2:   Serum concentrations of (a) Ghrelin, (b) Glucagon, (c) Leptin, (d) 
PAI-1 and (e) Resistin in C57BL/6 mice fed either a control (C) or high fat-high sucrose (HFS) 
diet supplemented with 10% wheat germ (WG) for 12 weeks. Results were obtained using the 
Bio-Plex MAGPIX Multiplex Reader and as part of the Bio-Rad kit (product # 171F7001M; Bio-
Rad Laboratories, CA, USA) described in the methods section. Data = mean ± SE, n=9/group.  

P values for significant main effects are shown in each panel. When the interaction HFS × WG was 
significant (P<0.05, two-way ANOVA), different letters indicate differences between groups as determined 
by the post-hoc testing.  Dietary treatments: control (C), control + 10% wheat germ (C+WG), high fat-high 
sucrose (HFS), and high fat-high sucrose + 10% wheat germ (HFS+WG); PAI-1=plasminogen activator 
inhibitor 1.  
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Tables 

Supplementary Table 1: Diet Composition (g/kg) 

1Wheat germ composition (Shawnee Mills, OK, USA) was analyzed by NP Analytical 
Laboratory (St. Louis, MO, USA):  carbohydrates, 53.1%; protein, 23.4%; fat, 6.65%; 
fiber, 4.16%; calcium, 0.06%; and phosphorus, 0.08%. 
2Harlan-Teklad Laboratories (TD 94047, WI, USA). 
3Complete mineral mix (TD94049, Harlan-Teklad Laboratories) was used for the control 
diet (C) and a calcium and phosphorus deficient mineral mix (TD 98057, Harlan-Teklad 
Laboratories) was used for the C+WG and the HFS diets. 
C=Control; C+WG= Control + 10% Wheat Germ; HFS=High Fat-High Sugar; 
HFS+WG=High Fat-High Sugar + 10% Wheat Germ 
 

 C C+WG HFS  HFS+WG 
Wheat Germ (WG)1 -- 100 --  100 
Carbohydrates      
Total 722.1 724.77 372.26  374.93 
Cornstarch 466 412.9 0  0 
Sucrose 100 100 270  270 
Dextrinized Cornstarch 155 155 100  46.9 
WG1 -- 53.1 --  53.1 
Protein      
Total 140 140 180  180 
Casein 140 116.6 180  156.6 
WG1 -- 23.4 --  23.4 
Fat      
Total 40 40 350  350 
Soybean Oil 40 33.35 40  33.35 
Lard 0 0 310  310 
WG1 -- 6.65 --  6.65 
Fiber      
Total 50 50 50  50 
Cellulose 50 45.84 50  45.84 
WG1 -- 4.16 --  4.16 
Vitamin Mix2 10 10 10  10 
Mineral Mix3      
Total 35 35 35  35 
Calcium 25.9 25.7 25.9  25.7 
Calcium from WG1 -- 0.06 --  0.06 
Sodium Phosphate 5.6 3.8 4.8  3.02 
Potassium Phosphate 2.4 1.65 2.06  1.3 
Phosphorous from WG1 -- 0.8 --  0.8 
Sucrose 1.1 3.76 2.3  4.92 
Kcal/g 3.8 3.8 5.4  5.4 
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Supplementary Table 2:  Oligonucleotide Primers for qRT-PCR 

Target gene Primer Sequence 

Pgc1α F 5’ AAC-CAC-ACC-CAC-AGG-ATC-AGA 3’ 

R 5’ TCT-TCG-CTT-TAT-TGC-TCC-ATG-A 3’ 

Pgc1β F 5’ GAG-GGC-TCC-GGC-ACT-TC 3’ 

R 5’ CGT-ACT-TGC-TTT-TCC-CAG-ATG-A 3’ 

Sod1 F 5’ GCC-CGG-CGG-ATG-AAG-A 3’ 

R 5’ CGT-CCT-TTC-CAG-CAG-TCA-CA 3’ 

Sod2 F 5’ CTC-TGG-CCA-AGG-GGA-GAT-GTT 3’ 

R 5’ GTC-CCC-CAC-CAT-TGA-ACT-TC 3’ 

Sod3 F 5’ CAG-ACA-AAG-GAG-CGC-AAG-AAG 3’ 

R 5’ TGA-GGC-TTA-AGT-GGT-CTT-GCA 3’ 
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CHAPTER IV 

Wheat Germ Supplementation Increases Lactobacillaceae and Promotes Gut and 
Systemic Anti-inflammatory Milieu in C57BL/6 Mice Fed a High Fat High Sucrose Diet 

Abstract 

A link between high fat diet consumption and obesity-related diseases is the disruption of 
the normal gut bacterial population which promotes local and systemic inflammation. 
Wheat germ (WG) is rich in bioactive components with antioxidant and anti-
inflammatory properties, but its gut modulatory potential is unknown. This study 
investigated the effects of WG supplementation in modulating changes to the normal gut 
bacterial population and inflammatory markers in the gut and in the blood of mice fed a 
high fat high sucrose (HFS) diet. Six-wk-old male C57BL/6 mice were randomly 
assigned to four groups (n=12/group), and fed a control (C, 10% kcal fat, 10% kcal 
sucrose) or HFS (60% kcal fat, 20% kcal sucrose) diet with or without 10% WG (wt/wt) 
for 12 wk. Cecal bacteria was assessed via 16 S rDNA sequencing while fecal short chain 
fatty acids were measured by gas chromatography. Small intestinal CD4+ lymphocytes 
were evaluated using flow cytometry. Gut antimicrobial peptide genes and inflammatory 
markers were also assessed by qPCR. Data was analyzed by 2-way ANOVA using 
factors of HFS and WG. A four-fold increase (p=0.007) was observed in the abundance 
of the beneficial bacterial family, Lactobacillaceae, in HFS+WG group compared to 
HFS-fed group. WG supplementation in the control diet raised propionic and butyric acid 
concentrations compared to other groups (PHFS x WG ≤0.01). Furthermore, T-regulatory 
cells (CD4+FOXP3+) in the small intestine were significantly higher (≥168%, PWG =0.005) 
in both WG-supplemented groups compared to their respective unsupplemented groups, 
indicating an anti-inflammatory gut environment with WG feeding. Similarly, WG 
feeding increased (PWG = 0.038) the anti-inflammatory cytokine gene, Il-10, in the ileum. 
Moreover, the anti-microbial peptide genes (Reg3β and Reg3γ) were upregulated in the 
ileum by at least 95% (PHFS x WG ≤ 0.02) in the HFS+WG group compared to other groups. 
Pro-inflammatory cytokines, TNFα, IL1β, IL6 and IFNγ were significantly lower (PWG 

<0.01) in the serum of WG-supplemented mice. WG showed strong gut modulatory and 
anti-inflammatory properties which may be vital in preventing HFS diet-induced 
morbidities. Indeed, WG may pose a significant economic value to wheat growers if its 
anti-inflammatory and gut modulatory potential can be harnessed. 

 *This chapter has been published in J Nutr. 2019 Jul 1;149(7):1107-1115.



61 
 

 

Introduction 

Obesity is an inflammatory disease which may be induced by various factors 

including excessive caloric intake predominantly from diets high in fat (HF). The 

inflammatory consequence of HF diets originates in part, from the disruption of gut 

eubiosis, involving detrimental changes in the gut microbiome and gut protective factors 

including mucin, antimicrobial peptides and immune cells (1, 2). Prominent reductions in 

core gut microbes observed in HF diet-induced morbidities include Akkermansia, 

Bifidobacteria, Roseburia and Lactobacillus, and few taxa within these genera are used 

in probiotics (1, 3-5). Moreover, high fat diets may decrease the gut protective mucin 

layer and reduce luminal concentrations of antimicrobial peptides, which in turn increase 

the chances of direct contact of the gut epithelium with resident bacteria and other 

microbe associated molecular patterns (MAMPs) (2, 6, 7). In addition, immune cells vital 

for gut homeostasis, including FOXP3+ T-regulatory cells important in gut 

immunoregulation, and Th17 cells essential in enteric pathogen elimination, are also 

altered in the ileum by HF diets (7, 8). Consequently, an increase in bacteremia or 

metabolic endotoxemia may follow HF feeding leading to the proinflammatory gut and 

systemic environment observed in HF diet-induced obesity and comorbidities (9, 10). 

Prebiotics are mainly complex carbohydrates that are selectively utilized by host 

microbes and confer a health benefit (11). As such, several studies have shown the 

potential of fiber in ameliorating the consequences of HF-induced gut dysbiosis leading 

to morbidities (12-14). These complex carbohydrates serve as substrates to the gut 

microbiome, and thereby selectively stimulate the growth and activity of specific core or 

more dominant gut bacteria (15). Furthermore, the gut microbial fermentation of fiber 
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into short chain fatty acids (SCFAs) play a key role in the gut protective properties of 

dietary fiber.  

SCFAs are vital energy sources of the hosts’ intestinal epithelial cells (16). 

Specifically, butyrate may augment intestinal barrier function by upregulating tight 

junction proteins, making the gut impenetrable to resident bacteria and their MAMPs (17, 

18). Moreover, SCFAs modulate a shift in gut mucosal immunity towards an anti-

inflammatory phenotype. This is evident by the SCFA-induced differentiation and 

expansion of gut T-cells into both FOXP3+IL10- Treg cells and FOXP3+IL10+ Treg cells, 

indicating an increase in gut tolerance (19, 20). Thus, prebiotics may prevent HF diet-

induced modifications to the gut microbiota, promote SCFA production and enhance gut 

homeostasis. While most studies have concentrated on the impact of isolated fiber as a 

prebiotic, only few studies have shown that whole foods, such as maize, whole wheat, 

bananas and mangoes, may also show prebiotic properties (21-24). Therefore, 

investigating whole foods that modulate the gut microbiota and immune cells may be an 

important approach in preventing the detrimental effects of western diets. 

Wheat germ (WG) is a less appreciated by-product of the wheat milling process, 

with potential health benefits (25). WG, which represents about 2.5% (w/w) of the total 

wheat seed, is rich in various bioactive compounds, including carotenoids, tocopherols, 

flavonoids, policosanols, phytosterols and polyunsaturated fatty acids which have potent 

antioxidant and anti-inflammatory properties (25). In animal models, WG was shown to 

possess anti-tumor properties and the ability to combat acute and chronic inflammation 

(26, 27). In humans, the addition of WG or its oil to the diet showed anti-atherosclerotic 

effects in hypercholesterolemic patients, reduced postprandial triglyceride and cholesterol 
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in healthy subjects (28-30). Moreover, we previously reported that the addition of WG to 

a diet high in fat and sucrose (HFS) reduced insulin resistance (IR) and showed 

cardioprotective potential (31). Fiber derived from wheat bran have been reported to 

show prebiotic and antidiabetic properties (32, 33). However, WG also contains about 

4% fiber, but its availability for microbial fermentation and gut modulation is still 

unknown despite its reported health potential (25, 30, 31). This is important since dietary 

approaches that reduce gut dysbiosis may alleviate the onset of diet-induced 

inflammation and IR (10). Hence, the present study evaluated the effects of WG 

supplementation in preventing changes in the abundance and fermentative activity of the 

gut bacterial population, together with WG’s effect on inflammatory markers in the gut 

and in the blood of C57BL/6 mice fed a control and HFS diet. 

 

Methods 

Study Design and Diets.  6-wk old, male C57BL/6 mice (n = 48) were obtained from 

Charles River Laboratory and housed in wire-bottom cages (4 mice/cage) at the 

Oklahoma State University Laboratory Animal Research facility under humidity and 

temperature-controlled conditions, maintained on a 12 h light–12 h dark cycle. After a 

week acclimation to the standard rodent diet, AIN-93M (34), mice were randomly 

assigned to one of four dietary treatment groups (n=12/group): control (C, 10% kcal fat, 

10% kcal sucrose; AIN-93M), C + 10% WG (C+WG), HFS (60% kcal fat, 20% kcal 

sucrose), and HFS + 10% WG (HFS+WG) for 12 weeks.  
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Wheat germ from Oklahoma red winter wheat were obtained from Shawnee 

Milling Co. (Shawnee, OK), analyzed for its nutrient composition (NP Analytical 

Laboratories, St Louis, MO) and incorporated into one of the control and one of the HFS 

diets (10%, w/w). The WG-supplemented diets were adjusted to have the same 

macronutrient composition, total fiber, calcium and phosphorus as the control or HFS 

diets. Food and water was provided ad libitum for 12-wk. Specific details of the diet 

compositions and metabolic characterization for this study have been reported previously 

(31). All procedures strictly followed guidelines set forth by the Oklahoma State 

University Animal Care and Use Committee. 

 

Tissue Sampling and Processing.   Fecal samples were collected per cage during the last 

week of dietary treatment and frozen at -80oC until analyses. After 12-wk of dietary 

treatment, mice were fasted for 3 hours, anesthetized, and body composition were 

assessed using a whole-body PixiMus densitometer (GE Lunar, Madison, WI). Serum 

was processed from blood obtained via the carotid artery. Cecal contents were flushed 

into sterile tubes, centrifuged, and the precipitate was snap-frozen and stored at -80oC 

until analyses. In preparation for isolating gut lamina propria lymphocytes, the Peyer’s 

patches were excised and the small intestine (duodenum, jejenum and ileum) was flushed 

with RPMI medium supplemented with 2% fetal bovine serum (FBS). Flushed small 

intestinal specimens were opened longitudinally, cut into small pieces, and placed in 

complete medium (RPMI + 2% FBS + 1mM DTT) until processing. Furthermore, 

mucosal samples were carefully removed from sections of the distal ileum and stored in 

RNAlater (ThermoFisher) for gene expression analyses. 



65 
 

 

 

Gut Microbiota.  Cecal bacterial analyses was carried out as described previously (24). 

Briefly, nucleic acid isolation was performed on frozen cecal samples (n = 6 or 9 

mice/group, equal representation per cage) with the MoBio PowerMag® Microbiome kit 

(Carlsbad, CA) according to manufacturer’s guidelines and optimized for high-

throughput processing. All samples were quantified via the Qubit® Quant-iT dsDNA 

High Sensitivity Kit (Invitrogen, Life Technologies, Grand Island, NY). Samples were 

PCR-amplified to enrich the 16S v4 rDNA region using two differently bar coded V4 

fusion primers (515f: GTGYCAGCMGCCGCGGTAA; 806r: 

GGACTACNVGGGTWTCTAAT). Enriched 16S v4 samples were pooled, amplified, 

barcoded and sequenced on a Miseq instrument (Illumina) for 2 x 250 cycles using 

custom primers for pair-end sequencing (Second Genome Inc, San Francisco, CA). For 

Operational Taxonomic Unit (OTU) determination, sequenced pair-end reads were 

merged and dereplicated with USEARCH, followed by clustering of unique sequences at 

97% similarity by UPARSE to enable the determination of representative consensus 

sequences per de novo OTU (35). To generate an abundance table for de novo OTUs, all 

non-strain sequences that passed the quality filtering were mapped to the representative 

consensus sequences. Representative OTU sequences were assigned taxonomic 

classification using Mothur’s Bayesian classifier (36) trained against the Greengenes 

reference database (37) of 16S rRNA gene sequences with 80% classification confidence. 

 

Short Chain Fatty Acids. Fecal samples collected per cage at the end of the study were 

processed in duplicates for SCFA analyses. Acetic, propionic, n-butyric and iso-butyric 
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acids were determined from fecal samples via gas chromatography, while fecal lactate 

was quantified following Taylor’s method as previously described (24, 38).  

 

Flow Cytometry (FCM).  Single-cell suspensions of lamina propria lymphocytes were 

prepared from the small intestine (SI) of mice (duodenum, jejenum and ileum) and 

analyzed as described previously with few modifications (39) . Flushed and excised SI 

was incubated with HBSS with 2mM EDTA at room temperature to remove epithelial 

cells, followed by a 3X incubation with 0.20 mg/mL collagenase Type VIII (Sigma-

Aldrich, St. Louis, MO). Cell suspensions were filtered through a 70 um sterile filter and 

separated on 40% and 80% Percoll gradients. Cells at the interface were collected and 

washed in complete media thrice. Cells were then fixed (10 million cells/ml) using the 

mouse Foxp3 fixation buffer (BD Biosciences) and washed once. Viable cells (1x106) 

were permeabilized (Mouse FoxP3 permeabilization buffer, BD Biosciences), and stained 

with mouse antibodies specific for T-helper cells (CD4), Foxp3, IL-17a, using the mouse 

Th17/Treg phenotyping kit and their respective single stains and isotype controls (BD 

Biosciences, San Jose, CA) following manufacturer instructions. FCM analyses were 

carried out at the flow cytometry laboratory, Center for Veterinary Health Sciences, 

Oklahoma State University, (Stillwater, OK), using BD FACSAria III (BD Biosciences, San 

Jose, CA). 105 events were acquired and data were analyzed with the BD FACSDiva 

Software (version 8.0.1). 

Gene Expression Analyses.  Total RNA was isolated from distal ileum mucosal samples 

using Trizol reagent (Ambion, Carlsbad, CA) following the manufacturer’s protocol. The 
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Nanodrop spectrophotometer (Thermo Fisher Scientific) and agarose gel electrophoresis 

were used to evaluate RNA concentration and quality, respectively. Relative abundance 

of genes encoding antimicrobial peptides (Reg3b and Reg3g),  mucin (Muc2), 

inflammatory markers (Il6 and Il-10) and transcription activator (Stat3) were evaluated 

using SYBR green chemistry on an ABI 7900HT system (Applied Biosystems, Grand 

Island, NY, USA) as previously described (24). The primer sequences used in this study 

are presented in Supplemental Table 1. 

 

Serum Inflammatory Cytokines.  Systemic inflammatory signature was determined by the 

evaluation of cytokines (IL-10, IL-17, IL-1b, IL-6, IFN-y and TNF-a) in the serum using 

the Bio-Plex Pro Mouse Cytokine Th17 Panel A 6plex kit (Product #:  M6000007NY, 

Bio-Rad, Hercules, CA). Concentrations of these analytes were measured using the Bio-

Plex MAGPIX Multiplex Reader and the Bio-Plex Manager 6.1 (Bio-Rad, Hercules, CA) 

following manufacturer’s instructions. 

Statistical Analyses:  For the cecal microbiota data, differential abundance of OTUs was 

tested using a negative binomial noise model for the over-dispersion and Poisson process 

intrinsic to the data, as implemented in the DESeq2 package and described for 

microbiome applications (40, 41). DESeq was run under default settings and the 

Benjamini-Hochberg procedure was used to correct p-values, thereby controlling for false 

discovery rates (42). Differences between two groups were determined with a Kruskal-

Wallis rank sum test followed by post-hoc analysis using Dunn’s test. OTUs with the 

adjusted P value < 0.05 and more than one log 2-fold change were reported for the 
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bacterial genus data. For all other data, two-way ANOVA (factors of HFS and WG) and 

least square means were calculated using the mixed model procedure and Fisher’s least 

significant difference was used in comparing groups. Analyses were conducted using 

SAS 9.4 software (SAS Institute, NC, USA). Data presented are means ± SEM and a P-

value < 0.05 was considered statistically significant. In any case where the P-value for 

interaction (PHFS x WG) was not significant, significant main effect P-values (PHFS, PWG) 

were given.  

 

Results 

In our previous report focused on the metabolic response of these animals (31), 

WG had no significant effect on body weight or food intake in this study. In addition, 

HFS-fed mice had a 32% increase in visceral fat compared to control (P <.0001), while 

the HFS+WG group had a 16% reduction in visceral fat compared to the HFS group 

(P=0.006). In the serum, a significant main effect of WG was observed in reducing 

fasting insulin (PWG = 0.0009) and gastric inhibitory peptide (PWG = 0.0003). Moreover, 

WG showed a significant main effect of decreasing (PWG = 0.006) the surrogate measure 

of insulin resistance - homeostatic model of insulin resistance (HOMA-IR), in the WG-

supplemented groups (31). 

WG supplementation increases Lactobacillaceae in the cecal microbiota of HFS-fed 

mice. Principal coordinate analysis of OTUs revealed that the experimental groups 

separated along axis 1 according to C or HFS dietary treatment (Figure 1A; Permanova, 

p=0.001). While the C and C+WG largely clustered similarly, HFS samples separated 

according to WG treatment along axis 2 (Figure 1A). Phylum level changes showed a 
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95% reduction in the abundance of Actinobacteria (P = 0.04) in the HFS group compared 

to control (Figure 1B, Supplemental Table 2). Accordingly, 2 OTUs each belonging to 

the genera Bifidobacterium and Adlercreutzia were ≤16 fold lower (P ≤ 0.04) in the HFS 

group compared to control (Supplemental Figure 1A). The highest effect of HFS 

feeding was observed in the Deferribacteres phylum, which increased by over 2130 folds 

(P = 0.01) in HFS compared to control (Figure 1B, Supplemental Table 2). 

Consequently, 3 OTUs belonging to the Mucispirillum genus (species schaedleri) were 

≥78 fold higher (P ≤ 0.0002) in the HFS compared to control (Supplemental Figure 

1A).  

The most significant impact of WG supplementation was observed within the 

Firmicutes phylum. A mild increase was seen in Firmicutes (32%, P = 0.10) with HFS-

feeding compared to control (Figure 1B, Supplemental Table 2). Further analysis 

revealed that HFS feeding resulted in a non-significant decrease (-70%, P = 0.32) in the 

family Lactobacillaceae, a prominent member of the Firmicutes phylum, compared to 

control (Figure 1C, Supplemental Table 3). However, WG supplementation in the HFS 

diet resulted in a 4 fold increase (P = 0.007) in Lactobacillaceae compared to HFS only 

(Figure 1C, Supplemental Table 3). Subsequently, four OTUs belonging to the genus 

Lactobacillus were at least 4 fold greater (P ≤ 0.03) in the HFS+WG group compared to 

HFS (Supplemental Figure 1B). Generally, WG supplementation in the control diet had 

no statistically significant effect on the cecal microbiota compared to the control diet 

(Figure 1B, C, Supplemental Table 2, 3). 
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WG supplementation elevates fecal SCFA in mice fed a control but not HFS diet.  After 

90 days of dietary treatment, a main effect of HFS (PHFS ≤ 0.02) was observed at 

decreasing acetic acid, i-butyric acid, and lactic acid content of mice fecal samples 

(Figure 2 A, C, E). However, WG increased fecal propionic acid in the control diet 

group (140%, PHFS x WG = 0.003) but not in the HFS-fed group (Figure 2B). Similarly, WG 

supplementation in the control diet resulted in a 4-fold increase (PHFS x WG = 0.01) in n-

butyric acid compared to other groups (Figure 2D). Compared to HFS group, the small 

numerical increase in n-butyric acid and lactic acid in the HFS+WG group were not 

statistically significant. 

 

WG supplementation modulates CD4+ T-cells in the small intestine of mice fed a control 

and HFS diet. Analyses of small intestinal lymphocytes (Figure 3) showed the impact of 

WG feeding on vital CD4+ T-cell subsets. WG supplementation showed significant main 

effects in elevating FoxP3-expressing CD4+ T cells (Treg cells) by at least 168% higher 

in WG-supplemented groups compared to unsupplemented diets (PWG = 0.005, Figure 

3A). Furthermore, WG supplementation increased IL17a+ T-cells by at least 19% 

compared to unsupplemented groups (PWG = 0.03, Figure 3B). Finally, the ratio of Treg to 

Th17 cells tended to increase (≥73%, PWG = 0.06) in both WG supplemented groups 

(Figure 3C).  

 



71 
 

 

WG supplementation increases anti-microbial peptide genes in the ileum of HFS diet- fed 

mice.  As presented in Figure 4, the Il6 and Muc2 gene were not impacted by dietary 

treatments (Figure 4A, C, P>0.05). However, Il-10 gene was elevated in the ileum of 

mice with WG supplementation (Figure 4B, PWG = 0.038). The anti-microbial peptide 

gene, Reg3β, was at least 95% higher (PHFS x WG = 0.02) in the HFS+WG group than other 

groups (Figure 4D). Similarly, another anti-microbial peptide gene, Reg3γ, was 

upregulated in the HFS+WG group (≥135%, PHFS x WG = 0.008), compared to other groups 

(Figure 4E). Finally, Stat3 gene was significantly downregulated by HFS feeding 

compared to control (-27%, P = 0.03; Figure 4F), while WG increased it to the level of 

control, but still not significantly different from the HFS group (P=0.17). 

 

WG supplementation reduces pro-inflammatory cytokines in the serum of mice fed a C or 

HFS diet.  Data presented in Figure 5 showed the impact of WG on serum inflammatory 

cytokines. We observed significant main effects of WG supplementation in reducing 

IL1b (≥ -19%, PWG = 0.002), IL6 (≥ -31%, PWG = 0.007), IFNy (≥ -15%, PWG = 0.012), 

and TNFα (≥ -14%, PWG = 0.002), after 12 wk of dietary treatment (Figure 5A, B, E and 

F, respectively). 

Discussion 

This study evaluated the effect of WG supplementation in modulating the gut microbiota, 

local and systemic inflammatory markers in mice fed a control or HFS diet for 12 wk. 

Findings from our study revealed that WG increased the abundance of cecal 

Lactobacillaceae in mice fed a HFS diet. Additionally, WG increased gut bacterial 
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fermentation as evident in increased fecal propionic and butyric acids. Furthermore, WG 

showed the potential to induce gut anti-inflammatory environment by elevating small 

intestinal T-regulatory cells and anti-microbial peptides, and a less inflammatory 

signature in the serum. 

 High fat (HF) feeding has been shown to significantly change the proportions of 

certain dominant gut bacteria, that lead to obesity and comorbidities such as insulin 

resistance (10). Some of these HF-induced changes may include a global increase in 

Firmicutes, accompanied by taxa specific decreases in other phyla such as Actinobacteria 

and Verrucomicrobia (4). Our HFS model in this study showed a similar pattern. 

Although our western diet model mildly raised total Firmicutes levels, several beneficial 

OTU-level taxa within this phyla, including Lactobacillus and Roseburia, were several 

folds lower than in control-fed mice. On the other hand, WG addition to the HFS diet 

increased OTUs belonging to Lactobacillus when compared to the HFS group. This 

might not be surprising as the soluble dietary fiber of several varieties of the parent plant, 

wheat, has been shown to allow selective in vitro proliferation of Lactobacillus strains 

(43, 44). This suggests that WG (with 4% fiber in this study) has a gut prebiotic potential, 

especially in a gut milieu unsettled by HFS feeding. 

 The impact of WG on the gut microbiome was also reflected in its potential to 

increase bacterial fermentation, as evident in increased propionic and butyric acids 

especially in mice fed a control diet. Apart from serving as a growth substrate for gut 

epithelial cells, these SCFAs may also impact gut homeostasis by modulating T-cell 

proliferation towards an anti-inflammatory phenotype (19). In this study, WG in both C 

and HFS diets increased both CD4 T-cell subsets vital for gut homeostasis. Garidou et al, 
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previously reported a significant reduction of gut surveillance by HF diet, involving a 

reduction in both IL17 T-cells and FOXP3 T cells in the ileum (7). Consequently, a 

gradual increase in endotoxemia may ensue, resulting in systemic inflammation and the 

onset of IR (7, 10). This may be expected since IL17 T-cells and FOXP3 T-cells are vital 

in enteric pathogen elimination and gut immunoregulation respectively (2, 8). However, 

these detrimental effects of HF on gut CD4+ T-cells were reversed when mice were fed a 

combination of pre- and pro-biotics known as a synbiotic (7). Interestingly, WG 

supplementation in this study increased both small intestinal FOXP3+ and IL17a+ T 

cells, with an overall potential to maintain the gut environment in an anti-inflammatory 

manner, by an increase in the Treg/Th17 ratio and the Il10 gene. It is noteworthy that WG 

in this study also reduced serum pro-inflammatory markers. Thus, the previously reported 

ability of WG to reduce IR in this same set of mice may have been aided by its potential 

to improve gut immunosurveillance, thus reducing the occurrence and impact of 

bacteremia or metabolic endotoxemia in eliciting systemic inflammation associated with 

IR (10, 31). 

 Furthermore, WG showed the ability to upregulate antimicrobial peptides genes 

(Reg3β and Reg3γ) in the ileum, with the HFS+WG group showing the highest fold 

increase. This is consistent with the effect of certain prebiotics in HF feeding (4, 7). In 

the present study, this finding may have two possible implications. First, Huang et al. 

(45) recently demonstrated that gut restricted REG3γ overexpression in mice significantly 

increased the proportion of Lactobacilli in both the ileum and colon. The REG3γ-

associated Lactobacillus further promoted an anti-inflammatory milieu within the gut 

lamina propria in a STAT3-dependent manner (45). Therefore, it is probable that the 
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elevation of the Reg3 lectin genes by WG in this study enabled the growth of 

Lactobacillus-related bacteria, as seen especially in the HFS+WG group. Secondly, it is 

feasible that the upregulation of antimicrobial genes by WG, especially in the HFS group, 

is due to an increased need to ward off certain bacteria that may have gained more access 

within the gut mucosal tissue. In this study, we observed that compared to control, HFS 

feeding significantly elevated OTUs belonging to Mucispirillum schaedleri (phylum 

Deferribacteres), while WG supplementation could not mitigate this HFS-induced effect. 

While little is known about the role of this taxon at the moment, it is however, reported 

that Mucispirillum schaedleri dwells within the gut mucosal layer in rodents (46). 

Moreover, probiotic administration significantly reduced Mucispirillum genus in a model 

of DSS-induced colitis, suggesting that this genus might play a detrimental role in the gut 

(47). Therefore, a copious increase of this bacteria in the mucosal layer as seen in our 

HFS group, may require adequate response of antimicrobial peptides, as seen in the WG 

supplemented group, to curtail possible implications of excessive mucosal habituation of 

bacteria. This effect of WG is vital, since elevated Reg3-lectins in the gut confines 

bacteria to mucosal surfaces and diminishes bacterial translocation which may induce 

detrimental systemic implications (48). 

 A limitation in this study is our inability to measure fecal SCFAs in individual 

mouse, as opposed to samples collected per cage. The mice used in this study were 

group-housed from the commencement of the study and hence, we were wary of 

disrupting the design for individual mouse fecal collection, since perturbations in mouse 

immediate environment may significantly alter the composition of the gut microbiome 

(49). Also, questions remain if a lower fat content as opposed to the 60% fat in this study 
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will lead to a better outcome with WG supplementation, especially with the SCFA and 

gut immune cell results. Hence, future studies which investigate the effect of WG in a 

model more suited to a western type diet are warranted. Nevertheless, this study provides 

evidence of the prebiotic potential of WG in mice fed both normal and caloric-dense 

diets. 

 In conclusion, WG supplementation selectively increased gut Lactobacillaceae, 

impacted SCFA levels, elevated anti-microbial peptides in the ileum, and showed the 

potential to modulate intestinal CD4+ T cells towards an anti-inflammatory phenotype. 

Furthermore, WG reduced pro-inflammatory cytokines in the serum which may have 

implications for its effect on modulating insulin resistance (31). Indeed, WG may be of 

significant health and economic value to wheat consuming and growing communities if 

its anti-inflammatory and gut modulatory potential is further investigated and exploited. 
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Figures 

FIGURE 1:   Effect of WG supplementation on the gut microbiome in C57BL/6 mice 

fed a C or HFS diet for 12 wk.  

DNA was isolated from individual cecal samples and subjected to 16S rDNA sequencing 

(n= 6-9 mice/group). Principal Coordinate Analysis of gut bacteria based on the Bray-

Curtis distance of OTUs in microbiome samples (A). Relative abundance of the gut 

bacterial phyla (B). Mean percent relative abundance of the most abundant taxa at the 

family level (C). The statistically significant changes in specific phyla and family are 

presented in Supplemental Table 2. n=6-9 mice/group C, control; C+WG, control + 10% 

wheat germ; HFS, high fat and sucrose; HFS+WG, high fat and sucrose + 10% wheat 

germ 

 

FIGURE 2:   Fecal short chain fatty acids in C57BL/6 mice fed a C or HFS diet 

supplemented with 10% WG for 12 wk. 

As described in the methods section, fecal samples were collected per cage and each 

sample was processed in duplicates for the SCFA analyses (n=3/group). Data are 

means±SEM. Differences between groups as indicated with letters when the HFS x WG 

interaction was significant (P < 0.05, 2-way ANOVA). Labelled means without a 

common letter are significantly different from each other (P<0.05). C, control; C+WG, 

control + 10% wheat germ; HFS, high fat and sucrose; HFS+WG, high fat and sucrose + 

10% wheat germ 
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FIGURE 3:   Small intestinal CD4+ T cells in C57BL/6 mice fed a C or HFS diet 

supplemented with 10% WG for 12 wk.  

Lymphocytes were processed from 2 pooled small intestines and 106 cells were stained 

and analyzed by flow cytometry for CD4+FOXP3+ cells (A), CD4+IL17a+ cells (B) and 

Treg/Th17 ratio (C). Gating strategy for CD4+ T-cells and subsets shown in (D). Data are 

means±SEM (n=6 / group). Main effects were considered statistically significant when P 

< 0.05 (2-way ANOVA). C, control; C+WG, control + 10% wheat germ; HFS, high fat 

and sucrose; HFS+WG, high fat and sucrose + 10% wheat germ 

 

FIGURE 4:   Relative gene expression of interleukin (Il)6 (A), Il10 (B), Muc2 (C), 

Reg3β (D), Reg3γ (E), and Stat3 (F) in the ileum LP of C57BL/6 mice fed a C or HFS 

diet supplemented with 10% WG for 12 wk.  

Data are means±SEM (n=6 mice/group). Only significant P values are shown in each 

panel. Differences between groups were indicated with letters when the HFS x WG 

interaction was significant (P < 0.05, 2-way ANOVA). Labeled means without a common 

letter are significantly different from each other (P<0.05). C, control; C+WG, control + 

10% wheat germ; HFS, high fat and sucrose; HFS+WG, high fat and sucrose + 10% 

wheat germ; LP, lamina propria; Muc2, Mucin 2; Reg3β, regenerating islet-derived 

protein 3-beta; Reg3γ, regenerating islet-derived protein 3-gamma; Stat3, signal 

transducer and activator of transcription 3   
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FIGURE 5:   Serum concentrations of inflammatory cytokines in C57BL/6 mice fed a C 

or HFS diet supplemented with 10% WG for 12 wk.  

Interleukin (IL) 1β (A), IL6 (B), IL10 (C), IL17a (D), IFNγ (E) and TNF alpha (F) in 

C57BL/6 mice fed a C or HFS diet supplemented with 10% WG for 12 wk (n=9 

mice/group). Data are means±SEM (n=9 mice/group). Main effects were considered 

statistically significant when P < 0.05 (2-way ANOVA). C, control; C+WG, control + 

10% wheat germ; HFS, high fat and sucrose; HFS+WG, high fat and sucrose + 10% 

wheat germ; IFNγ, Interferon gamma. 
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Figure 5 

 

  



88 
 

 

 

 

 

Supplemental Figure 1.  Bacteria genera in C57BL/6 mice fed an HFS diet compared 
with those fed a control diet (A) and HFS+ 10% wheat germ diet (B) for 12 wk (n=6-9 
mice / group). Alterations are presented as log 2-fold changes, and points represent OTUs 
belonging to that genus. Features were considered significant if their false discovery rate-
corrected P value was < 0.05 and the absolute value of their log 2-fold change was ≥ 1. 
For clarity, only OTUs classified beyond the family level, and statistically significant are 
presented. 
 
  



89 
 

 

Tables 

 

Supplemental Table 1:  Primer sequences for gene expression analyses  

Gene Forward  Reverse  

mCyclo 5`-tgg aga gca cca aga cag aca-3` 5`-tgc cgg agt cga caa tga t-3` 

mIl10 5`-ggt tgc caa gcc tta tcg ga-3` 5`-acc tgc tcc act gcc ttg ct-3` 

mIl6 5`-gag gat acc act ccc aac aga cc-3` 5`-aag tgc atc atc gtt gtt cat aca-3` 

mMuc2 5`-ctg acc aag agc gaa cac aa-3` 5`-cat gac tgg aag caa ctg ga-3` 

mReg3β 5`-tgg gaa tgg agt aac aat g-3` 5`-ggc aac ttc acc tca cat-3` 

mReg3γ 5`-cca tct tca cgt agc agc-3` 5`-caa gat gtc ctg agg gc-3` 

mStat3 5`- cca ttg acc tgc cga tgt c -3` 5`- ctc agc acc ttc acc gtt att tc -3` 
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Supplemental Table 2 : Enriched or depleted cecal bacterial phyla in C57BL/6 mice fed 
a C or HFS diet supplemented with 10% WG for 12 wk (n=6-9 mice / group).  

       
  C HFS HFS vs CT   

 Mean SEM Mean  SEM changes (%) Padjusted 
Firmicutes 64.5 3.89 85.4 1.67 32.40 0.10 
Deferribacteres 0.0006 0.0002 1.28 0.52 213233 0.01 
Actinobacteria 9 3.93 0.40 0.06 -95.6 0.04 
       

Data are mean percent±SEM. Only significant (P<0.05) differences, or mildly significant 
differences (P≤0.1) between 2 dietary groups are indicated. Padjusted values are based on 
Kruskal-Wallis rank sum test followed by post-hoc analysis using Dunn’s test. No 
significant changes were observed at the phylum level between C vs C+WG, and HF vs 
HF+WG. C, control; C+WG, control + 10% wheat germ; HFS, high fat and sucrose; 
HFS+WG, high fat and sucrose + 10% wheat germ. 
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Supplemental Table 3 : Enriched or depleted cecal bacterial family in C57BL/6 mice 
fed a C or HFS diet supplemented with 10% WG for 12 wk (n=6-9 mice / group).  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Data are mean percent±SE of the 5 most abundant taxa at the family level. Padjusted values 
are based on Kruskal-Wallis rank sum test followed by post-hoc analysis using Dunn’s 
test. C, control; C+WG, control + 10% wheat germ; HFS, high fat and sucrose; 
HFS+WG, high fat and sucrose + 10% wheat germ. 
 

       
  C C+WG C+WG vs C   

 Mean SEM Mean  SEM changes (%) Padjusted 
Lactobacillaceae 14.00 4.24 24 7.67 71 1 
Lachnospiraceae 3.62 0.34 8.94 0.53 146 0.84 
Ruminococcaceae 5.72 0.45 4.26 0.78 -26 1 
Erysipelotrichaceae 21.8 4.05 15.4 5.4 -29 1 
S24-7 21.5 3.02 18.6 2.24 -14 1 
       
       
  C HFS HFS vs CT   

 Mean SEM Mean  SEM changes (%) Padjusted 
Lactobacillaceae 14.00 4.24 4.23 0.88 -70 0.32 
Lachnospiraceae 3.62 0.34 14.00 1.18 287 0.0004 
Ruminococcaceae 5.72 0.45 12.80 1.27 124 0.01 
Erysipelotrichaceae 21.8 4.05 3.05 0.67 -86 0.06 
S24-7 21.5 3.02 1.61 0.44 -93 0.004 
       
       

  HFS HFS+WG 
HFS+WG vs 

HFS   

 Mean SEM Mean  SEM changes (%) Padjusted 
Lactobacillaceae 4.23 0.88 21.10 3.73 399 0.007 
Lachnospiraceae 14.00 1.18 13.00 0.84 -7 1 
Ruminococcaceae 12.80 1.27 12.00 1.17 -6 1 
Erysipelotrichaceae 3.05 0.67 0.93 0.14 -70 0.44 
S24-7 1.61 0.44 1.48 0.37 -8 1 
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CHAPTER V 

Supplemental Wheat Germ Activates the STAT3-Reg3 pathway in the Gut and 
Attenuates the Lipopolysaccharide Binding Protein Gene in the Adipose Tissue of Mice 

Fed a Western Diet 
 

Abstract 

The leaky gut phenomenon links obesity to insulin resistance and chronic inflammation in 
peripheral tissues. Lactobacillus produce metabolites that stimulate the release of gut 
epithelial antimicrobial peptides (AMPs) via the IL22-STAT3 pathway. We have 
previously reported that wheat germ (WG) selectively increased cecal Lactobacillus in 
obese mice and lessened serum pro-inflammatory markers. This study investigated the 
effects of WG on gut AMPs (Reg3γ and Reg3β) in the jejunum and its potential to impede 
Nfκb-activation and immune cell infiltration in the visceral adipose tissue of mice fed a 
control or a western diet (i.e. high fat and high sucrose, HFS) for 12 wks. Six-wk-old male 
C57BL/6 mice were randomly assigned to four groups (n=12/group), and fed a control (C, 
10% kcal fat, 10% kcal sucrose) or HFS (45% kcal fat, 26% kcal sucrose) diet with or 
without 10% WG (wt/wt) for 12 wks. The serum was assayed for metabolic parameters. 
Using immunoblots, we measured STAT3 and NFκB phosphorylation in the jejunum and 
visceral adipose tissue (VAT), respectively. Gut antimicrobial peptide genes, macrophage 
and inflammatory markers were measured by qPCR. After 12 wks of dietary treatment, 
WG significantly improved hyperglycemia, fasting insulin, and HOMA-IR by at least 17% 
(P ≤ 0034) in HFS-fed mice. The pore-forming CLAUDIN 2 protein was elevated in the 
jejunum of HFS-fed mice (≥ 101%; P =0.0016). Supplemental WG upregulated Il10 and 
Il22 genes in the jejunum (≥ 116%; P ≤ 0.035). The HFS+WG group had a 15-fold increase 
(P = 0.0012) in pSTAT3 compared to the HFS group in the jejunum. Consequently, the 
mRNA expression of Reg3β and Reg3γ were significantly upregulated in the jejunum by 
WG supplementation (≥ 42%; P ≤ 0.043). In the VAT, the HFS group had greater NFκBp65 
phosphorylation compared to C, while HFS+WG group suppressed this to the level of C (-
38%; P = 0.014). In addition, VAT Il6 and Lbp genes were downregulated in the HFS+WG 
group compared to HFS (P ≤ 0.0032). Macrophage-related genes, F4/80, Cd11c, and iNos, 
were repressed (≥ -28%; P ≤ 0.048) in the VAT of WG-supplemented mice. The 
stimulatory effects of WG on STAT3 and AMPs in the gut may be vital to reduce the 
burden of antigen translocation that could initiate adipose tissue inflammation and 
contribute to obesity-induced insulin resistance.  

*This chapter will be submitted to Journal of Nutrition
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Introduction 

Adipose tissue dysfunction in obesity is characterized by chronic inflammation, 

which contributes to comorbidities such as insulin resistance (1). Hypertrophic 

adipocytes secrete chemokines such as the C-C motif chemokine ligand (CCL)2 and 

(regulated upon activation, normal T cell expressed, and secreted (RANTES) that play a 

role in monocyte/macrophage and T-cell recruitment, followed by the activation and 

polarization of macrophages towards an M1 proinflammatory state (1-3). These result in 

a profound proinflammatory adipose environment characterized by elevated cytokines 

and adipokines such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, leptin 

and resistin, which interfere with insulin signaling, and contribute to the inflammatory 

cytokine pool in the blood (1, 2). 

In order to intitate inflammation in peripheral tissues, the specific factors 

responsible for the activation of cells have been studied over the years. Indeed, animal 

and clinical studies suggest that obesity disrupt intestinal tight junctions (TJ), allowing 

for the increased translocation of bacteria and endotoxin (termed bacteremia and 

endotoxemia, respectively) from the gut into the blood and surrounding tissues which 

initiates inflammation and insulin resistance (4-8). In response to bacterial endotoxin and 

pro-inflammatory stimuli, lipopolysaccharide binding protein (LBP) is produced in 

hepatocytes and adipocytes which increases the severity of toll-like receptor 4 (Tlr4)/ 

nuclear factor kappa-light-chain-enhancer of activated B cells (Nfκb)-orchestrated 

inflammation by several folds (9-13). While LBP production may be a beneficial 

physiological response in cases of acute infection (9, 12), the chronic nature of the 

obesity-induced leaky gut may continually expose the peripheral tissues to endotoxin 
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leading to local and systemic chronic inflammation associated with obesity and insulin 

resistance. As such, LBP may be a marker of obesity-induced insulin resistance even in 

humans (14). Therefore, strategies that suppress LBP expression in the liver or adipose 

tissue may alleviate the inflammation and insulin resistance in obesity. 

Out of the TJ proteins responsible the maintenance of intestinal TJs, the pore-

forming CLAUDIN 2 has received increased attention in recent years (15-19). 

CLAUDIN 2 is a paracellular cation-water channel mainly expressed in leaky epithelia 

and impacts its sealing potential and TJ ultrastructure (15, 16). Hence, an increase of 

CLAUDIN 2 in the gut is associated with several diseases, including inflammatory bowel 

diseases, infectious diseases, and cancer (15). Additionally, an upregulation of 

CLAUDIN 2 is observed in the small intestines of high-fat (HF)-fed animals, suggesting 

an involvement in obesity-induced gut dysbiosis and permeability (16, 17). It is 

noteworthy that permeability across the intestine may be dependent on region and time 

(18). Among intestinal sections, jejunum permeability was elevated over time in HF-fed 

animals (18) and in obese humans (19). Therefore, mitigating permeability in the jejunum 

may be vital to suppress the inflammatory consequence of bacteremia/endotoxemia in 

peripheral tissues. 

In order to combat systemic inflammation that may be initiated by the epithelial 

passage of both commensal and pathogenic bacteria, the mamalian gut develops a 

number of defense mechanisms. Among these are the antimicrobial peptides (AMPs) 

such as defensins, cryptidins, and the regenerating islet-derived protein (Reg)3 lectins, 

chiefly produced from the Paneth cells in the intestinal crypts (20). Interestingly, certain 

commensal bacteria show immunoprotective ability in the gut by metabolizing dietary 
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factors which stimulate the release of AMPs. For example, gut bacteria-derived butyrate 

and tryptophan metabolites from Lactobacillus protect intestinal integrity by elevating the 

expression of IL-10 and IL-22 capable of activating the signal transducer and activator of 

transcription (STAT)3-Reg3 pathway in intestinal epithelial cells (IECs) (21, 22). 

Consequently, an increase in gut Reg3 lectins prevent bacterial translocation to peripheral 

tissues (23). Thus, it could be hypothesized that dietary approaches that enhance the 

production of AMPs in the gut may reduce the impact of  HF-induced 

bacteremia/endotoxemia and suppress inflammation in peripheral tissues. 

Accumulating evidence from our group and others show that certain whole foods 

containing a variety of nutrients possess gut modulatory and prebiotic effects (24-27). For 

example, wheat germ (WG) is a nutrient-dense component of the wheat grain that 

contains about 4% fiber, 23% protein, and several bioactive compounds with various 

health benefits (28, 29). Apart from its fiber component, WG is a rich source of the 

essential amino acid – tryptophan (30), which could be available for the metabolic 

survival of certain commensal gut bacteria, including members of the Lactobacillus 

genera (31). Interestingly, WG feeding showed the potential to promote healthy gut 

bacteria in animals and in humans (26, 32). Our findings showed that in mice fed a 60% 

fat diet for 12 wks, WG supplementation selectively elevated the commensal gut bacterial 

family Lactobacillaceae, reduced serum profile of proinflammatory cytokines (TNFα, 

IL6, IL-1β and IL-17), and decreased markers of insulin resistance (26, 29).  

Despite these reported health benefits, it is unclear if WG could activate the 

STAT3-Reg3 pathway in the jejunum and influence adipose tissue inflammation 

observed in obesity-induced insulin resistance, especially using a western diet model. 
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This is important, since the dietary factors that induce gut AMPs may abrogate the 

translocation of gut-derived antigens and suppress their contribution to the initiation of 

inflammation in peripheral organs (23). Therefore, this study aimed at investigating the 

effect of WG on the STAT3-Reg3 pathway in the gut, and its potential to reduce 

inflammation and immune cell infiltration in the visceral adipose tissue of C57BL/6J 

mice fed a control or a western diet for 12 wks. We hypothesized that WG will activate 

STAT3 in the jejenum and increase the transcription of Reg3 lectins, indicating an 

enhanced capacity to mitigate HF-induced leaky gut. This effect of WG on the gut would 

be associated with reduced inflammation and immune cell infiltration in the visceral 

adipose tissue. 

Methods 

Animals and Treatment Groups 

Animal care was carried out at Oklahoma State University Laboratory Animal 

Research facility maintained under humidity- and temperature-controlled conditions and 

a 12-h light–12-h dark cycle. All procedures followed strict guidelines set by the 

Institution Animal Care of Oklahoma State University. 

Six-week-old male C57BL/6 mice (n=48) were purchased from Charles River 

Laboratory (Wilmington, MA). The mice were acclimated for a week and randomly 

assigned to one of four treatment dietary treatment groups (n = 12/group) in a 2 x 2 

factorial design — control (C; 10% kcal fat, 10% kcal sucrose; AIN-93 M), C + 10% WG 

(C + WG), a western-styled diet with high fat and high sucrose, HFS (45% kcal fat, 26% 
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kcal sucrose), and HFS + 10% WG (HFS + WG) for 12 wks. Mice were group-housed (4 

mice per cage) in wire-bottom cages .  

Shawnee Milling Company (Shawnee, OK) graciously provided wheat germ from 

Oklahoma red winter wheat. WG was analyzed for its nutrient composition (NP 

Analytical Laboratories, St. Louis, MO) and added to one of the control diets (C+WG, 

10% wt:wt) and one of the HFS diets (HFS+WG, 10% wt:wt). The WG dose was based 

on our previous study that investigated the effect of WG supplementation on the gut 

microbiome (26). The WG-supplemented diets were adjusted to have the same 

macronutrient composition, total fiber, calcium, and phosphorus as the unsupplemented 

diets (Supplemental Table 1). Food and water were provided ad libitum for 12 wks. 

Food intake was monitored daily and the body weight of each mouse was measured 

weekly. 

Sample Collection and Processing 

For fasting blood glucose measurements, mice were feed-deprived for 6 hours at 

baseline (Wk 0), mid (Wk 6), and final (Wk 12), and fasting blood glucose was measured 

from the tail using ReliOn Confirm blood glucose monitoring system (Walmart, USA). A 

glucose tolerance test (GTT) was conducted at day 80. After taking the baseline fasting 

glucose measurement, feed-deprived mice were injected with a 20% dextrose solution (2 

g /kg body weight) andblood glucose was measured again from tail blood at 15, 30, 60 

and 120 min post-glucose injection. 

After 12 wks of dietary treatment, mice were feed-deprived for 4 hours and 

anesthetized using a ketamine/xylazine cocktail (100 mg/10 mg/ kg body weight). 
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Thereafter, the body composition (lean mass, fat mass, and body fat percentage) of each 

mouse was assessed using a whole body Piximus densitometer (GE Lunar, Madison, WI). 

Blood was collected via the carotid artery and serum was processed as described 

previously (29). The small intestine was flushed with ice cold PBS and excised into three 

different sections. The jejenum (mid-section) was snapped-frozen in liquid nitrogen and 

stored at -80o C for further protein and gene expression analyses. The ileum mucosa was 

collected as previously described (26). The liver, perirenal adipose tissue, pancreas, and 

spleen were collected, weighed, snap-frozen and stored at -80o C for further analyses. The 

visceral adipose tissue (VAT) was collected, weighed, and a section was snap-frozen. In 

preparation for isolating stromal vascular fraction, a section of VAT was dissected and 

transferred into an ice cold tube containing complete medium (DMEM + 10% FBS + 1% 

penicillin/streptomycin, 1g fat /10 mL) for further analyses. 

Serum Measurements 

Serum adipokines, hormones, and lipids were determined as previously described 

(29). Briefly, total cholesterol, triglycerides were measured using a Biolis 24i automated 

analyzer (Carolina Chemistry, Brea, CA). Insulin, leptin and resistin were measured as 

part of the Bio-Plex mouse diabetic markers kit (product no. 171F7001M) using the Bio-

Plex MAGPIX Multiplex reader (Bio-Rad Laboratories Inc., Hercules, CA) following the 

manufacturer’s instructions. The homoeostatic model assessment of insulin resistance 

(HOMA-IR) was used as a surrogate measure of insulin resistance: HOMA-IR= (fasting 

insulin (μU/ml) × fasting glucose (mg/dl) / 405. 
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Isolation of Adipose Derived Stromal Vascular Fraction (ADSVF) 

The ADSVF was obtained by enzymatic isolation as described previously with 

few modifications (33). In brief, the VAT was diced into fine pieces and incubated at 37o 

C in 10 mL digesting medium containing DMEM + 1% FBS + 0.2% Collagenase Type 

VIII (Sigma, #C2139) while shaking at 300 rpm for 30 mins. The cell suspension was 

filtered through a 100 um cell strainer (VWR, #10199-658) into 50 mL tube containing 

equal volume of complete medium (DMEM + 10% FBS + 1% Penicillin/Streptomycin). 

Each cell suspension was centrifuged (5 min, 1000 rpm), and the cell pellet containing 

the stromal vascular fraction was incubated with 0.83% NH4Cl for four mins on ice to 

lyse the red blood cells. The cell pellets (ADSVF) were washed twice in Dulbecco’s 

Phosphate Buffered Saline (Sigma, #D5652). Radioimmunoprecipitation assay (RIPA) 

buffer containing 0.5% protease and phosphatase inhibitor cocktails (Sigma, #P8340 

#P0044) was added to the ADSVF (70 µL / 3 million cells) for the preparation of total 

protein following standard procedures. 

Gene Expression Analysis 

Total RNA was processed from the jejunum, ileum mucosa, and the adipose tissue 

using Trizol reagent (ThermoFisher, Waltham, MA)  following the manufacturer’s 

instructions. Relative abundance of genes encoding antimicrobial peptides (Reg3b and 

Reg3g), lipopoly-saccharide biding protein (Lbp), cd14, Toll-like receptor 4 (Tlr4), 

inflammatory cytokines (Tnfa, Il6, Il1b, Ifng, Tgfb1, IL22, and Il10),  innate and adaptive 

immune cell markers (Cd11c, F4/80, Ccl2, Ccl3, iNos, Arg1, Cd3e, Foxp3), hypoxia 

marker (Hif1a), angiogenesis and adhesive protein markers (Vegfa, Icam1, Vcam1), leptin 

precursor (Lep), and adipose triglyceride lipase (Pnpla2) were evaluated using SYBR 
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Green chemistry on an ABI 7900HT system (Applied Biosystems, Waltham, MA) as 

previously described (25). The primer sequences used in this study are presented in 

Supplemental Table 2. 

Protein Expression Analyses 

 Total protein extraction and immunoblotting was done as described previously 

with few modifications (34, 35). Total protein homogenates from the jejunum (20mg), 

VAT (20 mg), and ADSVF (15 mg) were separated electrophoretically using SDS-PAGE 

and transferred to PVDF membranes (ThermoScientific, Waltham, MA). Membranes 

were blocked with 5% nonfat dried milk (Nestle) at room temperature for 1 hour. The 

membranes were washed twice in PBS and incubated overnight at 4oC in 5% bovine 

serum albumin containing the following primary antibodies: CLAUDIN 2 (#sc-293233, 

Santa Cruz Biotechnology, Dallas, TX), OCCLUDIN (#33-1500, ThermoFisher, 

Waltham, MA), STAT3 (#4904, Cell Signalling Technology,Danvers, MA), p-STAT3 

Tyr705 (#9145, Cell Signalling Technology, Danvers, MA), NFkBp65 (#Ab7970, 

Abcam,Cambridge, MA), p-NFkBp65 Ser536 (#sc-136548, Santa Cruz Biotechnology, 

Dallas, TX), FOXP3 (Santa Cruz Biotechnology, Dallas, TX, #sc-53876)  and GAPDH 

(#60004-1, Proteinech, Rosemont IL). Blots were then washed twice with PBS and 

incubated with an anti-rabbit (#7074, Cell Signaling Technology, Danvers, MA), or anti-

mouse (#7076, Cell Signaling Technology, Danvers, MA) IgG HRP-linked antibody. 

Blots were washed again with PBS, and incubated with SuperSignal West Femto 

Maximum Sensitivity Substrate (#34095, ThermoScientific,Waltham, MA ) for 30 secs – 

1 min. The blots were viewed with FluorChem R Imaging System (ProteinSimple, San 

Jose, CA), and the resulting protein bands were quantified with Image J software, v 1.8.0. 
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Statistical Analyses 

 Statistical analyses followed the use of 2-factor ANOVA (factors of HFS and 

WG). Least squares means were calculated using the mixed model procedure followed by 

Tukey’s post hoc test when the P value for interaction was significant. A two-way 

repeated-measures ANOVA was carried out on the GTT data using the Huynh-Feldt 

model. Analyses were conducted using SAS software (version 9.4; SAS Institute, Cary, 

NC). Data are presented as means±SEM, and a P value<0.05 was considered statistically 

significant. For clarity, P values for main effect (HFS, WG) only if there was a 

significant P value (P < 0.05), or a trend (0.05 ≤ P ≤ 0.14). Whenever there is a 

significant P value (P < 0.05) for interaction (HFS x WG), differences between groups 

were indicated with letters on the figures. 

Results 

WG had minimal effects on body weight, tissue weights, and body composition 

At the end of the 12 week dietary treatment, WG supplementation had no effect on the 

HFS-induced weight gain (Figure 1A). The HFS-fed group consumed 2% more 

kilocalories daily than the C group (P=0.022), while WG addition in the HFS+WG group 

reduced caloric intake to the level of C (Figure 1B). In addition, WG supplementation 

increased lean mass by at least 2% (Figure 1C; P = 0.039). Supplemental WG showed a 

modest effect to reduce percent body fat and visceral fat (Figure 1C and 1D; P ≤ 0.14). 

However, WG supplementation had no effect on the weights of the liver, spleen, and 

perirenal fat (Figure 1D; P > 0.05). 
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WG supplementation improved glucose homeostasis and reduced serum 

triglycerides in HFS-fed mice 

At wk 6 and wk 12, fasting blood glucose was elevated in the HFS group compared to C 

by 18% and 23%, respectively (P ≤ 0.047, Figure 2A). On the other hand, WG reduced 

fasting blood glucose at both time points (P ≤ 0.034), as evident in a 17% and 19% 

decrease in the HFS+WG group compared to HFS, at wks 6 and 12, respectively (Figure 

2A). Glucose area under the curve (AUC) calculated after conducting a glucose tolerance 

test (Figure 2B and C) showed a modest decrease in glucose AUC due to WG 

supplementation (≤ -8%, P = 0.079). Supplemental WG reduced serum fasting insulin by 

at least 27% (P = 0.016; Figure 2D), and significantly improved the insulin resistance 

marker, HOMA-IR by at least -29% (P = 0.0055; Figure 2E). HFS feeding tended to 

upregulate the VAT leptin gene (P = 0.073) and elevate serum adipokines (P = 0.13) 

while WG had no significant effect (Supplemental Figure 1A, Figure 2F and G). 

Moreover, HFS-feeding tended to upregulate the adipose triglyceride lipase gene in the 

VAT (P = 0.10; Supplemental Figure 1B). Although not statistically significant, HFS 

increased serum triglycerides by 43% (P =  0.18) compared to the C group, while 

HFS+WG reduced serum triglycerides by 38% compared to HFS (P = 0.014, Figure 2I). 

WG supplementation had no effect on serum cholesterol and non-esterified fatty acids 

(Figure 2H and J; P > 0.05). 
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Supplemental WG modulates the jejunum by activtating STAT3 and upregulating 

antimicrobial peptide and antiinflammatory genes in mice fed a HFS-diet 

As presented in Figure 3, WG supplementation upregulated the Il10 gene in the jejunum 

by at least 116% (P = 0.0002; Figure 3A). Similarly, WG showed a main effect of 

upregulating the Il22 gene by at least 147 % (P = 0.035, Figure 3B). Neither WG nor 

HFS had any effect on Il6 gene expression (Figure 3C). Feeding a HFS diet resulted in 

elevated levels of CLAUDIN 2 (≥101%, P =0.0016) and OCCLUDIN (≥63%, P = 

0.0064) proteins in the jejunum compared to the C diets (Figure 3D, E, and F.) However, 

WG supplementation had no effect on both CLAUDIN 2 and OCCLUDIN proteins 

(Figure 3E and F). Compared to the C diet, HFS feeding showed a trend to decrease 

STAT3 activation as evident in an 89% decrease in STAT3 phosphorylation (P = 0.088; 

Figure 3G). Dietary treatments did not impact total STAT3 (P ≥ 0.41; Figure 3H). 

Consequently, the mRNA expression of Reg3β and Reg3γ were significantly upregulated 

by WG supplementation in C and HFS diet (≥42%; P ≤ 0.043; Figure 3I and J). 

Similarly, WG tended to upregulate Reg3β and Reg3γ in the ileum (P ≤ 0.078; 

Supplemental Figure 2A and B). 

WG supplementation prevented Nfκbp65 phosphorylation and downregulated Il6 

and Lbp genes in the visceral adipose tissue of HFS-fed mice 

At the end of the dietary treatment, HFS feeding upregulated Tlr4 gene in the VAT by 

≥60% (P = 0.034; Figure 4A) while WG had no effect. In addition, the activation of 

NFκBp65 protein was elevated by 94% in the HFS group compared to control (P = 

0.0019; Figure 4B and 4C). Interestingly, WG significantly suppressed the HFS-induced 
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activation of NFκBp65 by 38%, thus bringing it to the level of control (P = 0.014; 

Figure 4B and 4C). However, there was a main effect of HFS in elevating total 

NFκBp65 protein in the VAT (P = 0.0028; Figure 4B and 4D). Furthermore, we 

observed a 3-fold increase of the Il6 gene in the HFS group compared to the C group (P 

= 0.0032), while the HFS+WG group downregulated Il6 gene by 54% compared to the 

HFS group (P =  0.034; Figure 4E). Moreover, HFS feeding significantly upregulated 

Il10 gene (P = 0.018), while WG showed a trend to reduce Il10 gene expression (P = 

0.12) and Ifng gene expression (P = 0.13; Figure 4E). Interestingly, the expression of 

Lbp gene was signifcantly upregulated by HFS (P = 0.015), while WG supplementation 

showed a main effect to attenuate Lbp expression (P = 0.0021; Figure 4F) in VAT. 

Dietary treatments had no significant effects on Lbp gene and other inflammatory gene 

markers in the liver (P > 0.05; Figure 4F, Supplemental Figure 3 A – E). Finally, WG 

signifcantly suppressed Vcam1 gene in the VAT (P = 0.024), but had no effect on the 

HFS-induced upregulation of Hif1a and Vegfa (Supplemental Figure 4). 

Supplemental WG suppressed innate and adaptive immune cells markers in the 

visceral adipose tissue of HFS-fed mice 

As presented in Figure 5A, HFS feeding elevated VAT mRNA expression of the 

chemokine Ccl2 (≥1.5-fold, P =  0.0026), but not Ccl3 (P >0.05). On the other hand, WG 

supplementation showed a trend to decrease Ccl2 gene (P =  0.10) and significatnly 

reduced Ccl3 gene expression (P =  0.037; Figure 5A). The gene expression of the 

macrophage and dendritic cell marker, Cd11c, and the macrophage marker F4/80 in VAT 

were significantly elevated by HFS feeding (≤ 163%; P ≤  0.023; Figure 5A), while WG 
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supplementation dowbregulated the expression of these genes by at least 28% (P ≤  

0.048; Figure 5A). The antigen presentation gene marker, H2ab1, which encodes the 

major histopatibility complex 2 (MHC II), was significantly upregulated in the HFS 

group compared to the C (1-fold, P =  0.012), while the HFS+WG group significantly 

repressed the expression of this gene compared to the HFS group (-55%; P =  0.013, 

Figure 5A). Furthermore, WG supplementation significantly downregulated the mRNA 

expression of the MI macrophage marker, iNos, by at least 34% (P =  0.024), while it 

also showed a tendency to increase the gene expression of Arg1, an M2 macrophage 

marker (P =  0.086; Figure 5B). The ratio of iNos to Arg1 gene expression was 

significantly decreased by supplemental WG (≥ -65%; P =  0.034; Figure 5B).  

Moreover, data in Figure 5C showed that the dietary treatments had no significant impact 

on the VAT gene expression of the T-cell marker, Cd3e, and the T-cell attracttant, Rantes 

(P ≥  0.16; Figure 5C). However, the gene expression of Tgfb1 was significantly higher 

in the HFS group compared to the HFS+WG group (135% ; P =  0.030; Figure 5C). 

Consequently, HFS feeding significantly upregulated Foxp3 mRNA (P =  0.042; Figure 

5C). In addition, HFS feeding showed a tendency to upregulate the protein expression of 

FOXP3  in the VAT and the ADSVF (P ≤  0.12; Figure 5D and E), while WG showed a 

tendency to reduce FOXP3 protein in the ADSVF (P =  0.058; Figure 5E).  

 

Discussion 

Diet-induced obesity (DIO) induce a leaky gut which inceases chronic bacteremia 

and endotoxemia capable of initiating systemic inflammation and insulin resistance via 
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the activation of the TLR4-NFkB pathway (5, 36). Using a western diet-induced (i.e. 

HFS) model of obesity, this study investigated the gut-protective mechanism of WG 

supplementation and the implication on inflammation and immune cell infiltration in the 

visceral adipose tissue (VAT) of C57BL/6J mice fed a control or a western diet for 12 

wk. Although WG had no effect on tight junction proteins in the jejunum, our study 

demonstrates that WG activates the STAT3 pathway and upregulates antimicrobial 

peptide genes (Reg3β and Reg3γ) in the jejunum. Consequently, WG attenuated of NFκB 

phosphorylation in the VAT, together with the downregulation of Il6 and Lbp genes. In 

addition, WG supplementation resulted in less chemoattractant and macrophage gene 

markers in the VAT of mice at the end of dietary treatment.  

Obesity-induced metabolic syndrome is characterized in part, by insulin 

resistance, increased abdominal adiposity, and dyslipidemia (37). In mice, various high 

fat diet compositions have been used to model obesity-induced metabolic syndrome. The 

degree of response of these animals to high fat diets depend on several factors, including 

duration and genetic background (38). In this study, we only observed significant HFS 

effects on few markers of obesity-induced metabolic syndrome, including increased 

visceral fat, elevated fasting blood glucose (~181 mg/dL), and more glucose intolerance 

compared to the C diet. In addition, HFS showed modest effects on elevating total body 

fat, HOMA-IR, fasting triglycerides, and the adipokines, leptin and resistin. 

Supplemental WG had an opposite effect in most cases, as it significantly reduced fasting 

glycemia, fasting insulin, HOMA-IR, and serum triglycerides especially in the HFS-fed 

mice. Considering that the fasting blood glucose of insulin resistant C57BL/6J mice may 

be greater than 240 mg/dL (39), the overall implication of the metabolic outcomes of the 



107 
 

 

HFS-fed C57BL/6J mice in our study, especially as it relates to glucose metabolism, 

suggest that these animals are likely in the early stages of developing obesity-induced 

insulin resistance. Nevertheless, WG supplementation showed a strong potential to 

improve glucose metabolic parameters. 

Diet-induced obesity (DIO) impair the expression of TJ proteins and impair the 

normal architecture of gut epithelial TJ (40). As a result, bacteremia and endotoxemia 

ensue which is associated with the initiation of inflammation in peripheral tissues and 

insulin resistance (5, 41). While the transcellular pathway allows microbial components 

through the epithelium by endocytosis (42, 43), elevated expression of the pore-forming 

claudin 2 is also associated with the leaky gut phenomenon in various diseases (15), 

including in DIO studies (16, 17). Accordingly, we observed an increase in CLAUDIN 2 

expression in the jejunum of HFS mice while WG had no effect. This suggests an 

increased potential of bacteremia and endotoxemia in the HFS group which could be vital 

for the initiation of inflammation in peripheral tissues such as the adipose tissue. This 

notion is in agreement with the finding that HF feeding induces consistent paracellular 

permeability over time in the jejunum (18). Suprisingly, HFS feeding also increased the 

protein level of OCCLUDIN in the jejunum which may be a partial compesatory action to 

restore the jejunum TJs as observed in another study (44). However, this compensatory 

mechanism may not necessarily be beneficial or effecient in preventing a leaky gut, since 

elevated OCCLUDIN were observed to be increasingly localized in the cytoplasm rather 

than the apical cellular border (44, 45). 

To reduce bacterial-epithelial interaction and mitigate gut translocation, 

antimicrobial peptides (AMPs) play a main role by reducing bacterial density within the 



108 
 

 

mucosal layer (23, 46). Among the AMPs, Reg3β and Reg3γ have been reported for their 

potent bactericidal action against gram-positive and gram-negative bacteria (46, 47). In 

the gut, butyrate produced from the bacterial fermentation of dietary fiber activates 

STAT3 in the epithelium resulting in the generation of the Reg3 lectins (22). 

Furthermore, indole metabolites derived from tryptophan metabolism by Lactobacillus, 

stimulate the production of IL22 from lamina propria lymphocytes capable of activating 

the STAT3 - Reg3 pathway (21, 48, 49). We have previously reported that WG 

Supplementation in HFS-fed mice selectively increased Lactobacillus but showed no 

increase in fecal SCFAs (26). In the present study, WG increased STAT3 

phosphorylation and upregulated IL22 and the Reg3 genes in the jejunum. Considering 

that WG has a modest fiber content (3-4%) but remains one of the richest foods in the 

tryptophan (28-30), it is plausible that WG's potential to increase Lactobacillus in HF-fed 

mice resulted in elevated Reg3 AMPs via the IL22-STAT3 pathway. The AMPs may 

then be vital to reduce the burden of antigen translocation that could initiate inflammation 

and insulin resistance in peripheral tissues.  

Accordingly, our study revealed the ability of WG to modulate adipose tissue 

inflammation – a classic response in diet-induced obesity. First, we observed an HFS-

induced increase in total NFκBp65 in the VAT similar to other studies (50-52). Although 

WG had no effect on total NFkBp65, supplemental WG attenuated HFS-induced 

phosphorylation of NFkBp65, a key component of the NFκB complex that drives 

macrophage recruitment and the transcription of several pro-inflammatory genes (53). 

Consequently, WG suppressed the HFS-induced upregulation in Il6, Lbp, and 

macrophage-related genes such as Cd11c and F4/80 in the adipose tissue. In addition, 



109 
 

 

WG downregulated the Lbp gene in the VAT. The recognition of pathogen-associated 

molecular patterns (PAMPs) promote an acute phase response leading to LBP production 

(54). By recognizing the lipid A moiety of gram negative bacterial cell wall component – 

lipopolysaccharide (LPS), an LBP-LPS complex is formed that increases the sensitivity 

of Cd14/TLR4-NFκB pathway to LPS by several folds (9, 10, 12). Furthermore, adipose-

derived LBP directs local inflammatory and metabolic responses and may be an early 

biomarker for adipose tissue dysfunction in obesity (11). Put together, WG’s ability to 

upregulate AMPs in the jejunum in this study may be vital for the prevention of 

NFκBp65 activation and attenuation of Il6 and Lbp genes in VAT of mice fed a HFS-

diet. 

In addition, it was intruiging to observe a HFS-induced increase in the anti-

inflammatory gene, Il10, in the VAT. The cell population that could contribute to the Il10 

pool in the adipose may include macrophages (M2) and T-regulatory (FoxP3+) cells (3). 

However, WG but not HFS tended to increased M2 macrophage marker gene - Arg1 in 

the VAT. On the other hand, FoxP3 gene and protein in the adipose tissue and the stromal 

vascular fraction showed a strong trend to be higher in the HFS group compared to 

others. Overall, this is in agreement with studies that show elevated adipose IL10 or 

FoxP3 in obese animals and humans, suggesting a compensatory effect to the pro-

inflammatory environment (55-58). In addition, the initial increase in VAT FOXP3-

expressing cells in obese animals progressively reduced over time, which worsened 

inflammatory and metabolic outcomes (57). It should be noted that the metabolic 

parameters from our HFS-fed mice suggest that these animals are at the early stages of 

developing obesity-induced insulin resistance. Thus, our finding of elevated VAT Il10 
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and FOXP3 in the HFS-fed group may be an initial compensatory action that aimed to 

ameliorate the consequence of the leaky gut-associated production of proinflammatory 

factors observed also in the HFS group. Importantly, supplemental WG showed no effect 

to elevate these antiinflammatory factors unlike HFS, due to the less need to combat 

HFS-induced inflammation.  

Some of the limitations of this study include the lack of data related to gut 

bacterial-derived indole metabolites from tryptophan metabolism. Also, it is still unclear 

if the effect of WG on STAT3 reported in this study is solely via IL22. Butyrate was not 

elevated in mice fed HFS supplemented with WG (26), hence the direct effect of WG-

induced butyrate on the STAT3 pathway is unlikely. However, IL-10 is also capable of 

activiating STAT3 in certain models of disease (59, 60). Since supplemental WG also 

increased Il10 gene in the jejunum in this study, it is probable that the IL10 pathway 

contributes to STAT3 activation in the jejunum. Nevertheless, this limitation suggests 

that whole foods such as WG may be gut protective in HF feeding by various synergistic 

mechanisms. Therefore, future studies may find it important to clarify these individual 

mechanisms. 

In conclusion, this study showed that in C57BL/6J mice fed a HFS diet for 90 

days, WG upregulates the Il22 gene, activates the STAT3 pathway, and upregulates 

antimicrobial peptide genes (Reg3b and Reg3g) in the jejunum. Accordingly, WG 

attenuated HFS-induced upregulation of Il6 and Lbp genes, and lessened NFκBp65 

phosphorylation in the visceral adipose tissue to the level of C. In addition, supplemental 

WG improved metabolic parameters in HFS-fed animals, including fasting blood glucose 

and insulin resistance marker (HOMA-IR). Put together, the modulatory effects of WG 
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on STAT3 and AMPs in the gut may be vital to reduce the burden of antigen 

translocation that could initiate adipose tissue inflammation and contribute to diet-

induced insulin resistance. 
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Figures  

FIGURE 1:   Effects of wheat germ (WG) supplementation on body composition and 

food intake in C57BL/6J mice fed a control (C) or high fat and sugar (HFS) diet for 12 

wks. A) Initial (Wk 0) and final body weights (Wk 12), B) Average daily caloric intake, 

C) Body composition, and D) Tissue weights. Data are means ± SEM. Differences 

between groups are indicated with letters when the HFS x WG interaction was significant 

(P < 0.05, 2-way ANOVA). Labelled means without a common letter are significantly 

different from each other (P<0.05). n=10-12 mice/group  

 

FIGURE 2:   Effects of wheat germ (WG) on metabolic parameters in C57BL/6J mice 

fed a control (C) or high fat and sucrose (HFS) diet supplemented with 10% WG for 12 

wks. A) Fasting blood glucose on Wk 0, 6, and 12, B) Glucose tolerance test, C) Glucose 

area under the curve, D) Fasting serum insulin, E) HOMA-IR, F) Serum leptin, G) Serum 

resistin, H) Serum total cholesterol, I) Serum triglycerides, and J) Serum NEFA. Data are 

means ± SEM. Differences between groups are indicated with letters when the HFS x 

WG interaction was significant (P < 0.05, 2-way ANOVA). Labelled means without a 

common letter are significantly different from each other (P<0.05). A-C, H-J (n=10-

12/group). D-G (n=8/group). HOMA-IR, Homeostatic model assessment of insulin 

resistance; NEFA, non-esterified fatty acids 

 

FIGURE 3:   Effects of wheat germ (WG) on jejunal protein and gene expression in 

C57BL/6J mice fed a control (C) or high fat and sucrose (HFS) diet supplemented with 
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10% WG for 12 wks. A) Il10 mRNA, B) Il22 mRNA, C) Il6 mRNA, D) Representative 

immunoblots, E) CLAUDIN 2 protein, F) OCCLUDIN protein, G) phosphorylated 

STAT3, H) Total STAT3 protein, I) Reg3β mRNA, and J) Reg3γ mRNA expression. 

Data are means ± SEM. Differences between groups are indicated with letters when the 

HFS x WG interaction was significant (P < 0.05, 2-way ANOVA). Labelled means 

without a common letter are significantly different from each other (P<0.05). n=6/group. 

IL10, interleukin 10; IL22, interleukin 22; Reg3b, regenerating islet-derived protein 3-

beta; Reg3g, regenerating islet-derived protein 3-gamma; STAT3, Signal Transducer And 

Activator Of Transcription 3 

 

FIGURE 4:   Effects of wheat germ (WG) on inflammatory markers in the visceral 

adipose tissue (VAT) of C57BL/6J mice fed a control (C) or high fat and sucrose (HFS) 

diet supplemented with 10% WG for 12 wks. A) Cd14 and Tlr4 mRNA, B) 

Representative immunoblots, C) phosphorylated NFkBp65 protein, D) total NFkBp65 

protein, E) Tnfa, Il1b, Ifng, Il6, Il10 mRNA, and F) Lbp mRNA in the liver and VAT. 

Data are means ± SEM. Differences between groups are indicated with letters when the 

HFS x WG interaction was significant (P < 0.05, 2-way ANOVA). Labelled means 

without a common letter are significantly different from each other (P<0.05). n=6/group. 

Cd14, cluster of differentiation 14; Ifnγ, interferon gamma; Lbp, lipopolysaccharide 

binding protein; NFkB, nuclear factor kappa-light-chain-enhancer of activated B cells, 

Tlr4, toll-like receptor 4; Tnfα, tumor necrosis factor alpha 
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FIGURE 5:   Effects of wheat germ (WG) on macrophage and T-cell related markers in 

the visceral adipose tissue (VAT) and adipose derived stromal vascular fraction 

(ADSVF) of C57BL/6J mice fed a control (C) or high fat and sucrose (HFS) diet 

supplemented with 10% WG for 12 wks. A) VAT Ccl2, Ccl3, Cd11c, F4/80, H2ab1 

mRNA, B) VAT mRNA expression of iNos, Arg1, and iNOS-Arg1 mRNA expression 

ratio, C) VAT mRNA expression of Rantes, Cd3e, Tgfb1, Foxp3, D) VAT FOXP3 

protein expression, and E) FOXP3 protein expression in the ADSVF.  Data are means ± 

SEM. Differences between groups are indicated with letters when the HFS x WG 

interaction was significant (P < 0.05, 2-way ANOVA). Labelled means without a 

common letter are significantly different from each other (P<0.05). A-D (n=6/group), E 

(n=5/group). Arg1, arginase 1; Cd3e, cluster of differentiation 3e; Ccl2, C-C motif 

chemokine ligand 2; Foxp3, forkhead box protein 3, iNos, inducible nitric oxide 

synthase; Tgfβ1, transforming growth factor beta 1 
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Figure 3 
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Figure 5 
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Supplemental Figure 1: Effects of wheat germ (WG) on (A) Leptin mRNA and (B) 

adipose triglyceride lipase gene, Pnpla2, in the visceral adipose tissue (VAT) of 

C57BL/6J mice fed a control (C) or high fat and sucrose (HFS) diet supplemented with 

10% WG for 12 wks. Main effects were considered statistically significant when P < 0.05 

(2-way ANOVA). n=6/group. Pnpla2, patatin-like phospholipase domain containing 2 
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Supplemental Figure 2:   Effects of wheat germ (WG) on (A) Reg3b mRNA and (B) 

Reg3γ, in the ileum of C57BL/6J mice fed a control (C) or high fat and sucrose (HFS) 

diet supplemented with 10% WG for 12 wks. n=6/group. Main effects were considered 

statistically significant when P < 0.05 (2-way ANOVA). Reg3β, regenerating islet-

derived protein 3-beta; Reg3γ, regenerating islet-derived protein 3-gamma 
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Supplemental Figure 3 

 

Effects of wheat germ (WG) on (A) Il6 mRNA and (B) Il10 mRNA, (C) Il1β mRNA, (D) 

Ifnγ mRNA, and (E) Tnfα mRNA in the liver of C57BL/6J mice fed a control (C) or high 

fat and sucrose (HFS) diet supplemented with 10% WG for 12 wks. Main effects were 

considered statistically significant when P < 0.05 (2-way ANOVA). n=6/group. Il6, 

interleukin 6; Ifnγ, interferon gamma; Tnfα, tumor necrosis factor alpha
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Supplemental Figure 4 

 

Effects of wheat germ (WG) on Hif1α, Vegfα, Icam1, and Vcam1 mRNA expression in 

the VAT of C57BL/6J mice fed a control (C) or high fat and sucrose (HFS) diet 

supplemented with 10% WG for 12 wks. Main effects were considered statistically 

significant when P < 0.05 (2-way ANOVA). n=6/group. Il6, interleukin 6; Hif1α, 

hypoxia inducible factor 1 subunit alpha; Icam, intercellular adhesion molecule molecule 

1; Vcam1, vascular cell adhesion molecule 1; Vegfα, vascular endothelial growth factor 

alpha;  
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Tables 

Supplemental Table 1: Diet Composition (g/kg) 

 1WG composition (Shawnee Mills, OK, USA) was analyzed by NP Analytical Laboratory (St. 
Louis, MO, USA):  carbohydrates, 50.6%; protein, 23.6%; fat, 7.71%; fiber, 3.10%; calcium, 
0.056%; and phosphorus, 0.93%. 
2Harlan-Teklad Laboratories (TD 94047, WI, USA). 
3Complete mineral mix (TD94049, Harlan-Teklad Laboratories) was used for the control diet (C) 
and a calcium and phosphorus deficient mineral mix (TD 98057, Harlan-Teklad Laboratories) 
was used for the C+WG and the high fat and sugar (HFS) diets. 
2,3Compositions of the vitamin and mineral mix has been previously published (25). 
  

 C C+WG HFS  HFS+WG 
Wheat Germ (WG)1 -- 100 --  100 
Carbohydrates      
Total 721 721 466.1  466.1 
Cornstarch 466 413 34  0 
Sucrose 100 100 308.6  308.6 
Dextrinized Cornstarch 155 155 123.5  106.9 
WG1 -- 50.6 --  50.6 
Protein      
Total 140 140 172.8  172.8 
Casein 140 116.6 172.8  149.2 
WG1 -- 23.6 --  23.6 
Fat      
Total 40 40 238.3  238.3 
Soybean Oil 40 32.3 49.4  41.69 
Lard 0 0 188.9  188.9 
WG1 -- 7.71 --  7.71 
Fiber      
Total 50 50 61.7  61.7 
Cellulose 50 46.9 61.7  58.6 
WG1 -- 3.1 --  3.1 
Vitamin Mix2 10 10 12.3  12.3 
Mineral Mix3      
Total 35 35 43.2  43.2 
Calcium 25.9 25.8 31.97  31.83 
Calcium from WG1 -- 0.06 --  0.06 
Sodium Phosphate 5.6 3.48 6.91  4.78 
Potassium Phosphate 2.4 1.49 2.96  2.04 
Phosphorous from WG1 -- 0.93 --  0.93 
Sucrose 1.1 3.29 1.36  3.57 
      
L-Cystine 1.8 1.8 3.1  3.1 
Choline bitartrate 2.5 2.5 2.2  2.2 
Tert-butylhydroquinone 0.01 0.01 0.01  0.01 
Kcal/g 3.96 3.96 4.62  4.62 
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Supplemental Table 2:  Primer Sequence for Gene Expression Analyses  

Gene Forward  Reverse  
mArg1 5'-cagtctggcagttggaagca-3` 5'-gcatccacccaaatgacaca-3` 
mCcl2 5'-cttcctccaccaccatgca-3` 5'-ccagccggcaactgtga-3` 
mCcl3 5`-ttcatcgttgactattttgaaacca-3` 5`-gccggtttctcttagtcaggaa-3` 
mCd3e 5`-tagccagtgctgggacattg-3` 5`-caatctcagcagcctgattcttt-3` 
mCd11c 5'-cttcattctgaagggcaacct-3` 5`-cactcaggagcaacaccttttt-3` 
mCd14 5'-gccgccaccgcttct-3` 5'-acacgttgcggaggttca-3` 
mCyclo 5`-tgg agagca cca aga cag aca-3` 5`-tgc cgg agt cga caa tga t-3` 
mF4/80 5`-tggccaagattctcttcctcac-3` 5`-gcctccactagcatccagaaga-3` 
mFoxp3 5`-ggcccttctccaggacaga-3` 5`-ggcatgggcatccacagt-3` 
mH2ab1 5`-gcctgaagagccccatcac-3` 5`-tgccgctcaacattttgct-3` 
mHif1a 5'-caacgtggaaggtgcttca-3` 5'-tgaggttggttactgttggtatca-3` 
mIcam1 5'-ggaggtggcgggaaagtt-3` 5'-tccagccgaggaccatacag-3` 
mIfng 5`-atgaacgctacacactgcatc-3` 5`-ccatccttttgccagttcctc-3` 
mIl1b 5'-caaccaacaagtgatattctccatg-3' 5'-gatccacactctccagctgca-3` 
mIl10 5`-ggt tgc caa gcc tta tcg ga-3` 5`-acc tgc tcc act gcc ttg ct-3` 
mIl6 5`-gag gat acc act ccc aac aga cc-3` 5`-aag tgc atc atc gtt gtt cat aca-3` 
mIl22 5`-atgagtttttcccttatggggac-3` 5`-gctggaagttggacacctcaa-3` 
miNos 5'-caggaggagagagatccgattta-3` 5'-gcattagcatggaagcaaaga-3` 
mLbp 5`-gtcctgggaatctgtccttg-3` 5`-ccggtaaccttgctgttgtt-3` 
mLep 5`-ctccatctggccttctc-3` 5`-catccaggctctctggcttct-3` 
mPnpla2 5`-aaggacctgatgaccaccct-3` 5`-ccaacaagcggatggtgaag-3` 
mRantes 5'-ggagtatttctacaccagcagcaa-3` 5'-ggcggttccttcgagtga-3` 
mReg3β 5`-tgg gaa tgg agt aac aat g-3` 5`-ggc aac ttc acc tca cat-3` 
mReg3γ 5`-cca tct tca cgt agc agc-3` 5`-caa gat gtc ctg agg gc-3` 
mTgfb1 5`-ctcccgtggcttctagtgc-3` 5`-gccttagtttggacaggatctg-3` 
mTlr4 5'-actgttcttctcctgcctgaca-3` 5'-tgatccatgcattggtaggtaata-3` 
mTnfa 5`-ctgaggtcaatctgcccaagtac-3` 5`-cttcacagagcaatgactccaaag-3` 
mVcam1 5`-tgaacccaaacagaggcagagt-3` 5`-ggtatcccatcacttgagcagg-3` 
mVegfa 5`-cgctggtagacgtccatga-3` 5`-cacgacagaaggagagcagaa-3` 
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CHAPTER VI 

Pinto Beans Modulate the Gut Microbiome and Augment MHC II and 
Antimicrobial Peptide Expression at the Early Onset of Glucose Intolerance in Mice 

fed a Normal or Western-Style Diet 

Abstract 
The onset of type 2 diabetes in obesity is associated with gut dysbiosis and a failure to 
restrict the gut bacteria and toxins to the gut while prebiotics may prevent these effects. 
This study evaluated the early protective effects of pinto beans (PB) supplementation on 
the cecal bacteria, short chain fatty acids (SCFA), antigen presentation marker (MHC II) 
and antimicrobial peptide genes in the distal ileum, and the implication on glucose 
tolerance and adipose inflammation in C57BL/6J mice fed either a control (C) or a high-
fat, high sucrose (HFS) diet for 4 weeks. Six-wk-old, male C57BL/6J mice were 
randomly assigned to four groups (n=12/group), and fed a control or HFS diet with or 
without freeze-dried cooked PB (10%, wt/wt) for 4 weeks. Results showed that 
supplemental PB in both C and HFS diets decreased the abundance of Tenericutes and 
the sulfate-reducing bacteria Bilophila. In contrast, PB raised the abundance of taxa 
within the SCFA-producing family, Lachnospiraceae, compared to groups without PB. 
Consequently, fecal butyric acid was significantly higher in PB-supplemented groups 
over the study duration. In the distal ileum, PB reversed the HFS-induced ablation of 
STAT3 phosphorylation, and upregulated Reg3γ, Reg3κ, and Il-10 genes. Furthermore, 
the expression of major histocompatibility complex (MHC) II protein was elevated in the 
PB supplemented groups compared to C and HFS. Tenericutes and Bilophilia negatively 
correlated with activated STAT3 and MHC II proteins. Finally, supplemental PB 
improved fasting blood glucose, glucose tolerance and suppressed tumor necrosis factor 
(TNF)-α and inducible nitric oxide synthase (iNos) in the visceral adipose tissue. Put 
together, PB supplementation induced favorable shifts in the gut that may be central to its 
potential to protect against diet-induced inflammation and glucose intolerance. 
 
 
*This chapter will be submitted to Journal of Nutritional Biochemistry.
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1.  Introduction 

Obesity remains a global epidemic that drives the development of other chronic 

diseases, including type 2 diabetes (T2D) [1]. One of the hallmarks of obesity is the 

persistent activation of immune cells, leading to chronic inflammation. Indeed, a typical 

event in fat accumulation observed in obesity is the infiltration of the adipose tissue by 

macrophages [2]. Classically activated macrophages express inducible nitric oxide 

synthase (iNos) and significantly contribute to chronic inflammation via the production 

of several pro-inflammatory cytokines such as interleukin (IL) 1β, IL-6 and tumor 

necrosis factor (TNF)α [3, 4]. These proinflammatory factors are implicated in the 

disruption of insulin signaling pathways– a key connection between obesity and the onset 

of T2D characterized by glucose intolerance [2].  

Interestingly, the mammalian gut is a significant source of the signals that initiate 

inflammation in peripheral tissues [5-7]. Although the gastrointestinal tract is equipped 

with several physical and biochemical protective features, high fat (HF) diet-induced 

obesity ablates some of these features leading to increased gut translocation [7]. 

Specifically, the onset of type 2 diabetes in obesity is preceded by impaired antigen 

presentation signals in the ileum, increased gut permeability to bacteria and endotoxin 

(termed bacteremia and endotoxemia, respectively), coupled with the disruption of the 

structural composition of the commensal gut bacteria disruption (dysbiosis) [5, 6, 8]. 

Some of the characteristic changes in gut dysbiosis may include the loss of several taxa 

within the short-chain fatty acids (SCFAs)-producing family, Lachnospiraceae [9] along 

with an increase in detrimental taxa within the Proteobacteria phylum [9, 10].  
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SCFAs (primarily acetate, propionate and butyrate) confer several protective 

benefits to the host [11-14]. For example, butyrate is a preferred energy source for 

epithelial cells and are vital for the maintenance of intestinal tight junctions [11]. Further, 

through the activation of the transcription factor signal transducer and activator of 

transcription (STAT)3 in intestinal epithelial cells, butyrate may mediate the production 

of antimicrobial peptides (AMPs) which are vital in the restriction of the commensal 

bacteria to the intestinal lumen [12]. Butyrate and propionate also promote gut tolerance 

by stimulating the differentiation of IL10-producing T cells, and reducing gut 

inflammation and oxidative stress [13, 14]. Moreover, butyrate improved antigen-

presenting capacity in the gut by elevating the recruitment of major histocompatibility 

complex (MHC)II+ cells in the gut, which conferred protection against HFdiet-induced 

malignancy [15]. Thus, gut dysbiosis deprives the intestinal environment of vital 

bacterial-derived SCFAs, which are important for the maintenance of intestinal tight 

junctions, gut tolerance, efficient antigen presentation, and the induction of antimicrobial 

peptides. As a result, increased bacteremia and endotoxemia ensues leading to chronic 

activation of immune cells and inflammation associated with the onset of obesity-induced 

T2D [5, 8]. Therefore, strategies that increase SCFAs in the gut may be vital to improve 

the consequences of diet-induced obesity. 

Prebiotics are substrates that can be utilized by the gut bacteria and confer a 

health benefit to the host [16]. The prebiotic potential of non-digestible carbohydrates 

(NDCs), such as inulin, oligofructose, galactooligosaccharides, and human milk 

oligosaccharide, have been widely studied [16]. These NDCs prevent gut bacterial 

dysbiosis and confer several health benefits in obesity mostly by increasing SCFA 
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production [17]. In contrast to the prebiotic pills and supplements widely available in the 

marketplace, whole foods may as well show several prebiotic potential [18]. The global 

alteration in food supply characterized by increased western-style diets (high in fat and 

sugar) has been a major driver of the obesity epidemic [19]. Hence, incorporating whole 

foods in the diet may be an efficient and cost-effective means to prevent gut dysbiosis, 

improve gut homeostasis, and mitigate the detrimental health implications of obesity. 

Among whole foods, dietary pulses (peas, lentils, dry beans) have been studied 

for their ability to improve several consequences of obesity and its comorbidities [20]. Of 

these, the dry edible beans (Phaseolus vulgaris L), are nutrient dense foods that provide 

high quality protein, low in fat, rich in phenolic compounds, and contain the most 

fermentable fiber content, (15-45% wt/wt) depending on the variety, and may improve 

diet quality [21-23]. As such, studies have reported the anti-inflammatory and gut 

modulatory potential of certain bean varieties in models of obesity [24]  and colitis [25, 

26]. Specifically, the pinto beans (PB) variety – commonly produced in the United States 

[23] – increased in vitro SCFA production [27], and modulated postprandial glucose 

response in T2D patients [28]. It is unclear if these beneficial effects of PB is due to it 

robust impact on the gut microbiome, and innate gut protective factors (i.e., antimicrobial 

peptides, improved tight junction, and antigen surveillance).  

Since our recent understanding indicates that the disruption of the gut immune 

defense and gut microbiota precedes the onset of high fat-induced chronic inflammation 

and T2D [5, 8], the impact of PB on these gut regulatory mechanisms from a preventive 

standpoint is not fully understood and warrants further investigation. Hence, this study 

evaluated the early protective effects of PB supplementation on the cecal microbiome, 
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antigen presentation marker (MHC II), and antimicrobial peptide expression in the gut of 

mice fed either a control or a high fat, high sucrose (HFS) diet for 4 weeks. Moreover, we 

sought to investigate the implication of these gut changes on immune cell recruitment and 

local inflammation in the visceral adipose tissue (VAT). Due to its rich fermentable-fiber 

component, we hypothesized that supplemental PB will prevent gut dysbiosis and 

increase SCFAs, improve MHC II protein in the gut, and enhance AMP transcription. 

These PB effects in the gut of HFS-fed mice may then explain the prevention of glucose 

intolerance and lesser proinflammatory milieu in the VAT.   

2. Methods 

2.1 Diet preparation and experimental design 

Four-week-old male C57BL/6 mice (n=48) were purchased from Charles River 

Laboratory (Wilmington, MA) and were acclimated for one week. This was followed by 

random assignment into one of four treatment dietary treatment groups (n = 12/group) in 

a 2 x 2 factorial design — control (C; 10% kcal fat, 10% kcal sucrose; AIN-93 G), C + 

10% PB (C + PB), a western-style diet with high fat and high sucrose, HFS (45% kcal 

fat, 26% kcal sucrose), and HFS + 10% PB (HFS + PB)— for 30days. Mice were group-

housed (4 mice per cage) in wire-bottom cages. Animal care was carried out at Oklahoma 

State University Laboratory Animal Research facility maintained under humidity- and 

temperature-controlled conditions and a 12-h light–12-h dark cycle. Food and water was 

provided ad libitum for 4 weeks. Food intake was monitored daily and the body weight of 

each mouse was measured weekly. All procedures followed strict guidelines set by the 

Institution Animal Care of Oklahoma State University. 
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Raw pinto bean (PB) samples obtained from a local grocery store was prepared to 

mimic human consumption pattern as described by Zhang et al [26] and Kutos et al [29]. 

Briefly, pinto beans was soaked in water overnight at room temperature (300 mL H2O 

per 100 g dried beans) and cooked in the soaking water (98oC -100oC) for 40 mins. The 

resulting beans and water mixture was freeze-dried and ground. Nutrient composition of 

the bean powder was determined (NP Analytical Laboratories, St Louis, MO) and added 

to the C and HFS diet (10% wt/wt). The PB dose is less than to those used in previous 

animal studies of dietary bean intake [24-26] and it is relevant to legume intake levels (~ 

1cup/day) in humans [30, 31]. We adjusted the PB-supplemented diets to consist of the 

same macronutrient composition, total fiber, calcium, and phosphorus as the 

unsupplemented diets (Suppl. Table 1).  

2.2 Glucose homeostasis 

 On the 27th day of dietary treatment, mice were fasted for 6 hours and a fasting 

blood glucose was measure from the tail blood using the ReliOn Confirm blood glucose 

monitoring system (Walmart, USA). This was followed by an intraperitoneal injection 

with a 20% dextrose solution (2g/kg body weight). Thereafter, blood glucose was 

measured at 15, 30, 60, and 120 min post-injection. 

2.3 Tissue collection 

Fecal samples were collected per cage before the commencement (baseline) and at the 

end (final) of dietary treatment, and stored at -80o C. After 30days of dietary treatment, 

mice were deprived of food for 3 hours and anesthetized with a ketamine/xylazine 

cocktail (100 mg/10 mg/ kg body weight). Thereafter, a whole body Piximus 
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densitometer (GE Lunar, Madison, WI) was used to measure body composition. The 

liver, visceral and perirenal fat, and spleen were collected, weighed, flash-frozen in liquid 

nitrogen, and stored at -80o C. Cecal contents were processed as described previously 

[32]. The small intestine was flushed in ice cold phosphate buffered saline and the 

Peyer’s Patches were excised. A portion of the distal ileum (2 cm from cecum) were 

stored in RNALater (Invitrogen, Carlsbad, CA) overnight, and subsequently stored at -80° C 

for gene and protein expression analyses. Further, a portion of the distal ileum was fixed 

in 10% neutral buffered formalin (NBF) for immunofluorescence staining. 

2.4 Gut microbiota analyses 

 Nucleic acid isolation was carried out on frozen cecal samples using the QIAamp 

PowerFecal DNA kit (Qiagen) according to manufacturer’s instructions. Sample library 

preparation and sequencing were performed at the Mouse Metabolic Phenotyping Center, 

University of California, Davis (Davis, CA). The DNA samples were purified and PCR-

amplified on the V4 region of the 16S rRNA genes using the F319-R806 primers (F319, 

5’-ACTCCTACGGGAGGCAGCAGT-3’; R806, 5’-GGACTACNVGGGTWTCTAAT-

3’). Thereafter, paired-end high-throughput sequencing (250-bp) was performed on the 

Illumina Miseq platform. Data processing followed the use of the QIIME2 pipeline [33]. 

Paired-end sequences were demultiplexed and quality filtered followed by the prediction 

of operational taxonomic units (OTUs) using the DADA2 package [34]. Taxonomic 

classification of OTUs was done with the Naïve Bayes classifier trained against the Silva 

128 97% OTU database. Raw sequence reads for this project can be found at 

https://www.ncbi.nlm.nih.gov/sra under the SRA accession number PRJNA527838. 

https://www.ncbi.nlm.nih.gov/sra
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2.5 Fecal SCFA analyses 

 Fecal samples collected at baseline and at the end of treatment  were processed 

and analyzed in duplicates. The concentrations of acetic, propionic, butyric, and valeric 

acids were evaluated using gas chromatography as previously described [35]. 

2.6 Gene expression analysis 

 Total RNA was isolated from the ileum and visceral adipose tissue (VAT) using 

the Trizol reagent (ThermoFisher). Thereafter, the relative abundance of genes encoding 

antimicrobial peptides (Reg3b and Reg3g), lipopolysaccharide binding protein (Lbp), 

inflammatory cytokines (Tnfa, Il6, Ifng, Tgfb1, and Il10), chemokines (Ccl2 and Ccl3), 

innate immune cell markers (Cd11c, F4/80, iNos, Arg1),  and forkhead box protein 3 

(Foxp3), were evaluated using SYBR Green chemistry on an ABI 7900HT system 

(Applied Biosystems) as previously described [36]. The primer sequences used in this 

study can be found in Suppl. Table 2.  

2.7 Immunoblotting 

 Total protein was prepared from the ileum using the radioimmunoprecipitation 

assay (RIPA) buffer containing 0.5% protease and phosphatase inhibitor cocktails 

(Sigma, #P8340 #P0044) following standard procedures. The samples for MHC II 

experiment were not heated in order to detect SDS-stable α/β dimers [37], while that of 

other experiments were heated (80° C, 3 minutes). Protein homogenates were separated on 

4-20% polyacrylamide gels (BioRad) using SDS-PAGE and immunoblotting on PVDF 

membranes (ThermoScientific) as previously described [38, 39].  Primary antibodies 

diluted in 5% bovine serum albumin (BSA) include: MHC Class II I-A/I-E 
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(ThermoFisher, #14-5321-82), claudin 4 (ThermoFisher, #36-4800), occludin 

(ThermoFisher, #33-1500), STAT3 (Cell Signalling, #4904), p-STAT3 Tyr705 (Cell 

Signalling, #9145), and beta-actin (Cell Signaling, #8457). Blots were then washed twice 

with PBS and incubated with an anti-rabbit (Cell Signaling, #7074), or anti-mouse (Cell 

Signaling, #7076) IgG HRP-linked antibody. Proteins were detected using the 

SuperSignal West Femto maximum sensitivity substrate (ThermoScientific, #34095) for 

30 secs – 1 min. Imaging followed with the FluorChem R Imaging System 

(ProteinSimple), and the resulting protein bands were quantified with Image J software, v 

1.8.0. 

2.8 Immunofluorescence analysis 

 The distal ileum samples stored in 10% NBF were paraffin-embedded. Slides 

containing 5 micrometer tissue sections were incubated (65-68°C, 30 min), dewaxed and 

rehydrated using xylene and ethanol gradients. Immunofluorescence analyses of the 

sections followed as previously described [40] with few modifications. Briefly, the 

samples were washed 3x with Millipore water, and incubated in 10 mM citrate buffer for 

antigen retrieval. The tissue sections were pre-incubated in 1% BSA for one hour, 

followed by overnight incubation with MHC Class II I-A/I-E antibody (1:500, 

ThermoFisher). Thereafter, the samples were washed 3x in phosphate buffered saline 

tween 20 (PBST, 5 min each) and incubated in Alexa Fluor 488 antibody (1:400, 

Invitrogen). The sections were counterstained with 4′-6-diamidino-2-phenylindole 

(DAPI, 1:4000, Calbiochem) for 1 min in the dark. The samples were rinsed 3x with 

PBST in the dark, mounted, and examined for fluorescence using a Keyence all-in-one 
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fluorescence microscope (BZ-X710) with images taken ] with the KEYENCE BZ-X 

Viewer. 

2.9 Statistical analyses 

 For the microbiome data, beta diversity analyses was carried out using the Bray-

Curtis matrix. Principal coordinate analyses (PCoA) of the first two coordinates were 

plotted and comparison between groups was performed in R software (v.3.6.1) with 

permutational multivariate analysis of variance (PERMANOVA). Using the generated 

tables of relative taxonomic frequencies, differences between the dietary treatment 

groups were determined using the Kruskal-Wallis test (SAS version 9.4, Cary, NC). 

Statistically significant results were further subjected to a post-hoc analysis using Dunn’s 

test (Dunn.test package in R software). P-values were false discovery (FDR)-corrected 

with the Benjamini-Hochberg procedure (p.adjust function in R software). 

 For other data, 2-factor analysis of variance (factors of HFS and PB) was 

conducted using the mixed model procedure followed by Tukey’s post hoc test when the 

P value for interaction (HFS x PB) was significant. A repeated-measures ANOVA was 

carried out on the GTT and SCFA data using the Huynh-Feldt and variance component 

model, respectively. Analyses were conducted using SAS software (version 9.4; SAS 

Institute). Data are presented as means±SEM, and a P value <0.05 was considered 

statistically significant. For clarity, P values for main effect (HFS, PB) were presented 

only if P < 0.05 or a trend (0.05 ≤ P ≤ 0.10). Whenever P < 0.05 for interaction (HFS x 

PB or HFS x PB x Time), differences between groups were indicated with letters or 
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symbols on the figures. Finally, Spearman correlation matrix and visualization was 

carried out using the ggcorrplot package in R software (v. 3.6.1). 

3. Results 

3.1. Pinto Bean (PB) supplementation had no effect on body weight and body 

composition 

 After 30 days of dietary treatment, mice consuming the HFS diets had higher 

weight change than those consuming the C diets (Fig. 1A). Similarly, mice fed the HFS 

diets had greater energy intake that those fed on the C diets (Fig. 1B). Correspondingly, 

an increase in total fat mass and percent body fat was observed in mice fed the HFS diets 

(Fig. 1C). In addition, relative weights of the visceral fat, spleen, and perirenal fat were 

increased due to the consumption of the HFS diets (Fig 1D). Generally, supplemental PB 

had no effect on any of these parameters. 

3.2 PB supplementation improves glucose homeostasis 

 After 27 days of dietary treatment, mice were fasted for 6 hours, followed by a 

fasting blood glucose (FBG) assessment and intraperitoneal glucose tolerance test (GTT). 

Our results showed an increase in FBG due to HFS feeding while PB supplementation 

significantly reduced fasting blood glucose by up to 13% in the HFS mice (Fig. 2A). 

Similarly, the GTT results showed that the HFS group had significantly high blood 

glucose that the C and C+PB groups at 30 and 120 minutes post-glucose injection (Fig. 

2B). Consequently, HFS-feeding significantly increased glucose area under the curve 

(AUC), while supplemental PB significantly decreased glucose AUC by at least 8% (Fig. 

2C). 
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3.3 Supplemental PB for 30 days significantly modulates the gut microbiota to favor 

SCFA-producing families 

 Cecal microbiome analysis of β-diversity using the Bray-Curtis distance metrics 

revealed a notable clustering among the PB supplemented groups and the non-

supplemented groups (Fig 3A). However, PERMANOVA showed a significant (p < 

0.01) β–diversity for each pairwise comparison. At the phylum level, HFS-feeding had 

no significant effect of the cecal bacteria, while PB significantly modulated some low-

abundance phyla (Fig 3B, 3D-F). Tenericutes (o_Mollicutes RF9) were significantly 

reduced in the C+PB and HFS+PB groups compared to C and HFS respectively, by at 

least 55% (p < 0.01, Fig 3B and 3D). In addition, PB feeding in the HFS+PB group 

lowered members of the Proteobacteria and Verrucomicrobia phyla compared to the HFS 

group (Fig. 3B, 3E-F). Relative abundance at the family level (Fig. 3C) showed an 

elevation in the SCFA-producing bacteria family, Lachnospiraceae, in the PB 

supplemented groups compared to the respective controls by at least 48% (p ≤ 0.01, Fig. 

3C and 3G). Similarly, Bacteroidales S24-7 group had a higher abundance in the C+PB 

group compared to C, with a modest effect of PB to raise this family in animals fed the 

HFS diet (Fig. 3C and 3H). In this study, a significant early effect of HFS in disrupting 

the gut bacteria was observed in the abundance of the Clostridales vadin BB60 group, 

which was reduced in the HFS group compared to control (-98%, p < 0.001, Fig 3C and 

3I). The abundance of the Clostridales vadin BB60 group in the HFS+PB was 

significantly higher than in the HFS group (Fig. 3I). The abundance of the 

Ruminococcaceae family was significantly suppressed by PB supplementation under C 
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and HFS dietary conditions (Fig. 3J). Analysis of bacteria genera showed that 

supplemental PB raised the abundance of Lachnospiraceae NK4A136 group by over 1-

fold compared to the respective C and HFS diets (Fig. 3K, Supplementary Figure 1). 

The Roseburia genera (f_Lachnospiraceae) was not detected in either C or HFS group 

but detected in all C+PB samples and half of the HFS+PB samples (data not shown). 

Moreover, mice fed a HFS diet had a modest elevation (p = 0.07) in the sulphate reducing 

bacteria (SRB)- Bilophilia (f_Desulfovibrionaceae) compared to the C group (Fig. 3L). 

On the other hand, PB supplementation in both C and HFS diets significantly lowered the 

abundance of this SRB-genus (≥ -51%, p < 0.05, Fig. 3L). Lastly, the HFS+PB group had 

a lower abundance of the Ruminococcaceae UCG-014 genus compared to the HFS group 

(Fig. 3M). 

3.4 PB supplementation in mice fed C and HFS diets increased fecal butyrate 

concentrations over time. 

 Baseline (day 0) fecal samples and final fecal samples (day 30) were analyzed for 

their SCFA concentrations and subjected to repeated measures analysis of variance. At 

baseline, there were no differences in the measured SCFAs (Fig 4). At the end of the 

study, our results showed that total SCFA and acetic acid were elevated over time in all 

groups, although the effect size of HFS group was lower than that of the other groups 

(Fig. 4A and 4B). Final fecal concentrations of propionic acid was significantly higher in 

the C+PB group compared to C and HFS group (p ≤ 0.029), but not to the HFS+PB group 

(p > 0.05, Fig. 4C). In addition, fecal butyric acid was significantly higher in C+PB 

compared to all other groups (≥ 50%, p ≤ 0.001, Fig. 4D). Interestingly, butyric acid was 

also significantly higher in the HFS+PB group compared to the C and HFS groups (≥ 
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52%, p ≤ 0.01, Fig. 4D). Finally, valeric acid showed an increase over time in all groups 

while PB supplementation further increased its fecal concentration (Fig. 4E). 

3.5 Supplemental PB increased STAT3 activation, elevated antimicrobial peptide 

genes, and MHC II protein in the distal ileum of HFS-fed mice 

 At the end of the 30-day dietary treatment, we evaluated proteins and genes partly 

responsible for the maintenance of gut homeostasis.  Our results showed that in the distal 

ileum, STAT3 phosphorylation was suppressed in the HFS group while PB 

supplementation reversed this effect to the level of the C group (Fig. 5A-5D). The 

antimicrobial peptide genes, Reg3β and Reg3γ, were significantly upregulated in the PB 

supplemented groups compared to C and HFS groups (Fig. 5E and 5F). Furthermore, 

HFS-feeding significantly downregulated Ifnγ mRNA in the distal ileum, while there was 

a modest PB effect to upregulate the Ifnγ gene (Fig. 5G). Moreover, total MHC II 

protein in the distal ileum was higher in the PB-supplemented groups (Fig 5H). 

Immunofluorescence images showed more of a discontinuous MHC II staining along the 

epithelium of the C and HFS group, compared to the PB supplemented groups (Fig. 5I). 

In addition, Il-10 mRNA was significantly higher in the PB-supplemented groups (> 1-

fold, Fig. 5J). The tight junction (TJ) protein- OCCLUDIN, tended to be lower due to 

HFS-feeding while PB supplementation showed a tendency to increase this TJ protein in 

the ileum (Fig 5K and 5L). On the other hand, CLAUDIN 4 was unaffected by the 

dietary treatments at the end of the 30-day feeding (Fig. 5K and 5M). Lastly, there was a 

tendency (P = 0.07) for HFS-feeding to downregulate Tnf-α and Tgfβ1 genes in the 
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ileum (Supplementary Fig. 2A and 2B), while no effect was observed on Il6 gene in the 

ileum (Supplementary Fig. 2C). 

3.6 Dietary modification of the cecal gut microbiota significantly correlates with 

pSTAT3, MHC II, and antimicrobial peptide genes in the distal ileum. 

 We conducted a Spearman correlation analysis in order to find relationships 

between significantly changed gut bacteria taxa and ileal protein and genes (Fig. 6). The 

Tenericutes phylum negatively correlated with pSTAT3, MHC II, and the Reg3 genes 

(Fig. 6). On the other hand, the Lachnospiraceae family positively correlated with Reg3β 

and Reg3γ , similar to the S24-7 group which positively correlated with Reg3β (Fig. 6). 

Further, Clostridiales vadin BB60 group positively correlated with Ifng gene while 

Ruminococcaceae negatively correlated with pSTAT3, Reg3γ and Ifnγ genes (Fig. 6). At 

the genus level, Lachnospiraceae NK4A136 group positively correlated with Reg3β (Fig. 

5). Lastly, we observed a significant negative correlation of Bilophilia with pSTAT3 and 

MHC II (Fig. 6). 

3.7 PB supplementation attenuated Tnf-α and iNos gene expression in the visceral 

adipose tissue (VAT) of mice fed a C and HFS diet. 

 At the end of the 30-day feeding, we observed an HFS-induced upregulation in 

the mRNA of the chemokine Ccl2, and macrophage marker genes, (Cd11c and F4/80) in 

the VAT with no PB effect (Fig. 7A). Further, PB reduced Tnf-α mRNA, but had no 

effect on HFS-induced expression of Il-6 and Il-10 mRNA (Fig. 7B). Moreover, the gene 

expression of Lbp was modestly (P= 0.11) upregulated by HFS-feeding (Fig. 7C). 

Similarly, HFS diet tended (P= 0.089) to increase the mRNA expression of the M1 



146 
 

 

macrophage marker, iNos, but supplemental PB significantly reduced iNos gene 

expression (Fig 7D). The mRNA of M2 macrophage marker, Arg1, was not impacted by 

dietary treatment (Fig 7D).  Finally, Foxp3 mRNA was significantly upregulated in the 

VAT by HFS feeding while PB had no effect (Fig. 7E). 

4. Discussion 

 Using a western diet model of obesity and glucose intolerance, the present study 

sought to evaluate the effects of pinto beans (PB) on the gut microbiome and their 

fermentative capacity, and the implication on gut antimicrobial peptide expression, 

overall antigen-detecting capacity in the gut, and adipose tissue inflammation. Our results 

showed that after 4 weeks of HFS diet-feeding, PB had no effect on early weight gain or 

fat accumulation but improved glucose intolerance. Moreover, supplemental PB in the 

HFS diet modulated several aspects of the cecal microbiota, including an increase the 

SCFA-producing Lachnospiraceae, and a decrease in Proteobacteria. Consequently, PB 

significantly raised fecal SCFAs levels, especially butyrate in both the C and HFS diets. 

Furthermore, PB restored STAT3 activation in the HFS diet, coupled with an 

upregulation in antimicrobial peptide genes (Reg3y and Reg3b). In addition, 

supplemental PB tended to augment the TJ protein,occludin, and significantly elevated 

IL-10 gene and MHC II protein in the ileum of both C and HFS-fed mice. Irrespective of 

a significant HFS-effect, PB downregulated the gene expression of Tnf-α and iNos in the 

visceral adipose tissue. 

 Inclusion of non-digestible carbohydrates (NDCs) in the diet serve as substrates 

for the growth and maintenance of the commensal gut bacteria [16]. In turn, the gut 
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bacteria ferments the NDCs to produce short chain fatty acids (SCFAs) which confer 

several health benefits to the host [16, 41]. Our analysis showed that the PB used in this 

study had 24 g/100g total dietary fiber content, where 23% of that comprise of soluble 

fiber that could be available for gut bacterial fermentation. Interestingly, our 2x2 factorial 

model that consisted of a C and HFS group strongly showed the prebiotic potential of PB 

on the gut bacteria and SCFAs. Indeed, supplemental PB mostly modulated the gut 

bacteria and SCFAs (especially butyrate) similarly regardless of dietary fat or sugar 

content. For example, HFS feeding tended to raise the levels of sulfate-reducing bacteria 

(SRB), Bilophilia (p_Proteobacteria) similar with other long term studies [42-44]. 

Conversely, PB supplementation suppressed these genera in both the C and HFS diets, 

similar to prebiotic treatment in the study of Everard an colleagues [45]. This finding is 

significant since an increase in Proteobacteria, particularly in the SRB genera are 

associated with gut dysbiosis and inflammatory bowel diseases [10, 46]. Considering that 

higher doses of other bean varieties were beneficial in models of colitis [25, 26], future 

studies may evaluate if PB supplementation could have protective properties in colitis 

models.  

 Moreover, PB supplementation in both C and HFS diets increased the abundance 

of the Lachnospiraceae family, which harbors several SCFA-producing taxa [9, 47]. 

Accordingly, PB significantly increased fecal concentrations of butyrate over the 

treatment period in both C and HFS diets. This finding could have several implications. 

First, butyrate is a preferred source of energy for intestinal epithelial cells (IECs) and 

hence, vital for the maintenance of intestinal tight junctions [48, 49]. Consequently, the 

tendency of HFS diet to lower the expression of occludin, a TJ protein, was modestly 
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reversed by PB supplementation. Secondly, butyrate may participate in limiting gut 

translocation by stimulating AMP expression via STAT3 activation in IECs [12]. Indeed, 

expression of the Reg3 antimicrobial peptides in the gut improved steatohepatitis in mice 

by preventing bacterial translocation [50]. In this study, Reg3β and Reg3γ genes were 

significantly upregulated by PB. Since HFS-feeding suppressed STAT3 phosphorylation 

in the ileum, it is plausible that the PB-induced increase in butyrate contributed to STAT3 

activation and the subsequent expression of the Reg3 genes that are part of the defense 

against gut translocation. 

 While the ideal situation is to restrict bacteria and endotoxin to the gut lumen 

under gut homeostasis, gut-derived bacteria still translocated under normal conditions as 

detected in the blood and adipose tissue of animals fed a normal chow diet [51]. 

Therefore, apart from the intestinal physical barrier and the biochemical secretions for 

apical gut defense (i.e AMPs, mucins, IgA), immune cells and signals within the lamina 

propria may also contribute to gut homeostasis [52]. The contribution may include 

mechanisms that induce tolerance to commensal bacteria, or preventing translocation by 

efficient detection of virulent bacteria by antigen presenting cells (APCs, MHC II+ cells) 

and the subsequent clearance of the antigen [53]. Interestingly, SCFAs such as butyrate 

participate in some of these processes as reported in its ability to induce gut tolerance and 

an anti-inflammatory gut environment by increasing the differentiation of IL-10-

expressing lymphocytes [13]. In this study, PB supplementation significantly upregulated 

the Il-10 gene in both C and HFS-fed mice in a similar pattern to our result on butyrate, 

suggesting an anti-inflammatory and tolerogenic potential of PB in the gut.  
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Further, Garidou et al showed that mice fed a HF diet for 10 or 30 days reduced 

the number of APCs and antigen-clearance capacity in the ileum, which contributed to 

the early onset of HF-induced insulin resistance [8]. Moreover, these changes were 

associated with the abundance of the Porphyromonadaceae bacteria family (also called 

S24-7 group depending on the taxonomic database classifier used [54, 55], or more 

recently proposed as Muribaculaceae [56]. In contrast, a tumorigenic mouse model 

showed that butyrate administration increased MHC II signals in the gut to improve 

disease outcomes through yet unclear mechanisms [15]. In a similar pattern to the 

butyrate result in our study, MHC II immunoblots showed a significant PB effect to 

elevate MHC II protein in the distal ileum but did not show a significant HFS effect. The 

lack of an HFS effect could possibly be due to different models of obesity (72% fat [8] 

versus 45% in our study), or due to different methods of detection (flow cytometry versus 

immunoblotting). Nevertheless, supplemental PB in our study raised the abundance of the 

S24-7 bacteria, and correlated significantly with MHC II protein, similar to a previous 

observation [8]. It is noteworthy that our sample immunofluorescence staining for the 

unsupplemented mice (C and HFS groups) showed discontinuous MHC II staining along 

the ileum epithelia unlike the PB-supplemented groups. The continuous epithelial 

staining observed in the PB-supplemented groups may serve a gut protective role, since 

specific ablation of MHC II on intestinal epithelial cells resulted in increased 

susceptibility to colitis [57]. Put together, supplemental PB expands the overall antigen 

presenting capacity in the ileum that may potentiate efficient clearance of translocated 

antigens. However, future studies are needed to further clarify these mechanisms. 
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Short-term diet-induced obesity (DIO) studies show that bacteremia or 

endotoxemia initiate insulin resistance and inflammation in peripheral tissues [5, 8, 51]. 

More evidence from germ-free (GF) mice showed that in comparison to conventionally 

raised mice, GF mice were resistant to obesity, were more glucose tolerant, and had less 

adipose inflammation [58-60]. Apart from our observation of elevated VAT 

inflammation and macrophage accumulation in the HFS-groups, we observed an early 

tendency of HFS to increase iNos gene while PB supplementation significantly 

suppressed this effect. Considering the gut modulatory effects of PB seen in this study, 

this effect of PB in the VAT may be due to less endotoxin signal in the adipose tissue, 

since innate immune response to bacteria and endotoxin require iNos expression, as part 

of the mechanisms of pathogen elimination [61-64]. However, this concept as it relates 

specifically to the effects of PB needs to be expatiated in future studies.  

Certainly, a main limitation of this study is our inability to attribute these robust 

PB effects to a single bioactive component (i.e fiber) since other components such as 

polyphenols also possess gut-modulatory potentials that may confer a health benefit [41].  

However, it is vital to reiterate that these beneficial effects were observed using PB 

prepared similar to human consumption patterns. If replicated in humans, these findings 

imply that the incorporation of pinto beans in the diet may improve several facets of our 

gut health when consuming either a balanced diet or western-styled diets. In conclusion, 

PB showed a robust potential to influence the gut-adipose axis at the early stage of HFS-

feeding, which may be vital for the prevention of obesity-induced chronic inflammation 

that is typically associated with the induction of glucose intolerance in the long term.  
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Figures 

FIG. 1:   Effects of pinto beans (PB) supplementation on body composition and food 

intake in C57BL/6J mice fed a control (C) or high fat and sugar (HFS) diet for 30 days. 

A) Percent weight change over the study period, B) Average daily caloric intake, C) 

Body composition, and D) Tissue weights. Data are means ± SEM, P < 0.05 is considered 

statistically significant, 2-way ANOVA, n=12 mice/group.  

 

FIG. 2:   Effects of pinto beans (PB) on glucose homeostasis in C57BL/6J mice fed a 

control (C) or high fat and sucrose (HFS) diet for 30 days. A) Fasting blood glucose on 

Wk 4, B) Glucose tolerance test, and C) Glucose area under the curve. Data are means ± 

SEM. Differences between groups are indicated with symbols when the HFS x PB x 

Time interaction was significant (P < 0.05, repeated measures ANOVA). * HFS vs C and 

C+PB;  # HFS vs C+PB. (n=11-12/group).  

 

FIG. 3:   Effects of pinto beans (PB) on the gut microbiome in C57BL/6J mice fed a 

control (C) or high fat and sucrose (HFS) diet for 30 days. A) Microbiome beta-diversity 

based on Bray-Curtis distance of operational taxonomic units, B) taxonomic abundance at 

the phylum level, C) top 20 bacterial taxa at the family level, D-M) significantly different 

taxa at the D-F) phylum, G-J) family, and K-M) genus level. n=6/group. Differences 

between groups are indicated with symbols when the Kruskal-Wallis test and Dunn’s 

post-hoc tests were significant (*P < 0.05, **P < 0.01, ***P < 0.001).  
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FIG. 4:   Effects of pinto beans (PB) on fecal short chain fatty acids (SCFAs) over time 

in C57BL/6J mice fed a control (C) or high fat and sucrose (HFS) diet for 30 days. A) 

total SCFA, B) acetic acid, C) propionic acid, D) butyric acid, and E) valeric acid. Data 

are means ± SEM. (n = 3 cages/group, 4 mice/cage). Differences between groups are 

indicated with symbols when the HFS x PB x Time interaction was significant (P < 0.05, 

repeated measures ANOVA). * C+PB vs C and HFS; # C+PB vs other groups;  † 

HFS+PB  vs C and HFS. 

 

FIG. 5:   Effects of pinto beans (PB) on gene and protein expression in the distal ileum of 

C57BL/6J mice fed a control (C) or high fat and sucrose (HFS) diet for 30 days. A) 

representative blots of B) phosphorylated STAT3 protein and C) total STAT3 protein, D) 

ratio of pSTAT3 to tSTAT3, mRNA expression of E) Reg3 beta, F) Reg3γandG) 

interferon γ, H) MHC II protein expression, I) sample immunofluorescence images of 

MHC II. Magnification=20x, Scale bar = 50um, DAPI = Blue, MHC II = Green, J) 

interleukin 10 mRNA expression, and K) representative blots of L) Occludin and M) 

Claudin 4 proteins. Data are means ± SEM. n = 7-9 mice/group for A-D, H, K-M. n=6 

mice/group for E-G and J. Differences between groups are indicated with letters when the 

HFS x PB interaction was significant (P < 0.05, 2-way ANOVA). Labelled means 

without a common letter are significantly different from each other (P<0.05).  
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FIG. 6:   PB-induced changes in the cecal microbiome correlates with protein and gene 

expression in the distal ileum. Spearman correlation was perform and visualized using R 

software. * indicates R ≥ 0.50, p ≤ 0.01   

 

FIG. 7:   Effects of pinto beans (PB) on markers related to immune cell accumulation and 

inflammation in the visceral adipose tissue (VAT) of C57BL/6J mice fed a control (C) or 

high fat and sucrose (HFS) diet for 30 days. Visceral adipose tissue (VAT) mRNA 

expression of (A) Ccl2, Ccl3, Cd11c, F4/80, (B) Tnf-a, Ifny, Il-6, Il-10, (C) Lbp, (D) 

iNos, Arg1, and (E) Foxp3.  Data are means ± SEM. n= 6 mice/group.  

 

Suppl. Fig. 1:   Effects of pinto beans (PB) on the abundance of cecal bacterial genera in 

C57BL/6J mice fed a control (C) or high fat and sucrose (HFS) diet for 30 days. 

n=6/group.  

 

Suppl. Fig. 2:   Effects of pinto beans (PB) on the mRNA expression of (A) Tnf-a, (B) 

Tgfb1, and (C) Il-6, in the distal ileum of C57BL/6J mice fed a control (C) or high fat and 

sucrose (HFS) diet for 30 days. Data are means ± SEM. n = 6 mice/group.  
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Fig. 7 
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Suppl. Fig. 1:   Effects of pinto beans (PB) on the abundance of cecal bacterial genera in 

C57BL/6J mice fed a control (C) or high fat and sucrose (HFS) diet for 30 days. 

n=6/group.  
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Suppl. Fig. 2:   Effects of pinto beans (PB) on the mRNA expression of (A) Tnf-a, (B) 

Tgfb1, and (C) Il-6, in the distal ileum of C57BL/6J mice fed a control (C) or high fat and 

sucrose (HFS) diet for 30 days. Data are means ± SEM. n = 6 mice/group.  
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Tables 

Suppl. Table 1: Diet Composition (g/kg) 

 1Pinto bean composition was analyzed by NP Analytical Laboratory (St. Louis, MO, USA):  
carbohydrates, 47%; protein,18.8%; fat, 2.85%; total dietary fiber, 24.3% (soluble, 5.6%); calcium, 
0.103%; and phosphorus, 0.482%. 
2Harlan-Teklad Laboratories (TD 94047, WI, USA). 
3Complete mineral mix (TD94049, Harlan-Teklad Laboratories) was used for the control diet (C) and a 
calcium and phosphorus deficient mineral mix (TD 98057, Harlan-Teklad Laboratories) was used for the 
C+PB and the HFS diets. 
2,3Compositions of the vitamin and mineral mix has been previously published (32). 
C, control; C+PB, control + 10% pinto beans; HFS, high fat and sucrose; HFS+PB, high fat and sucrose + 
10% pinto beans   

 C C+PB HFS  HFS+PB 
Pinto Bean (PB)1 -- 100 --  100 
Carbohydrates      
Total 629.5 629.5 400  400 
Cornstarch 397.5 350.5 88.5  41.5 
Sucrose 100 100 200  200 
Dextrinized Cornstarch 132 132 115  115 
PB1 -- 47 --  47 
Protein      
Total 200 200 245  245 
Casein 200 181.2 245  226.2 
PB1 -- 18.8 --  18.8 
Fat      
Total 70 70 225  225 
Soybean Oil 70 67.15 30  27.15 
Lard 0 0 195  195 
PB1 -- 2.85 --  2.85 
Fiber      
Total 50 50 58  58 
Cellulose 50 25.7 58  33.7 
PB1 -- 24.3 --  24.3 
Vitamin Mix2 10 10 19  19 
Mineral Mix3      
Total 35 35 43  43 
Calcium Carbonate 12.5 12.24 15.35  15.09 
Calcium Phosphate, dibasic 0 0 3.4  3.4 
Calcium from PB1 -- 0.103 --  0.103 
Sodium Phosphate 4.38 3.41 5.39  4.41 
Potassium Phosphate 1.88 1.46 2.32  1.90 
Phosphorous from PB1 -- 0.482 --  0.482 
Sucrose 2.84 3.91 0.07  1.14 
      
L-Cystine 3 3 3.5  3.5 
Choline bitartrate 2.5 2.5 3  3 
Tert-butylhydroquinone 0.01 0.01 0.01  0.01 
Kcal/g 3.96 3.96 4.62  4.62 
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Supplemental Table 2:  Primer Sequence for Gene Expression Analyses  

Gene Forward  Reverse  

mArg1 5'-cagtctggcagttggaagca-3` 5'-gcatccacccaaatgacaca-3` 

mCcl2 5'-cttcctccaccaccatgca-3` 5'-ccagccggcaactgtga-3` 

mCcl3 5`-ttcatcgttgactattttgaaacca-3` 5`-gccggtttctcttagtcaggaa-3` 

mCd11c 5'-cttcattctgaagggcaacct-3` 5`-cactcaggagcaacaccttttt-3` 

mCyclo 5`-tgg agagca cca aga cag aca-3` 5`-tgc cgg agt cga caa tga t-3` 

mF4/80 5`-tggccaagattctcttcctcac-3` 5`-gcctccactagcatccagaaga-3` 

mFoxp3 5`-ggcccttctccaggacaga-3` 5`-ggcatgggcatccacagt-3` 

mIfng 5`-atgaacgctacacactgcatc-3` 5`-ccatccttttgccagttcctc-3` 

mIl10 5`-ggt tgc caa gcc tta tcg ga-3` 5`-acc tgc tcc act gcc ttg ct-3` 

mIl6 5`-gag gat acc act ccc aac aga cc-3` 5`-aag tgc atc atc gtt gtt cat aca-3` 

miNos 5'-caggaggagagagatccgattta-3` 5'-gcattagcatggaagcaaaga-3` 

mLbp 5`-gtcctgggaatctgtccttg-3` 5`-ccggtaaccttgctgttgtt-3` 

mReg3β 5`-tgg gaa tgg agt aac aat g-3` 5`-ggc aac ttc acc tca cat-3` 

mReg3γ 5`-cca tct tca cgt agc agc-3` 5`-caa gat gtc ctg agg gc-3` 

mTnfa 5`-ctgaggtcaatctgcccaagtac-3` 5`-cttcacagagcaatgactccaaag-3` 
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CHAPTER VII 

SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 

Summary 

Several studies have extensively shown that high fat (HF) diets elevate intestinal 

permeability due to the failure to restrict the commensal bacteria and endotoxins to the 

gut lumen (5-7. This in-turn activates endotoxin-responsive cells in peripheral tissues 

such as the adipose and liver, leading to chronic inflammation and the induction of 

insulin resistance. One of the gut-protective mechanisms for preventing translocation is 

the secretion of antimicrobial peptides (AMPs). Upon translocation across the gut 

epithelium, antigen-presenting cells are necessary for the efficient detection and 

elimination of most invaders, and this process is deficient in HF feeding. Signal 

transducer and activator of transcription (STAT)3 is reported to be central to the 

stimulation of some protective effects within the small intestine, including the induction 

of antimicrobial peptides. Present knowledge shows that STAT3 could be activated via 

gut bacterial-derived metabolites from certain dietary sources, including fiber and 

tryptophan. Due to their nutrient variety, incorporation of beneficial whole foods in the 

diet may potentially improve several facets of our gut and systemic health when 

consuming either a normal diet or western-style diets.  

Hence, the current studies were designed to understand the effect of two whole 

foods – wheat germ (WG) and pinto beans (PB) – on the gut bacteria and intestinal 

defense markers against diet-induced maladies. In addition, the studies examined
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potential mechanisms of effect within the gut and the implication of these on adipose 

tissue inflammation. Together, results from the WG studies showed that in the animals 

fed a western-style diet, WG selectively increased the abundance of Lactobacillaceae, 

whose taxa are capable of metabolizing dietary tryptophan to stimulate interleukin 

(IL)22-STAT3 pathway in the gut. In turn, WG up-regulated IL22 gene and increased 

STAT3 phosphorylation in the jejunum, followed by an upregulation of the AMP genes 

(Reg3β and Reg3γ), which are vital for restricting commensal bacterial-derived antigens 

to the gut lumen. The effect of WG on AMPs is more likely via the IL22 pathway since 

butyrate known to also activate the STAT3 pathway was not impacted by supplemental 

WG. Furthermore, supplemental WG influenced several facets of the western diet-

induced dysfunction in the visceral adipose tissue, including macrophage infiltration, the 

suppression of NFκB activation, and downregulation of IL6 and lipopolysaccharide 

binding protein (Lbp) mRNA expression. Accordingly, WG supplementation improved 

insulin resistance which may be attributed to the lesser burden of inflammation in the 

WG-fed group. 

Interestingly, our PB results showed similar pattern on STAT3 and AMPs in the 

gut. After a short-term feeding of an HFS diet (4 weeks), STAT3 phosphorylation was 

suppressed by high fat and sucrose (HFS) diet feeding in the ileum while PB significantly 

prevented this effect. Consequently, the mRNA expression of Reg3β and Reg3γ were 

elevated in the PB-fed groups. However, this effect of PB on STAT3 is likely due to 

butyrate, since PB raised fecal butyrate levels while the IL22 gene was sparsely detected. 

In addition, PB increased the expression of MHC II protein in the ileum which suggests a 

gut-protective ability by inducing a robust environment in the ileum capable of efficient 
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antigen presentation for possible elimination. In agreement with its effect on butyrate, PB 

increased the abundance of taxa belonging to the SCFA-producing family, 

Lachnospiraceae. These early protective effects of PB in the gut were reflected in the 

adipose tissue, as PB downregulated iNos gene – a marker of classically activated 

macrophages. Moreover, PB improved fasting blood glucose and glucose tolerance in the 

HFS-fed animals. Based on these results, both WG and PB are whole foods with a 

prebiotic potential capable of mitigating the detrimental outcomes of HFS-feeding in the 

gut and on adipose inflammation. 

 

Conclusions 

 

Purpose 

By using animal models of diet-induced obesity, the purpose of this project is to 

determine the gut-protective mechanisms of WG and PB when added to a western-style 

diet and the implication on glucose tolerance and the induction of proinflammatory 

cytokines in the adipose tissue. 

 

Specific Aim 1:  To investigate the gut modulatory potential of WG on the gut 

microbiome, lamina propria lymphocytes, jejunal antimicrobial peptide expression 

and adipose tissue inflammation in C57BL6J mice fed a high fat, high sucrose (HFS) 

diet for 12 weeks 
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Working Hypothesis 1:   WG will prevent aspects of HFS-induced gut dysbiosis and 

induce AMP genes in the gut, indicating an enhanced capacity to mitigate HF-induced 

leaky gut. This effect of WG on the gut would be associated with reduced insulin 

resistance, immune cell infiltration and proinflammatory cytokines in the visceral adipose 

tissue (VAT). 

 

Based on the results, I reject the null hypothesis (of no effect) and accept the 

hypothesis stated above. 

The Bray-Curtis metrics of β-diversity showed a significant impact of WG on the 

gut microbiota. Subsequently, supplemental WG in the HFS diet raised the abundance of 

the beneficial bacteria family, Lactobacillaceae, by 4-folds compared to the group fed 

HFS only. However, WG did not increase fecal SCFAs in the HFS group. WG showed a 

trend to increase the Treg:Th17 ratio in the small intestine (P = 0.12), indicating a 

potential to induce an anti-inflammatory gut environment.  

The pore-forming CLAUDIN 2 protein, associated with a leaky gut, was elevated 

in the jejunum of HFS-fed mice while WG had no effect. Supplemental WG upregulated 

Il22 genes in the jejunum by at least 116% (P ≤ 0.035). The HFS+WG group had a 15-

fold increase (P = 0.0012) in pSTAT3 compared to the HFS group in the jejunum. 

Consequently, the mRNA expression of AMPs (Reg3β and Reg3γ) were significantly 

upregulated in the jejunum by WG supplementation (P ≤ 0.043) indicating an increased 

potential to mitigate translocation in a leaky gut environment. 

In the VAT, the HFS group had greater NFκBp65 phosphorylation compared to 

C, while HFS+WG group suppressed this to the level of C (P = 0.014). In addition, VAT 



175 
 

 

Il6 and Lbp genes were downregulated in the HFS+WG group compared to HFS (P ≤ 

0.0032). Macrophage infiltration into the VAT was suppressed, as macrophage-related 

genes, F4/80, Cd11c, and iNos, were repressed (P ≤ 0.048) in the WG-supplemented 

mice. 

WG reduced serum concentrations of the pro-inflammatory cytokines, interleukin 

(IL)-1B, IL-6, interferon-γ, and tumor necrosis factor-α, indicating an improvement in 

systemic inflammation by supplemental WG. Consequently, supplemental WG 

significantly improved hyperglycemia, fasting insulin, and HOMA-IR (P ≤ 0.034) in 

HFS-fed mice – an effect that was consistent across two studies using differing fat 

contents (chapters III and V). 

In conclusion, this study showed that in C57BL/6J mice fed a HFS diet for 90 

days, WG upregulates the Il22 gene, activates the STAT3 pathway, and upregulates 

antimicrobial peptide genes (Reg3β and Reg3γ) in the jejunum. Accordingly, WG 

attenuated HFS-induced upregulation of Il6 and Lbp genes, and lessened NFκBp65 

phosphorylation in the visceral adipose tissue to the level of C. In addition, supplemental 

WG improved metabolic parameters in HFS-fed animals, including fasting blood glucose 

and insulin resistance marker (HOMA-IR). Taken together, the modulatory effects of 

WG on STAT3 and AMPs in the gut may be vital to reduce the burden of antigen 

translocation that could initiate adipose tissue inflammation and contribute to diet-

induced insulin resistance. 

 

Specific Aim 2:  To determine the early protective effects of PB supplementation on 

the cecal microbiome, antigen presentation marker (MHC II), and antimicrobial 
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peptide expression, and adipose tissue inflammation in C57BL6J mice fed a high fat, 

high sucrose (HFS) diet for 30days 

 

Working Hypothesis 2:  At the early onset of HFS-induced glucose intolerance, PB will 

beneficially modulate the gut bacteria, increase SCFAs, upregulate MHC II protein in the 

gut, and enhance Reg3 transcription. These PB effects in the gut of HFS-fed mice may 

explain its ability to prevent of glucose intolerance and reduced proinflammatory milieu 

in the visceral adipose tissue. 

 

Based on the results, I accept the hypothesis that PB will beneficially modulate 

the gut bacteria, increase SCFAs, upregulate MHC II protein in the gut, and enhance 

Reg3 transcription. However, I reject the hypothesis that PB’s effects in the gut of HFS-

fed mice may explain its ability to prevent of glucose intolerance, since the results from 

the glucose tolerance test was not statistically different between the HFS and HFS+PB 

groups. Nevertheless, PB showed main effects on fasting blood glucose and the glucose 

area under the curve that only shows a potential of PB to improve impaired glucose 

tolerance. 

Both HFS and PB impacted the β-diversity of the cecal microbiome. Further 

analysis of specific taxonomic abundance showed that mice fed a HFS diet had a modest 

elevation (P = 0.07) in the sulphate reducing bacteria (SRB)- Bilophilia 

(f_Desulfovibrionaceae) compared to the C group. On the other hand, PB 

supplementation in both C and HFS diets significantly lowered the abundance of this 

SRB-genus. PB supplementation in both C and HFS groups elevated the abundance of 
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taxa within the SCFA-producing bacteria family, Lachnospiraceae, in the PB 

supplemented groups compared to the respective controls by at least 48% (P ≤ 0.01). 

Among the assayed SCFAs, butyrate was significantly higher in the PB supplemented 

groups by at least 50% compared to C and HFS groups (P ≤ 0.001). 

In the distal ileum, total MHC II protein was higher in the PB-supplemented 

groups compared to C and HFS groups. Further, STAT3 phosphorylation was suppressed 

in the HFS group while PB supplementation prevented this effect. The antimicrobial 

peptide genes, Reg3β and Reg3γ, were significantly upregulated in the PB supplemented 

groups compared to C and HFS groups, suggesting an increased capacity to restrict 

commensal bacterial to the lumen.  

In the VAT, chemokine and macrophage markers were elevated in the HFS 

groups and PB had no effect. However, supplemental PB significantly reduced iNos gene 

expression, which is a marker of classically activated (M1) proinflammatory 

macrophages. However, supplemental PB improved fasting blood glucose and the 

estimated glucose area under the curve. 

In conclusion, PB supplementation induced favorable shifts in the gut that may be 

central to its potential to improve impaired glucose tolerance and adipose tissue 

inflammation in diet-induced obesity. 

 

Recommendations for Future Research 

A significant limitation of these studies, just as for any whole food study, is the 

inability to solely attribute the robust effect of WG or PB effects to a single bioactive 

component (i.e., fiber or tryptophan) since other components may also possess gut-
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modulatory potential and through yet uncharacterized mechanisms. Recent understanding 

show that gut bacterial-derived fiber and tryptophan metabolites can both activate the 

STAT3 pathway via butyrate and IL22 respectively, and induce antimicrobial peptide 

expression that aids in restriction of gut bacteria to the mucosa.  Analysis of WG and PB 

in this study and data from the USDA food central database (https://fdc.nal.usda.gov/) 

show that WG has about 310 mg/100 g tryptophan and 4% fiber, while PB has 98 

mg/100g tryptophan and 24% total dietary fiber. Hence, based on the results in this study 

and current evidence in the literature, it is more likely that WG modulated IL22-STAT3 

pathway in the gut due to its rich tryptophan content, while PB modulated the same 

pathway via butyrate. 

Undoubtedly, these studies advance our knowledge of how whole foods, such as 

WG and PB, may modulate the gut and peripheral inflammation for the improvement of 

glucose tolerance in obesity. Based on emerging evidence, future projects designed to 

study the effects of whole foods in the gut may find it important to consider the 

tryptophan content as much as the fiber content for hypothesis development. While 

measuring cecal or fecal SCFAs from fiber fermentation is vital, creating an opportunity 

to evaluate bacterial-derived indole metabolites of tryptophan may further clarify the 

impact of dietary tryptophan in gut and systemic health. In addition, sensitive measures 

of intestinal permeability such as the FITC-dextran assay or the use of Ussing chamber 

may be used in place of the sole measure of intestinal tight junction proteins. 

Moreover, since WG and PB prevented the HFS-induced decrease in STAT3 

phosphorylation, the direct effect of STAT3 on the outcomes in the gut and adipose may 

be further investigated using intestinal epithelial cell specific STAT knockout mouse 

https://fdc.nal.usda.gov/
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(STAT3IEC-KO). In conjunction with the measurement of tryptophan metabolites, a future 

supplemental WG study, or that of any tryptophan-rich food, may take advantage of an 

IL-22KO mice to determine if the impact of IL22 is needed for STAT3 activation and 

subsequent benefits observed in studies presented here. An alternative to the IL-22KO 

mice may be the use of IL-22 receptor antagonists. Importantly, an interesting approach 

for a future study would be the use gnotobiotic models or broad-spectrum antibiotics to 

discern if the gut microbiota is required for these beneficial effects of WG or PB 

observed in the gut and the adipose tissue. Lastly, it may be beneficial to investigate the 

time-based crosstalk between adipocytes, adipose macrophages, and adipose T-cells to 

discern the sequence of response to gut-derived signals as it relates to the induction of 

iNos, Lbp, and NFkB phosphorylation. 

Regardless of identified gaps, these studies suggest that the restoration of STAT3 

activation in the small intestine is central to the gut-protective abilities of WG and PB 

albeit through separate mechanisms. Furthermore, they provide valuable foundational 

insights that should be considered for future studies that aim to identify the benefits of 

whole foods on gut and peripheral tissues using western diet-induced models of obesity. 
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