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PREFACE 

High-calorie diets have been shown to dysregulate the gut microbiota composition and to be implicated 

in the development of type-2 diabetes (T2D). This condition is often preceded by prediabetes. 

Prediabetes is an intermediate state that occurs between normal glucose regulation and T2D. Various 

complications, including increased intestinal permeability (IP), are seen in T2D. However, it remains 

unknown whether increased IP begins in the prediabetic state. Prolonged consumption of diets with low 

carbohydrates and high unsaturated fats have shown improved glucose tolerance. The effect of this 

diet on intestinal permeability has not yet been investigated. In our laboratory, a prediabetic rat model 

was developed using a high-fat high, carbohydrate diet, which mimics the human condition of 

prediabetes. In this study, this diet-induced prediabetic rat model was used to investigate the changes 

in gut microbiota and the association between prediabetes and markers associated with intestinal 

permeability. In addition, to evaluate the effect of a low carbohydrate and high unsaturated fat diet on 

the concentration levels of markers associated with a leaky gut and glucose homeostasis. The 

experimental work described in this dissertation was conducted at the University of Kwa-Zulu Natal, 

Westville Campus, Durban, South Africa. This was conducted under the supervision of Dr. Andile 

Khathi and co- supervised by Dr. Phikelelani Ngubane. 
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ABSTRACT 

Introduction 
 

Type 2 diabetes (T2D) is the most common type of diabetes mellitus, which is reported to be associated 

with life-threatening co-morbidities. This condition is characterized by hyperglycaemia due to a defect 

of the insulin receptor, and its often preceded by prediabetes. Chronic consumption of a calorie diets is 

the primary cause of T2D, and this diet has been associated with altered intestinal permeability in 

diabetic patient. However, it remains unknown whether increased intestinal permeability complications 

begin in the prediabetic state. Previous studies done in our laboratory developed a high-fat high 

carbohydrate (HFHC) diet-induced prediabetic animal model, using male Sprague Dawley rats. This 

model was found to mimic the human condition of prediabetes. In this model, the animals develop 

prediabetes after 20 weeks of ingesting a HFHCdiet. Using this HFHC diet-induced animal model of 

prediabetes, this study sought to investigate the changes on gut microbiota and the association between 

prediabetes and markers associated with intestinal permeability. Furthermore, this study sought to 

investigate changes in concentration level of markers associated with a leaky gut and glucose 

homeostasis, following change to a low carbohydrate, high unsaturated fat (LCHUF) diet. 

 

 

Method and Materials 

12 male Sprague Dawley rats (3 weeks old) were randomly assigned into the non-prediabetic group and 

diet-induced prediabetic group (n=6). Group A animals were exposed to a standard diet with normal 

drinking water for 20 weeks, and group B animals were exposed to a HFHC diet supplemented with 

15% fructose for a period of 20 weeks. After 20 weeks, the American Diabetes Association criteria for 

diagnosis of prediabetes was used to diagnose prediabetes in all animals. The fecal samples were 

analyzed to measure the gut microbiota composition of Firmicutes, Bacteroidetes, and Proteobacteria 

in both animal groups. Furthermore, blood glucose, plasma insulin, serum zonulin, plasma 

lipopolysaccharide (LPS), soluble CD14 (sCD14), tumor necrosis factor-alpha (TNF-α), interleukin-6 

(IL-6), C-reactive protein (CRP), and intestinal fatty-acid binding protein (IFABP) concentrations were 

measured. The first manuscript measured all these parameters at 20 weeks. 

In the second manuscript, 12 male Sprague Dawley rats were used and fed a HFHC diet for 20 weeks. 

The prediabetic animals were subdivided into two groups. Group A animals remained on the HFHC 

diet (the prediabetic control group), while the other 6 animals in group B were switched to a low 

carbohydrate, high unsaturated fat (LCHUF) diet. Group B was then categorized as the prediabetic 

group that had dietary intervention (PD+DI). All animals were then maintained on their respective 

diets and monitored for further 12 weeks. The fecal samples were analyzed to measure the gut 

microbiota composition of Firmicutes, Bacteroidetes, and Proteobacteria in both animal groups. 

Furthermore, blood glucose, glycated haemoglobin (HbA1c), serum zonulin, plasma LPS, sCD14, TNF-
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α, IL-6, CRP, 
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and IFABP concentrations were measured. The second manuscript measured all these parameters at 

32 weeks. 

Results and Discussion 

Prolonged consumption of a HFHC diet results in the development of prediabetes. This was evidenced 

by a significant increase in fasting blood glucose and plasma insulin in the prediabetic animals 

compared to the non-prediabetic animals. The HFHC diet also showed to dysregulate the gut microbiota 

causing gut dysbiosis which enhances translocation of endotoxins from the gut lumen into the 

bloodstream that elicits an inflammatory response. In the prediabetic group (PD), there was a reduction 

in the Firmicutes levels and an increase in Bacteroidetes and Proteobacteria compared to the non- 

prediabetic group (NPD). Serum zonulin, plasma sCD14, TNF-α, IL-6, CRP, and IFABP concentrations 

in the PD group were increased compared to the NPD group, while plasma LPS concentrations were 

similar. The low-grade inflammation that is observed in the prediabetic state is suggested to further 

progresses onset of prediabetes. However, to reverse prediabetes and to combat a leaky gut problem, 

the second manuscript illustrated that switching to a LCHUF diet can effectively improve glucose 

homeostasis thus reverse prediabetes. This was evidenced by a significant decrease in fasting blood 

glucose and HbA1c concentration. These results were accompanied by a decrease of Firmicutes and an 

increase of Bacteroidetes and Proteobacteria suggesting that a LCHUF diet effectively improved gut 

microbiome composition. This caused the release of serum zonulin and its effect on disassembling the 

tight junctions to decrease. This was evidenced by a decrease in plasma LPS and sCD14 concentration. 

In addition, we also observed a decrease in plasma TNF-α, IL-6, CRP, and IFABP indicating another 

beneficial effect of this diet on reducing intestinal inflammation, and risks of insulin resistance. 

Conclusion 

Taken together, these results suggest that chronic consumption of the HFHC diet may be associated 

with the dysregulation of gut microbiota, leading to increased intestinal permeability. This could be 

associated with chronic subclinical inflammation that have been reported to result in the development 

of insulin resistance in the pre-diabetic stage. In addition, a LCHSF diet markedly improved intestinal 

permeability as well as the glucose regulation. 
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CHAPTER 1: LITERATURE REVIEW 
 

1. Introduction 

Diabetes mellitus (DM) is a metabolic disease characterized by chronic hyperglycaemia due to impaired 

insulin secretion or insulin action (1, 2). Type 2 diabetes mellitus (T2DM) is characterized by 

hyperglycaemia due to a diminished insulin sensitivity (3). Diabetes mellitus resulted in the death of 

approximately 1.5 million people in 2019 and, T2DM estimated for 90-95% of those deaths (1, 3). 

According to a previous study, more than 550 million people will have prediabetes by 2040 (4). Various 

complications including increased intestinal permeability are seen in T2DM (De Kort et al., 2011, 

Mabuza et al., 2019). The onset of T2DM is often preceded by a long-lasting, asymptomatic condition 

known as prediabetes which is a state of intermediate hyperglycaemia which occurs between 

normoglycemia and T2DM (5, 6). This condition is characterized by impaired glucose tolerance, 

impaired fasting glucose, and moderate elevation in glycated haemoglobin (7). 

Increased intestinal permeability, also known as "leaky gut," is a condition in which the lining of the 

intestines becomes more permeable, allowing translocation of endotoxin lipopolysaccharides (LPS), 

peptidoglycan (PG), bacterial fragments, gut bacteria, and antimicrobial compounds from the mucosa 

into the circulation triggering an immune response (8). According to recent literature, high-calorie diets 

damage the intestinal mucosal barrier, enterocytes as well the permeability of the entire intestine causing 

intestinal leakage in T2D patients (9). The high-calorie diets cause gut dysbiosis by altering the 

maintained microbiota diversity in the gut, resulting in a reduction of firmicutes like Lactobacillus, 

Bacillus, and Clostridium which protect the intestinal lining causing an increase in zonulin expression. 

Zonulin is a marker that is associated with a leaky gut that has been shown in loosened-up tight 

junctions. The leakage in leaky gut causes an inflammatory response that play a role in many diseases,  

including diabetes, obesity, autoimmune and gastrointestinal diseases (10). However, it is unknown 

whether there are changes in intestinal permeability (IP) in the pre-diabetic state and what role this may 

play in the development of insulin resistance. A study conducted in our laboratory developed a high-fat 

high carb (HFHC) diet-induced prediabetic animal model which mimics the human condition of 

prediabetes (11). Using this animal model, the first manuscript of this study sought to investigate 

changes in intestinal permeability and in the development of diet-induced prediabetes. 

Previous studies have shown prediabetes to be reversible (12). The management of prediabetes relies 

heavily on lifestyle modification that include moderate exercise and dietary intervention to low calorie 

diets (12, 13). Several types of diets have been postulated to possess ameliorative effects and these 

include the banting, atkins and ketogenic diet (14, 15). All these diets involve the use of low amount of 

carbohydrate and high amount of unsaturated fats (16). The effect of such diets however, on intestinal 

permeability in the prediabetic state remains unknown. In the second manuscript of this study, we 
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evaluated the effect of a low carbohydrate and high unsaturated fat (LCHUF) diet on markers 

associated with intestinal permeability and glucose homeostasis in a diet-induced prediabetic rat 

model. 

1.1 Intestinal permeability 

In the stomach, the intestinal tract is lined by a single layer of epithelial cells, which form a part of the 

dynamic and semi-permeable gut barrier (17). These cells are highly specialized in allowing specific 

molecules to pass through the aqueous pore. Smaller molecules pass by the transcellular pathway, while 

the larger molecules pass by the paracellular pathway as they vary in size (8, 17). Intestinal permeability 

is an essential component of the intestinal barrier in which this barrier is formed by tight junction 

proteins that seal the paracellular space between adjacent cells and compromised of physical (mucus 

and the epithelial cells), biochemical (bile salts, enzymes, antibacterial proteins), immunological (IgA 

and immune cells), and microbial components (the microbiota) (18). All these factors maintain the 

proper functioning of the intestinal barrier (18). The tight junctions form an essential part of the 

intestinal barrier, and they are responsible for the adherent of intestinal epithelial cells to another. These 

junctions are made up of transmembrane proteins, including adhesions, claudins, tricellulin, coupling 

adhesion molecules (JAM), angulins, and occluded zonules (ZO) that are attached to the cytoskeleton 

of the actin cytoskeleton. Interaction of the transmembrane maintains the overall tight junction and 

barrier integrity and controls the movement of molecules across the cell space within the paracellular 

pathway (19). 

Intestinal epithelial cells function to absorb nutrients while also preventing translocation of toxins, 

harmful bacteria (microorganism), and dietary antigens from the mucosal barrier into the blood 

circulation (20). The intestine also consists of what is known as the gut microbiome or microbiota, 

representing a diversity of microorganisms, including bacteria, fungi, archaea, viruses, and eukaryotic 

cells; all these components live inside the intestinal tract in both human and animals (21). The intestinal 

microbiota's function in many processes, including the production of crucial vitamins, minerals, and 

nutrients, the breakdown and absorption of nutrients, prevention of colonization by pathogens, as well 

as support in bone development, and promote better sleep, (22). Firmicutes being one of the dominant 

phyla in the gut, they also function to protect the intestinal barrier thus prevent inflammation by 

inhibiting NF-kB and IFN-y production (23). They achieved this function by fermenting carbohydrate 

into variety of short chain fatty acid like butyrate (24). Butyrate maintains the tight junction and 

strengthen the intestinal barrier. The imbalance of the gut microbiota or any defect in the tight junction 

epithelial cells with the intestinal barrier could lead to gut complications such as increased intestinal 

permeability (19, 25). 

Previous studies have shown that it is not only the high caloric diet or hyperglycaemic state 

characterized in T2DM patients that affects intestinal permeability but several factors such as gut 

microbiota modification, mucus layer alteration, epithelial damage, and other lifestyle choices such as 
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overconsumption of alcohol (26, 27). The above-mentioned factors in combination with HFHC diet and 

hyperglycaemia have been shown to contribute to even further changes of IP (27, 28). 

The various factors that change intestinal permeability result in a condition known as increased 

intestinal permeability or leaky gut in which the gut epithelium wall's tight junctions loses their  

integrity, allowing increased toxic compounds such as lipopolysaccharide (LPS) or LPS-containing 

bacteria, peptidoglycan, luminal antigens, and partially large undigested food from the lumen to 

translocate into the bloodstream or to the tissues beneath the gut (8). The toxic products from the 

microbiota that are released induce inflammation in the adipose tissue and impact the gut microbiota, 

which leads to several disorders associated with the digestive tract, such as peptic ulcer disease, 

inflammatory bowel, irritable bowel syndrome, and celiac disease (8). These toxic compounds, when 

primarily found in the bloodstream, have been associated with intestinal permeability through the 

activation of macrophages and pro-inflammatory cytokines. 

 

 

1.2 Markers associated with leaky gut and microbial translocation 

1.2.1 Zonulin 

Zonulin was initially identified as an endogenous human analogue of zonula occludens toxin (Zot), a 

bacterial enterotoxin produced by the intestinal bacterium Vibrio cholerae (Wang et al., 2000). Zonulin, 

a 47kDa protein, functions to regulate leakiness in the gut by opening and closing spaces between the 

intestinal lining cells, the tight junctions, to allow the absorption of nutrients and other beneficial 

molecules into the intestine (Sturgeon and Fasano, 2016). In healthy individuals, zonulin levels increase 

but contingent on which factor is responsible for triggering its release. It can play a role in the 

pathogenesis of the autoimmune disease such as sepsis, celiac disease, multiple sclerosis (29) 

Two main factors identified to increase the serum level of zonulin in the gut: 

 
1.2.1.1 Bacterial colonization 

Gut dysbiosis results when the imbalance between beneficial and harmful bacteria transforms the gut 

community. In this community, the abundance of harmful bacteria increases in the stomach (22), and 

this condition is usually caused by overconsumption of a high-fat diet (22). Some of these harmful 

bacteria induce increased zonulin expression, which leads to this protein providing a protective 

mechanism by weakening the tight junctions to reduce/eliminate bacteria (30). Symptoms like diarrhea, 

constipation, bloating, fatigue, and abdominal pain are associated with an increased serum level of 

zonulin, which causes a leaky gut and allowing, even more, larger molecules or toxins to pass through 

the tight junctions and induce low-grade systemic inflammatory that shown to worsen the tight junction 

integrity even further (22). 
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1.2.1.2 Gluten 

The second factor is gluten and two more of its component's gliadin and glutenin found in rye and 

wheat, which promotes the release of zonulin and causes intestinal diseases (30). These proteins are 

insoluble/ not easily digested due to high amounts of proline and glutamine which induces changes in 

the intestinal barrier, thus result into loss of tight junction integrity (31) . 

The effect of zonulin on increased intestinal permeability is mediated by activation of epidermal growth 

factor receptor (EGFR) through proteinase-activated receptor 2 (PAR2) as well as G protein-coupled 

receptor PAR2, which transactivates EGFR (32). When these two receptors are activated, they reduce 

transepithelial resistance, which means that intestinal permeability increases (32). Zonulin loosens the 

gut barrier integrity, followed by translocation of microbial antigen and endotoxin, triggering an innate 

and adaptive immune response, causing activation of proinflammatory cytokines tumor necrosis factor- 

α (TNF-α), interleukin-6 (IL-6), and interferon-y (IFN-y). Activation of these cytokines further damages 

the intestinal cell, and microvilli resulting in nutrient absorption deficiency (22). 

Increased intestinal permeability with elevated zonulin levels has been associated with inflammatory 

bowel disease, celiac disease, multiple sclerosis, and diabetes (30). In manuscript one of the study, 

serum zonulin will be the first marker used in measuring intestinal permeability in a prediabetic state. 

In manuscript two, this marker will also be measured after inducing dietary intervention of a LCHUF 

diet assess changes in zonulin concentration. 

1.2.2 Lipopolysaccharides (LPS) 

LPS are significant components of Gram-negative bacteria's outer membrane; they contribute to this 

bacteria's structural integrity (33). LPS is comprised of a distal polysaccharide (also termed O-antigen) 

and a non-repeating "core" oligosaccharide region that is anchored in the outer bacterial membrane by 

a lipophilic, carbohydrate lipid moiety termed lipid A (34). Gut microbiotas consist of most of this 

endotoxin kept within bacteria cells and released only after destruction or replication of the bacteria 

(34). LPS function to protect the membrane from any chemical attacks, induce a robust immune 

response in humans, and increase the cell membrane's negative charge to assist in stabilizing the entire 

structure. 

Under normal circumstances, lipopolysaccharides are present in the intestinal lumen and not to have 

any harmful effects or trigger an immune response within the lumen. In humans, low plasma levels of 

LPS get translocated from the lumen into the circulation, which does not affect the health of the 

individual (35). Plasma LPS increases only after the consumption of a high caloric/ fat diet in a healthy 

individual (36). However, evidence suggests that higher concentration of LPS present in the circulation 

of patients with T2DM or with obesity results in increased intestinal permeability or in diseases 

associated with the digestive tract (37). The increase of LPS resulting in the pathophysiology's state 

before can be attributed to the amount of fat consumed or "excessive intake" of high caloric/fat diet and 
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persistent hyperglycaemia. T2D patients have shown to have increased plasma levels of LPS (37) due 

to long-term hyperglycaemia. Due to this, LPS will be used in manuscript one as one of the markers 

associated with leaky gut and bacterial translocation. In manuscript two, this marker will also be 

measured after inducing dietary intervention of a LCHUF diet to assess changes in LPS concentration. 

1.2.3 Soluble CD14 

Soluble CD14(sCD14) is a co-receptor for LPS, and it an activation marker for monocytes and other 

mononuclear cells released after stimulation (38). Upon translocation of LPS from the lumen into the 

blood, this toxin induces secretion of sCD14 from the immune cells (39). A previous study speculated 

that high levels of this co-receptor in the blood indicate LPS exposure (39). Therefore, sCD14 in diet- 

induced prediabetic rat’s models may be used as a marker in manuscript one to evaluate whether there 

is LPS exposure in the blood circulation. In manuscript two, this marker will also be measured after 

inducing dietary intervention of a LCHUF diet to observe any changes in LPS exposure. 

1.2.4 Intestinal fatty acid-binding protein (IFABP) 

Intestinal fatty acid-binding protein (IFABP) is an intracellular protein that is found in the epithelial 

cells of the mucosal layer of the small and large intestine tissues (40). According to literature, high 

levels of IFABP in the circulation only get translocated when two enterocyte and the mucosal tissue is 

damaged (41). Hence, IFABP was considered as the potential marker of the intestinal damage. Increased 

serum levels of this protein have been shown to be associated with minor intestinal diseases such as 

coeliac disease (42). However, it remains unknown whether IFABP concentration is elevated in 

prediabetic stage. Hence, IFABP becomes another potential marker in manuscript one that will be 

measured to assess whether features such as intestinal barrier, enterocyte and the tight junction are 

compromised in the prediabetic stage. In manuscript two, this marker will also be measured after 

inducing dietary intervention of a LCHUF diet to further assess intestinal barrier state. 

1.2.5 C-reactive protein (CRP) 

Increased intestinal permeability have been shown as of the risk factors for chronical intestinal diseases 

because it triggers chronic inflammation. C-reactive protein being an inflammation marker, it was 

reported to be associated with zonulin (43). A previous study investigated patients with T2D that had 

healthy and unhealthy metabolic profiles (44). Patients with unhealthy metabolic profile shown to have 

high levels of PG, LPS-binding protein and C-reactive protein compared to those with healthy metabolic 

profiles (44). They speculated that these results indicate that there is a certain risk of developing chronic 

intestinal disease in patients with T2D (44). However, it has never been discovered whether CRP is 

elevated during the prediabetic stage. In manuscript one, CRP will be one of the markers measured to 

examine if there’s any chronical inflammation during the prediabetic state. In manuscript two, this  

marker will also be measured after inducing dietary intervention of a LCHUF diet to assess any changes 

to an inflammatory response. 
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1.3 Diabetes Mellitus 

Diabetes mellitus (DM) is a group of metabolic diseases that results in hyperglycaemia due to defects 

in insulin secretion, insulin action or both (1, 2). DM is classified into two types, there is type 1 diabetes 

(T1D), which is an insulin-dependent type, and the most common type is type 2 diabetes (T2DM) which 

is non-insulin-dependent. T1D results from cellular-mediated autoimmune destruction of beta-cells 

(islet of Langerhans), thereby impairing the release of insulin hormone that is required to make glucose 

enter cells for energy (2). In contrast, T2DM is characterized by hyperglycaemia, an increase or high 

blood glucose in the bloodstream due to a defect of the insulin receptor (3). In T2DM, the body cells  

resist the insulin effect, which drives glucose from the blood into the interior of the cells. Glucose that 

is not used up by the cells or muscles accumulates in the circulation and further worsens the type 2 

diabetic complications such as increased intestinal permeability (9). 

1.3.1 Intestinal permeability (IP) in T2D 

Patients with T2D have long-term hyperglycaemia, which is considered as one of the factors that 

damage the intestinal barrier, epithelial cells and the overall intestinal permeability (9). Chronic 

consumption of a high calorie diet has been shown as a secondary factor not only in the progression of 

T2DM but also leads to the dysregulation of the intestinal permeability (27, 28). In the gastrointestinal 

tract, chronic consumption of a high caloric/fat diet causes an increase in satiety by stimulating the 

secretion of orexigenic hormones such as glucagon-like peptide-1 and cholecystokinin (5). These two 

hormones limit the rate at which food passes through the digestive tract by delaying gastric emptying 

and decreasing motility. Since there is more food that is kept in the stomach, the body degrades it into 

smaller glucose to allow for absorption by the intestinal epithelial cells (45). 

Excess glucose circulates into the blood and further increases the hyperglycaemic state that has already 

been characterized in T2DM. Inside the gut, long-term hyperglycaemia and high levels of saturated fats 

promote growth and provide nourishment to harmful bacteria. Such effects shift the maintained 

equilibrium or imbalances of the gut's microbiome and cause these harmful bacteria to become 

overwhelmed and outcompete the essential microbe resulting in gut dysbiosis (22, 46). Some of the 

harmful bacteria induce increased zonulin expression disrupting the tight junctions, leading to markers 

associated with increased intestinal permeability, zonulin and LPS being translocated from the mucosal 

barrier, resulting in cross-reaction with host tissues to enter the bloodstream (37). All these substances 

disrupt the protective features on the epithelial cells, resulting in thickening of the mucus that traps 

harmful microbial products, destroying epithelial cells, producing an increase of gram-negative 

bacteria, causing a decrease in transepithelial resistance and finally disorganizing of tight junction 

proteins, which leads to an increase IP (18). 
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1.3.2 LPS effect in the circulation in T2D 

Hyperglycaemia has been shown to cause changes in the microbiota by shifting the maintained 

equilibrium of essential and harmful bacteria resulting in gut dysbiosis, as previously discussed. This 

dysbiosis has been shown to dysregulate the intestine's integrity by increasing zonulin expression, 

causing an increased intestinal permeability which further enhances the translocation of toxins and 

microbial products, specifically LPS and peptidoglycan, due to loss of tight junction proteins such as 

ZO-1 (30). LPS is translocated from the intestinal lumen into the circulation by a mechanism facilitated 

by chylomicrons synthesized from the intestinal epithelial cells in response to HFHC/ hyperglycaemia 

from T2DM (17). Toll-like receptors form part of the transmembrane pattern-recognition receptor 

which provides an essential function in the recognition of microbial and in the control of the immune 

response. LPS have been shown to serve as a ligand for toll-like receptor 4 (TLR-4) which is present 

on immune cell membrane surfaces like macrophages, monocytes, and others such as endothelial cells 

and adipocytes (47). The binding of LPS to TLR-4 triggers an inflammatory process resulting in the 

release of various cytokines from these immune cells such as TNF-α, IFN-γ, and IL-6 in the lumen (37). 

TNF-α, during an inflammatory process, augments paracellular permeability by removing 

transmembrane proteins such as claudin-1 from tight junctions, increasing claudin-2 expressing and 

enhancing occluding degradation (48). In contrast, IFN- y changes in cytoskeletal rearrangement as well 

as changes in the tight junction protein expression and localization; this effect increases intestinal 

permeability (49). Furthermore, these cytokines in the circulation have been shown to cause peripheral 

insulin resistance in the liver, muscle, and adipose tissues by increasing inflammation, activating JNK1 

and NF-kB, which results in serine phosphorylation of insulin receptor substrate-1 leading to insulin 

resistance (50). The leakage of LPS also targets the pancreas triggering inflammation and dysfunction 

of the pancreatic β cells causing insulin secretory defects. All these effects further worsen the 

hyperglycaemic state in T2DM (50). In manuscript one, a measure of cytokines such as IL-6, TNF-α, 

and INF-y, could serve as a parameter in determining increased intestinal permeability. In manuscript 

two, these cytokines will also be measured after inducing dietary intervention of a LCHUF diet to assess 

any changes to an inflammatory response and intestinal permeability state. 
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Figure 1: The association of zonulin, lipopolysaccharides, inflammatory markers, and insulin resistance. 

Adapted from (37). 

 
 

1.4 Prediabetes 

Prediabetes is characterized as intermediate hyperglycaemia, in which fasting glucose levels in the 

blood are above the homeostatic range but below the threshold for diagnosis (4). It is correlated with 

the simultaneous presence of insulin resistance and or pancreatic β cell dysfunction way before glucose 

changes is detectable (4, 51). The increase in the prevalence of prediabetes has led to scientists 

predicting that greater than 470 million people will have prediabetes in 2030 (4). According to the 

World Health Organization (WHO), prediabetes criteria is defined by two measurement parameters; 

impaired fasting glucose (IFG) which can be further defined as fasting plasma glucose of 6.1 – 6.9 

mmol/L, and impaired glucose tolerance (IGT) which is defined as postprandial or 2hr plasma glucose 

of 7.8-11.0 mmol/L after ingestion of 75g of oral glucose load or a combination of both based on a 2hr 

oral glucose tolerance test (OGTT) (52). The America Diabetes Association has the same cut-off value 

of IGT; however, it has lowered the cut-off levels for IFG with a parameter of about 5.6-6.9 mmol/L, 

and in addition to that, a haemoglobin A1c (HbA1c) based criteria of a level of 5.7%-6.4% used as 

diagnostic criteria for prediabetes (4, 53). As previously discussed in T2D, various complications have 

been studied that begin in prediabetes, for example, immune dysfunction, cardiovascular disease, and 

immune response dysregulation (54, 55). Yet, for the state of intestinal permeability, it is still unknown 

whether dysregulation of its barrier begins in the prediabetic stage. This will be investigated in 

manuscript one of the study. Approaches to reversing prediabetes have gradually increased recently, 

which include dietary intervention with low-carb diets such as banting, Atkins, and keto. All these types 

of diets have been shown to manage prediabetes, however, the effect of these diets on intestinal 
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permeability in the prediabetic state remains unknown and this will be investigated in manuscript two 

of the study. 

1.5 Risk factors leading to prediabetes and T2D 

Dietary fat, saturated fat, and a high-calorie diet have been identified as risk factors that precede the 

onset of prediabetes and its progression to T2D (56, 57). Other than diet, there are other risk factors 

including obesity (58). All these types of diets along with a lack of physical activity have been shown 

to be associated with obesity (59). These two risk factors result in an increase of free fatty acid in the 

circulation, which causes an increase in blood glucose levels (60). To compensate for hyperglycaemia, 

the pancreas β-cells secrete insulin to lower blood glucose which leads to exhaustion and dysfunction 

of β-cells in the pancreas (61). Eventually, this effect causes the development of insulin resistance 

through the reduction of insulin receptors as well as decreasing glucose transport which subsequently 

leads to T2D (62). Patients with obesity tend to have accumulated adipose tissues (60). These tissues 

cause increased secretion of pro-inflammatory cytokines into the bloodstream and further damage the 

pancreatic β-cells, causing exacerbation of hyperglycaemia (63). 

1.5.1 Effect of obesity on intestinal barrier 

Excessive consumption of a high-calorie diet increases the metabolic activity of the gut microbiota, 

which is to extract calories and store them in adipose tissues for later use (64). The intake eventually 

leads to the overload and enlargement of adipocytes and also provides energy for bacterial growth and 

proliferation (64). This results in an alteration of the intestinal barrier function, leading to increased 

intestinal permeability and favouring of bacterial endotoxin translocation (LPS) to the circulation (65). 

Endotoxemia and overgrowth of adipocytes activate or increase the secretion of pro-inflammatory 

cytokines, which subsequently cause chronic low-grade inflammatory state and insulin resistance 

observed in people with obesity (66). 

1.5.2 Effect of diet on the intestine barrier 

The western diet has also been reported as a risk factor for altering the intestinal barrier and inducing 

intestinal inflammation (67). The diet compromises high levels of saturated fat, trans-fatty acid, refined 

sugars, and high-sweetened refined sugars that had been shown to shift the maintained microbiota 

composition (68). The imbalance of the gut microbiome dysregulates the intestinal barrier thus causing 

activation of an immune response upon translocation of the toxins and bacterial antigens (8). Activation 

of an inflammatory response causes the secretion of various cytokines which results in chronic 

inflammation that damages the enterocytes and epithelial cells of the intestine (40). 

Previous studies have shown that avoiding a western-style and gluten-rich diet might improve gut 

permeability and thus restore disrupted tight junctions (31, 40). Another study used prebiotic 

components and dietary fiber to avoid gut dysbiosis, thus preventing a leaky gut (69, 70). Prebiotic 

dietary fiber stimulates the growth of beneficial species. They also function to improve the immune 
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system, reduce protein fermentation/ pathogenic bacterial composition, increase calcium absorption, 

and thus help to keep intestinal integrity intact. (40, 71). Consumption of a diet supplemented with 

probiotics has also been shown to be able to prevent increased intestinal permeability (72). This is 

through maintaining microbiota diversity, improving the integrity of the tight epithelial junction, and 

protecting against mucosal injury (72). They achieve all these functions by enhancing the expression of 

a junction-associated protein (ZO-1), which causes a reduction of the leaky gut by also enhancing the 

junctional complexes (73). Another possible way is by activating a cell signalling pathway that can 

reduce increased intestinal permeability by improving intestinal barrier integrity (73). 

Zinc supplements have grown in popularity in recent years because of the expanding scientific research 

demonstrating their beneficial effects on gut healing via strengthening intestinal barrier function (74). 

These supplements in diet have been shown to improve the tight junction by increasing the expression 

of occluding and ZO-1 proteins (75). Furthermore, these supplements protect against bacterial toxins- 

induced intestinal dysfunction (76). 

A diet supplemented with glutamine has also been discovered to combat leaky gut (40). The glutamine 

effect is through the enterocyte proliferation and cells lining the small intestine (77). These cells regulate 

mucosal epithelial tight junction proteins, reduce pro-inflammatory signalling pathways, and protect 

the epithelial cell against apoptosis cellular stressors (40, 77). However, the effect of a diet 

supplemented with glutamine, zinc, prebiotics, and probiotics on improving the gut is still debatable, 

and additional information is required for further scientific research. 

1.6 Prediabetes management/ interventions 

Over the past few years, possible approaches to reversing prediabetes have been investigated to reduce 

or prevent T2D progression and its complications. Dietary interventions, including a diet low in 

carbohydrates and high in unsaturated fat, reported to manage prediabetes (78). The intensive lifestyle 

modifications also improved insulin sensitivity, reduced cardiovascular risks, and decreased glycemia 

(12). The use of metformin was also reported useful in restoring normal glucose regulation in patients 

with prediabetes (79). However, this pharmacological intervention has been shown to be less effective 

since patients typically disregarded dietary intervention/ physical activities and became overly reliant 

on pharmacological intervention, and this affected the effectiveness of metformin (80). Recent studies 

conducted in our lab investigated compounds that will remain effective even in the absence of dietary 

modifications. These studies used plant-derived oleanolic acid (OA) and ruthenium Schiff base complex 

as alternative treatments (54, 81). Both compounds had a beneficial effect on preventing the progression 

of prediabetes to T2D by restoring insulin sensitivity and regulating glucose homeostasis without the 

use of diet intervention (54, 81). But this study is more focused on a LCHUF diet. 

There are various types of diets have been used in the management of prediabetes these include banting, 

Atkins, and the ketogenic diet (14, 15). All these diets involve the use of a low amount of carbohydrates 
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and a high amount of unsaturated fats (16). Banting, Atkins, and the keto diet have been shown to be 

beneficial for people with obesity, diabetes, or prediabetes (14). In the body this diet plan causes the 

body to get into the metabolic state of ketosis and eventually the body gets adapted to primarily burning 

fat as the main source of fuel instead of sugar from carbohydrates (82). This results in fat loss while 

preserving muscle mass thus reducing the secretion of insulin hormone in pancreatic β-cells (83). Atkins 

also involves the consumption of a large amount of proteins and restricting carbohydrates to 20 grams 

daily (84). It starts with a very specific phase and then goes to a maintained phase, which allows more 

range of nutrients to be absorbed by the body (84). According to the literature, all these types of diets 

have shown a beneficial effect on regulating blood glucose by improving insulin sensitivity, insulin 

resistance, and glycated haemoglobin (HbA1c) levels (85-87). They aid in weight loss by decreasing 

triglycerides and they also reduce the risk of cardiovascular diseases by increasing good high-density 

lipoprotein cholesterol levels (88, 89). Therefore, manuscript two of the study sought to investigate the 

effect of a low carbohydrate high unsaturated fat (LCHUF) diet on markers associated with intestinal 

permeability and glucose homeostasis in a diet-induced prediabetic rat model. 

 

 

1.7 HFHC diet-induced animal model 

Rats first became an important animal to use in research around 1906. More specifically, in Medical 

Research, scientists use these animals to develop medical procedures, investigate pathogenesis, 

complication and test possible therapeutic agents to treat global burden disorders such as type 2 diabetes 

(90). This use of a HFHC diet in an animal model is due to the high current consumption of takeout 

food with high-fat and high carbohydrates and drinks containing high fructose levels in a majority of 

the world's population today individual (91). This lifestyle leads to numerous diseases such as obesity, 

cardiovascular disease, T2DM, and more specifically, its preceded state, prediabetes (27, 28). A 

previous study conducted in our laboratory developed a HFHC diet-induced animal model that induced 

a prediabetic state which mimics human condition of prediabetes with its complications (11). Male 

Sprague Dawley rats were used in developing this model as they have shown in T2DM animal models, 

to have genetic disposition to exhibit a great distribution in HFHC diet-induced body weight gain, which 

resembles the genetic heterogeneity of T2DM in humans (92, 93). They were divided into two groups; 

then, after 20 weeks, changes in glucose homeostasis resembling prediabetes in human condition were 

observed, and IFG and IGT parameters were measured applying ADA criteria (11, 81). In addition, the 

study also investigated the cardiovascular function in the pre-diabetic state, investigating whether the 

risk factors related to cardiovascular disease are related to T2DM, and the results indicate that the risk 

of cardiac complications in the pre-diabetic state is increased (11, 81). Other studies have shown that 

an animal-fed HFHC diet develops prediabetes and various metabolic derangements, including 

increased glycated haemoglobin (HbA1c), impaired glucose tolerance, and elevated plasma ghrelin 
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levels (81). After rats were fed a HFHC diet, the above changes eventually led to diabetes associated 

with renal and cardiovascular complications. 

A diet containing high-calories and fats has been reported as the primary factor in the development of 

prediabetes (57). In T2D patients this diet compromises the intestinal barrier function, leading to 

increased intestinal permeability (27). Therefore, as part of manuscript one, the effect of high-fat high 

carbohydrate (HFHC) diet-induced prediabetes on intestinal permeability will be investigated on this 

study. Management and intervention for reversing prediabetes include lifestyle modification (moderate 

exercise), and dietary and or pharmacological intervention (80, 85). Hence, manuscript two sought to 

investigate the effect of a low carbohydrate high unsaturated fat diet on markers associated with 

intestinal permeability and glucose homeostasis in a diet-induced prediabetic rat model. 

 

2. Aim 

To investigate the effect of high-fat high carbohydrate (HFHC) diet-induced prediabetes on intestinal 

permeability in male Sprague Dawley rats. In the second study, we sought to evaluate the effect of a 

low carbohydrate and high unsaturated fat diet on the concentration levels of markers associated with 

intestinal permeability. In addition, investigate the association of the changes in these markers with 

changes in glucose homeostasis. 

 

3. Objectives 

The objectives of the entire study are separated into two studies that are presented as manuscripts. 

Objectives of Manuscript 1 were: 

 
 To determine microbial levels of Firmicutes, Proteobacteria and Bacteroidetes in fecal stool 

 To determine the effect of diet-induced prediabetes on glucose homeostasis by measuring fasting 

blood glucose concentration and plasma insulin concentration 

 To examine the OGT test following induction of prediabetes with HFHC diet 

 To measure serum zonulin concentration to investigate the integrity of the intestinal barrier 

 To measure plasma LPS and sCD14 concentration to determine bacterial translocation 

 To evaluate the level of secretion of inflammatory markers at pre-diabetic stage 

 To measure plasma IFABP concentration to determine intestinal damage 

 

 

 

 
 

Objectives of Manuscript 2 were: 

 
 To determine microbial levels of Firmicutes, Proteobacteria and Bacteroidetes in fecal stool 

 To determine the effect of a LCHUF diet on glucose homeostasis by measuring fasting 

blood glucose concentration and plasma glycated haemoglobin (HbA1c) concentration 
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 To measure serum zonulin concentration in pre-diabetic rats to investigate the integrity of the 

intestinal barrier 

 To measure plasma LPS and sCD14 concentration in pre-diabetic rats to determine bacterial 

translocation. 

 To investigate if pro-inflammatory cytokines concentration decreases in in pre-diabetic stage. 

 To measure serum IFABP concentration in prediabetic rats to determine intestinal damage. 

 
4. Hypotheses 

During the prediabetic stage, there will be changes in the concentration of markers associated with leaky 

gut and those of bacterial translocation. The effect of a low carbohydrate and high unsaturated fat 

(LCHUF) diet intervention will be effective in improving intestinal permeability so as the glucose 

regulation. 

Null hypotheses: There is no significant association between diet-induced leaky gut and the 

development of prediabetes. A LCHUF diet intervention has no effect on the concentration levels of 

markers associated with a leaky gut. 
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CHAPTER 2: MANUSCRIPT 1 

 

Prologue 

The consumption of high-calorie diets has been associated with increased intestinal permeability, which 

is also known as a leaky gut. Increased intestinal permeability dysregulates the intestinal barrier that 

prevents the entry of pathogenic bacteria and toxic luminal substances, leading to a systemic 

inflammation and to the release of pro-inflammatory molecules. This systemic inflammation is believed 

to contribute to insulin resistance, which is a key characteristic of prediabetes and T2D. The 

consumption of high calorie diets has also been shown to lead to the development of prediabetes. 

However, we do not know if there is an association between the increased intestinal permeability and 

the development of prediabetes. Nevertheless, it is crucial to acknowledge that research in this field is 

still evolving, and the precise nature of the relationship between increased intestinal permeability and 

prediabetes remains to be fully understood. Therefore, further studies are necessary to establish a 

definitive cause-and-effect relationship and gain a deeper understanding of underlying mechanisms 

involved. Hence, in this study we sought to investigate if there could be any links between intestinal 

permeability and the development of prediabetes in a diet-induced prediabetic animal model. 

The manuscript in chapter 2 is titled “Investigating the association between diet-induced “leaky gut” 

and the development of prediabetes”. 

 

 

The current manuscript is currently under review in the Journal of Experimental Clinical 

Endocrinology and Diabetes and has been formatted according to the journal’s guidelines to authors 

(see Appendix 2). 
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Abstract 

Chronic consumption of a high-calorie diet compromises the gut microbiota and the integrity of the 

intestinal wall, which causes translocation of bacterial lipopolysaccharides into the blood. This elicits 

secretion of pro-inflammatory cytokines, which result in inflammation. However, it has not been 

investigated how a high-fat high carbohydrate diet affects intestinal permeability and whether or not 

this plays a role in the development of prediabetes. This study investigated the effects of HFHC diet- 

induced prediabetes on gut microbiota and intestinal permeability in male Sprague Dawley rats. The 

animals were randomly assigned into the non-prediabetic group (NPD) and diet-induced prediabetic 

group (PD) (n=6) for a period of 20 weeks. After 20 weeks, the fecal samples were analyzed to measure 

the gut microbiota level of Firmicutes, Bacteroidetes, and Proteobacteria in both animal groups. 

Furthermore, blood glucose, OGT response, plasma insulin, serum zonulin, plasma LPS, soluble CD14, 

tumor necrosis factor-alpha, interleukin-6, C-reactive protein, and intestinal fatty-acid binding protein 

concentrations were measured. The fecal samples revealed that in the PD group, there was a reduction 

in the Firmicutes levels and an increase in Bacteroidetes and Proteobacteria compared to NPD. Blood 

glucose and insulin concentration were significantly increased in the PD group by comparison to NPD. 

The OGT response in the PD group resulted in increased blood glucose concentration. Serum zonulin 

and plasma sCD14 concentrations in the PD group were increased compared to NPD, while plasma LPS 

concentrations were similar. An increase in plasma TNF-α, IL-6, CRP, and IFABP concentrations in 

PD was observed compared to NPD. Taken together, these results suggest that chronic consumption of 

the HFHC diet may be associated with the dysregulation of gut microbiota, leading to increased 

intestinal permeability. 

 

 

 

 
Keywords: Pre-diabetes, high-fat high carbohydrate, gut microbiota, zonulin, lipopolysaccharides, 

intestinal permeability 
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Introduction 

Type 2 diabetes (T2D) has become a major concern in healthcare worldwide (1). According to the 

International Diabetic Federation (IDF), 463 million people around the world have T2D, while it’s  

complications are estimated to have killed nearly 4 million people aged 20-79 years in 2019 (2). High- 

calorie diets and sedentary lifestyles are recognized as some of the leading causes of this condition (3). 

The small intestine is home to a wide variety of microorganisms that play a role in the digestion of food 

as well as in maintaining the integrity of the intestinal wall (4). The intestinal barrier and the intestinal 

epithelium cells function to prevent the translocation of toxins, luminal antigens, and partially 

undigested food into circulation (5). 

Chronic consumption of a high-calorie diet has been shown to cause gut dysbiosis by altering the 

microbial diversity in the gut, resulting in a reduction of Firmicutes like Lactobacillus, Bacillus, and 

Clostridium, which all protect the intestinal lining (6, 7). This results in decreased protection of the 

lining of the gut and increase in gut permeability which is characterized by increased serum zonulin 

concentrations (8, 9). Zonulin is a leaky gut marker that has been shown to loosen intercellular tight 

junctions between epithelial cells in the digestive tract (10). Therefore, upregulation of zonulin causes 

translocation of lipopolysaccharides (LPS), peptidoglycan, intestinal fatty acid-binding protein 

(IFABP), and soluble CD14 (sCD14) a co-receptor that gets secreted from the immune cells (11). All 

these substances and toxins elicit an inflammatory response leading to the secretion of pro- 

inflammatory cytokines such as tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), and interferon- 

y (IFN-y) in the lumen, as well as an inflammatory marker called C-reactive protein (CRP) (12). This 

further compromises the intestinal epithelial barrier. 

Prediabetes is a condition where blood glucose concentrations are above normal but below the 

detectable threshold of T2D (13). This condition is characterized by impaired glucose tolerance (IGT), 

elevated glycated haemoglobin (HbA1c), and impaired fasting glucose (IFG) (14, 15). There are no 

studies that have been done to investigate the association between intestinal permeability and 

prediabetes. Previous studies done in our laboratory developed a high-fat high carbohydrate (HFHC) 

diet-induced prediabetic animal model, using male Sprague Dawley rats. This model was found to 

mimic the human condition of prediabetes (16, 17). In this model, the animal develop prediabetes after 

20 weeks of ingestion of a high fat high carbohydrate diet (17, 18). Using this HFHC diet-induced 

animal model of prediabetes, this study sought to investigate the changes on gut microbiota and the 

association between prediabetes and markers associated with intestinal permeability. We further 

investigated if there could be any links between intestinal permeability and the development of 

prediabetes. 
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Materials and Methods 

Drugs and Chemicals 

All chemicals and reagents were sourced from standard pharmaceutical suppliers and were of analytical 

grade. The kits components were as follows; concentrated biotinylated detection antibody, biotinylated 

detection antibody diluent, substrate reagent, stop solution, concentrated wash buffer, standards micro 

enzyme-linked immunosorbent assay (ELISA) plate, reference standard, concentrated avadin- 

horseradish peroxide (HRP), HRP diluent (Elabscience product purchased from Biocom Africa, 

Centurion, South Africa). 

Animal and housing 

Male Sprague-Dawley rats (150-180g), 3 weeks old bred for this study were kept in the Biomedical 

Research Unit (BRU) of the University of KwaZulu-Natal. All animal procedures and housing 

conditions were approved by the Animal Research Ethics Committee of the University of KwaZulu- 

Natal (ethics no: AREC/00003627/2021). The animals were maintained under standard laboratory 

conditions of constant temperature (22±2 °C), relative humidity (55±5%), and illumination (12 h 

light/dark cycle, lights on at 07h00). The level of noise was maintained at less than 65 decibels and the 

animals were allowed access to food and fluids ad libitum. The animals were allowed to acclimatize to 

their new environment for one week while consuming standard rat chow and water before they were 

exposed to a high-fat high-carbohydrate (HFHC) experimental diet (18). 

Induction of prediabetes 

Using Luvuno et al., 2017 established laboratory protocol, prediabetes was induced in Male Sprague- 

Dawley rats. Briefly, the animals were divided into two diet groups, group A and B (n=6 per each 

group). Group A animals were exposed to a standard diet with normal drinking water for 20 weeks and 

group B animals were exposed to a HFHC diet supplemented with 15% fructose for a period of 20 

weeks (18). The composition of a HFHC diet was customized as follows; carbohydrates (55% Kcal/g), 

fats (30% Kcal/g), and proteins (15% Kcal/g). After 20 weeks the American Diabetes Association 

criteria for diagnosis of prediabetes was used to diagnose prediabetes in all animals. Briefly, all animals 

that would exhibit fasting blood glucose concentrations of 5.6 to 7.1 mmol/L and oral glucose tolerance 

test (OGTT) 2-h glucose concentration of 7.8 to 11.0 mmol/L were considered prediabetic. 

Experimental procedures 

Sample collection and Analysis 

Prior to sampling the rats were placed in individual tecniplast metabolic cages. The fecal samples were 

then collected from both groups of rats that were fed a standard diet with distilled water and HFHC diet 

supplemented with 15% fructose at the beginning and end of the experimental period (20 weeks). Once 

obtained, fecal samples were placed into a sterile zip-lock bag. The samples were then transported to 

Inqaba Biotechnology laboratory in cooler boxes containing ice packs for further analysis. Upon arrival, 
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the samples were pre-processed for DNA extraction and stored in a Bio Ultra freezer at -80 °C (Labtech, 

Umhlanga, South Africa). 

DNA extraction, pooling, and quantification 

Microbial DNA from the samples was extracted using a previously described protocol (19). This was 

done using the Qubit 1x dsDNA HS Assay Kit kit (Zymo Research, Inqaba BiotecTM). Briefly, the fecal 

samples were lysed by bead beating in a ZR BashingBead™ lysis matrix filled with buffer and placed 

in a bead beater (TissueLyser LT, Qiagen®) prior to DNA extraction. The eluted DNA samples were 

quantified using Qubit® Fluorometer 4.0 (Invitrogen, Thermo Fisher Scientific Inc) and stored at -20°C 

for downstream molecular application (19). For 16S rRNA sequencing, DNA samples extracted from 

the fecal samples were sequenced. The samples were pooled according to each animal from the non- 

prediabetic (NPD) and prediabetic (PD) group. Each pooled DNA sample of the faeces constituted of 

an equimolar mixture of two samples obtained from the same animal. Thereafter, the pools were 

quantified, then normalized for Illumina sequencing. 

Amplification of bacterial 16S rRNA and sequencing 

The bacterial 16S rRNA gene was amplified using M13-tailed target-specific primer with 5’ block. PCR 

Forward Primer: 5′ GTA AAA CGA CGG CCA GT(N) 3′ and PCR Reverse Primer: 5′ CAG GAA 

ACA GCT ATG AC(N) 3′ (Integrated DNA Technologies, Whitehead Scientific). The samples were 

processed aseptically to minimise contamination. We added two non-template controls consisting of 

nuclease free water as well as PCR and sequencing laboratory reagents in place of experimental DNA 

template were incorporated in the amplification and sequencing steps and processed alongside the test 

samples. Library preparation was performed according to the standard instructions of the 16S 

SMRTbell® prep kit 3.0 (PacificBiosciences, California, USA). Indexed amplicons were quantified 

using Qubit® High Sensitivity dsDNA Assay Kit (Thermo Fisher Scientific) and the sizes of the 

amplicons were visualised using the 4200 TapeStation (Agilent Technologies, Germany). The 

normalized libraries were pooled for sequencing, denatured to single strand using NaOH, then PhiX 

(10%) was added to the library. Libraries were then sequenced using the 16S SMRTbell® prep kit 3.0 

(PacificBiosciences, California, USA). 

 

 

Oral glucose tolerance test (OGT) response 

An oral glucose test was conducted in both groups of animals, this test was conducted following 

carbohydrate loading. The OGT response of all animals was monitored in the animals using our 

established laboratory protocol (20). Briefly, after an 18 h fasting period, glucose was measured (time 

0) followed by loading with a monosaccharide syrup (glucose; 0.86 g/kg, p.o.) by oral gavage using an 

18-gauge gavage needle that is 38 mm long curved, with a 21/4 mm ball end (Able Scientific, Canning 

Vale, Australia). To measure glucose concentration, blood was collected using the tail-prick method 
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(21). Glucose concentrations were measured using a OneTouch select glucometer (Lifescan, Mosta, 

Malta, United Kingdom). Glucose concentrations were measured at 15, 30, 60, and 120 minutes 

following carbohydrate loading. 

Blood collection 

All the animals were anaesthetized at the end of 20-week period with Isofor (100 mg/kg)) (Safeline 

Pharmaceuticals (Pty) Ltd, Roodeport, South Africa) via a gas anaesthetic chamber (Biomedical 

Resource Unit, UKZN, Durban, South Africa) for 3 minutes. Blood was taken by a cardiac puncture 

while the rats were unconscious and then injected into individual pre-cooled heparinized containers. 

After that, the blood was centrifuged for 15 minutes at 4°C, 503 g (Eppendorf centrifuge 5403, 

Germany). Plasma was collected and stored at -70 °C in a Bio Ultra freezer (Snijers Scientific, Holland) 

for biochemical analysis. 

Biochemical analysis 

Plasma lipopolysaccharides (LPS) and serum zonulin concentrations were measured at Lab 24 (Mt. 

Edgecombe, Durban). Plasma insulin, soluble CD14 (sCD14), intestinal fatty acid-binding protein 

(IFABP), C-reactive protein (CRP), tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) 

concentrations were measured using their respective rat-sandwich ELISA kits from Elabscience 

(Wuhan, China) as per manufacturer’s instructions. For all kits, the micro-plate provided was coated 

with antibodies specific to standards and the plasma samples of 100 µL were added into each well of 

the plates. The plate with the standards and plasma samples was incubated for 90 minutes and 37 ℃. 

After this, 100 µL of biotinylated detection Ab was pipetted respectively into each well of insulin,  

sCD14, TNF-α, IL-6, CRP and IFABP. This was followed by another 90 minutes incubation period at 

37 ℃ then the unbound components were washed away using the wash buffers. The wash step was 

carried out three times in total. 

In each micro-plate, 100 µL of avidin–horseradish peroxidase (HRP) conjugate was added, which was 

then incubated for 30 minutes at 37 °C. The HRP solution was discarded from the plate, and the washing 

procedure was repeated 5 times with 350 µL of wash buffer in each well. Each well received 90 µL of 

substrate reagent and the plates were then incubated for 15 minutes at 37 °C. In each well, 50 µL of 

stop solution was added in the same manner as the substrate solution step. A nano spectrophotometer 

from BMG Labtech (Ortenburg, Germany) was used to measure optical density at 450 nm. Insulin, 

sCD14, TNF-α, IL-6, CRP and IFABP concentrations in the samples were extrapolated from their 

respective standard curves. 
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Statistical Analysis 

Statistical analysis was conducted using Graph Pad InStat Software (version 5.00, Graph Pad Software, 

Inc., San Diego, California, USA). All data went under a normality test with the relevant parametric 

and non-parametric tests used to further analyze the data. A student t test was used to determine 

statistical differences between two independent groups. All data was expressed as means and ± S.E.M 

and a value of p < 0.05 was considered statistically significant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Results 

Gut microbiota composition 

By comparison with the non-prediabetic group, the prediabetic animals that were fed a HFHC diet 

showed a significant decrease in Firmicutes and a significant increase in pathogenic phyla 

(Bacteroidetes and Proteobacteria) (p < 0.0001; Table 1) after 20 weeks. 

Table 1: Displays the gut microbiota composition (%) of both groups; non-prediabetic (NPD) and 

prediabetic (PD) at the end of the experimental period. The values are presented as standard error of 

mean ± SEM. 

 

 WEEK 20 

GROUPS 

Gut Microbiota 

Composition 

NPD (Std diet, %) PD (HFHC diet, %) 

Firmicutes 77.5 ± 4.6 64.1 ± 2.4 * * * 

Bacteroidetes 5.2 ± 0.7 12.4 ± 0.9 * * * 

Proteobacteria 10.2 ± 0.7 13.1±0.7 * * * 

* * * = p < 0.0001 denotes comparison with NPD. 
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Food intake and fluid intake 

Table 2 displays food intake and fluid intake monitored at week 10 and 20 of the experimental period. 

 
Table 2: Food intake and fluid intake of rats in week 10 and 20 following ingestion of a normal diet 

and HFHC diets (n=6, per group). 

 

 WEEK 10 

GROUPS 

 NPD PD 

FOOD INTAKE (g) 13.00 ± 0.58 9.98 ± 0.41 

FLUID INTAKE (mL) 20.00 ± 2.00 21.00 ± 3.50 

 

 WEEK 20 

 GROUPS 

 NPD PD 

FOOD INTAKE (g) 18.35 ± 0.47 12.55 ± 0.32 

FLUID INTAKE (mL) 40 ± 5.00 32.33 ± 1.45 

 
 

Body weight 

Table 3 showed the body weight gain of the NPD and PD animal groups from week 0 to week 20 of the 

experimental period. There was no significant effect of a HFHC diet supplemented with 15% fructose 

on body weight gain. 

Table 3: The body weight measured during the experimental period of 20 weeks in both the NPD and 

PD rat (n=6, per group). The values are presented as standard error of mean ± SEM. 

 

 BODY WEIGHT (g) 

GROUPS 

Time (Weeks) NPD (g) PD (g) 

0 173 ± 5.71 179.9 ± 3.57 
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1 250 ± 6.01 187.7 ± 3.66 

4 294.7 ± 5.52 197.3 ± 6.65 

8 360 ± 6.42 282.7 ± 7.98 

12 417.7 ± 11.16 276 ± 7.10 

16 398 ± 10.73 294.3 ± 8.20 

20 443.3 ± 11.67 335.3 ± 9.32 

 
 

Fasting blood glucose 

Figure 1 shows fasting blood glucose concentration in the non-prediabetic (NPD) and prediabetic (PD) 

at the end of the 20-week experimental period (n=6, per group). By comparison with NPD, there was a 

significant increase in fasting blood glucose concentration in the PD group (p < 0.05, Figure 1). 
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Figure 1: The fasting blood glucose concentration in NPD and PD rat (n=6, per group). The values are 

presented as standard error of mean ± SEM. * = p < 0.05 denotes comparison with NPD. 

OGT response 

The OGT response of the NPD and PD group were monitored. Blood glucose concentration of the PD 

group was lower than NPD group before loading with glucose at time 0 (p < 0.05). Following glucose 

loading, blood glucose concentration in the PD group increased significantly than NPD group during 

the first 30 minutes (p < 0.05). Interestingly after 30 minutes blood glucose concentration in PD group 

did not return to normal range 2-h later of OGT test as shown in figure 2. 
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Figure 2: Oral glucose tolerance response of NPD and PD rat (n=6, per group) at the end of the 

experimental period. The values are presented as standard error of mean ± SEM. * = p < 0.05 denotes 

comparison with NPD. 

 

 

Plasma insulin 

Figure 3 shows plasma insulin concentration in the non-prediabetic (NPD) and prediabetic (PD) at the 

end of the 20-week experimental period (n=6, per group). By comparison with NPD, there was a 

significant increase in plasma insulin concentration in the PD group (p < 0.05, Figure 3). 
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Figure 3: Plasma insulin in NPD and PD rat (n=6, per group). The values are presented as standard 

error of mean ± SEM. * * * = p < 0.0001 denotes comparison with NPD. 

 

 

Serum zonulin 

Figure 4 shows serum zonulin concentration in the non-prediabetic (NPD) and prediabetic (PD) at the 

end of the 20-week experimental period (n=6, per group). By comparison with NPD, there was a 

significant increase in serum zonulin concentration in the PD group (p =< 0.0001, Figure 4). 
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Figure 4: Serum zonulin in NPD and PD rat (n=6, per group). The values are presented as standard 

error of mean ± SEM. * * * = p < 0.0001 denotes comparison with NPD. 
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Plasma lipopolysaccharide 

Figure 5 shows plasma lipopolysaccharides concentration in the non-prediabetic (NPD) and prediabetic 

(PD) at the end of the 20-week experimental period (n=6, per group). The result (Fig.5) showed that 

there were no significant (p = < 0.0001) changes to plasma LPS concentration in both NPD and PD 

group. 
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Figure 5: Plasma Lipopolysaccharides (LPS) in NPD and PD rat (n=6, per group). The values are 

presented as standard error of mean ± SEM. 

Plasma soluble CD14 

Figure 6 shows plasma soluble CD14 concentration in the non-prediabetic (NPD) and prediabetic (PD) 

at the end of the 20-week experimental period (n=6, per group). By comparison with NPD, there was a 

significant increase in plasma soluble CD14 concentration in the PD group (p =< 0.0001, Figure 6). 
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Figure 6: Soluble CD14 in NPD and PD rat (n=6, per group). The values are presented as standard error 

of mean ± SEM. * * * = p < 0.0001 denotes comparison with NPD. 

Plasma tumour necrosis factor 

Figure 7 shows plasma tumor necrosis factor (TNF-α) measured in the non-prediabetic (NPD) and 

prediabetic (PD) at the end of the 20-week experimental period (n=6, per group). By comparison with 

NPD, there was a significant increase in plasma TNF-α concentration in the PD group (p < 0.05); figure 

7. 
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Figure 7: Tumour necrosis factor (TNF-α) concentration in NPD and PD rat (n=6, per group). The 

values are presented as standard error of mean ± SEM. * = p < 0.05 denotes comparison with NPD. 
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Plasma inteleukin-6 

Figure 8 shows interleukin-6 (IL-6) measured in the non-prediabetic (NPD) and prediabetic (PD) at the 

end of the 20-week experimental period (n=6, per group). By comparison with NPD, there was a 

significant increase in plasma IL-6 concentration in the PD group (p < 0.05); figure 8. 
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Figure 8: Inteleukin-6 concentration in NPD and PD rat (n=6, per group). The values are presented as 

standard error of mean ± SEM. * = p < 0.05 denotes comparison with NPD. 

Plasma c-reactive protein (CRP) 

Figure 9 shows plasma c-reactive protein (CRP) concentration in the non-prediabetic (NPD) and 

prediabetic (PD) at the end of the 20-week experimental period (n=6, per group). By comparison with 

NPD, there was a significant increase in plasma CRP concentration in the PD group (p = < 0.0001, 

Figure 9). 
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Figure 9: C-reactive protein (CRP) in NPD and PD rat (n=6, per group). The values are presented as 

standard error of mean ± SEM. * * * = p < 0.0001 denotes comparison with NPD. 

 

 

Plasma intestinal fatty acid-binding protein 

Figure 10 shows plasma intestinal fatty-acid binding protein (IFABP) concentration in the non- 

prediabetic (NPD) and prediabetic (PD) at the end of the 20-week experimental period (n=6, per group). 

By comparison with NPD, there was a significant increase in plasma IFABP concentration in the PD 

group (p = < 0.0001, Figure 10). 
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Figure 10: Intestinal fatty acid-binding protein (IFABP) in NPD and PD rat (n=6, per group). The 

values are presented as standard error of mean ± SEM. * * * = p < 0.0001 denotes comparison with 

NPD. 

 

 

 

 
Discussion 

The role of the intestinal mucosal barrier and enterocytes is to provide the first line of defense in the 

gastrointestinal tract by preventing the translocation of luminal antigen, peptidoglycan, endotoxin LPS, 

and other foreign substances into the circulation (22, 23). They also promote the absorption of nutrients 

from the ingested food (12). Studies have shown that the food that we eat influence the growth of 

specific bacteria within the gut which may affect intestinal permeability (24, 25). In recent studies, 

increased intestinal permeability has been associated with the development of metabolic conditions 

such a type 2 diabetes (23, 26, 27). We have previously reported that many complications seen in T2DM 

begin in the prediabetic state (28). However, no studies have been conducted to investigate if intestinal 

permeability is compromised during the prediabetic state. 

In our laboratory, we have created a HFHC diet-induced animal model of prediabetes that has been 

shown to mimic the human condition (18). In this model, the animals develop prediabetes after 20 

weeks of ingestion of a HFHC diet (18). In this study, blood glucose concentration failed to return to 

baseline following a 2-h OGT test, the results suggest that there is the presence of impaired glucose 

tolerance. This further suggests that ingestion of a HFHC diet results in the development of prediabetes. 

Moreover, a significant increase in fasting blood glucose was observed in the prediabetic animals 

compared to the non-prediabetic animals. The findings of the present study coincided with a previous 

study which, reported that prediabetes is associated with elevated blood glucose concentration (29). In 

addition to these observations, the prediabetic animals also had a significant increase in plasma insulin 

in comparison to the non-prediabetic animals, suggesting that the pancreatic beta-cell increased insulin 

secretion to compensate high blood glucose concentration at this stage. However due to chronic 

consumption of a HFHC diet, blood glucose continues to be elevated which could result in exhaustion 

of the pancreas (30). Using this HFHC diet-induced animal model of prediabetes, this study sought to 

investigate the changes in gut microbiota and the association between prediabetes and markers 

associated with intestinal permeability. We further investigated if there could be any links between 

intestinal permeability and the development of prediabetes. 

Chronic consumption of a high-caloric diet promotes growth and provides nourishment to pathogenic 

bacteria (24, 25). As a result of these effects, the intestinal flora becomes imbalanced, allowing harmful 

bacteria to overwhelm and outcompete beneficial bacteria resulting in gut dysbiosis (12, 31). In this 
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study gut dysbiosis was observed in the prediabetic group as there was a significant reduction of 

Firmicutes when compared to the non-prediabetic group. The role of the Firmicutes in the gut is to 

protect the intestinal barrier (4). We also observed a significant increase of Bacteroidetes and 

Proteobacteria in the prediabetic group by comparison to the non-prediabetic group. These two phyla 

play a role in maintaining balance in the gut (4, 32). However, in high amounts they tend to be 

pathogenic thus aggravate inflammation in the intestine (4, 32). The differences in animal groups could 

be attributed to the different diets that they were consuming during the 20-week period. In this study 

there was a mix of high carbohydrates (HC) and high fats (HF) which mimics human eating preferences 

and habits. Increased consumption of HC/ HF diets stimulated growth of pathogenic bacteria which 

may have outcompeted beneficial bacteria. These findings suggest that chronic consumption of a HFHC 

results in gut dysbiosis which could leave the intestinal barrier compromised. 

A biomarker that is routinely used to assess intestinal permeability is serum zonulin (33). Zonulin is a 

47kDa protein that regulates intestinal leakage by modulating intracellular tight junctions, which then 

allows the movement of nutrients, water, and other useful molecules into the cells (10). Increased levels 

of serum zonulin serve as an indicator of increased intestinal permeability (34). The current study 

showed an elevated serum concentration of zonulin in the prediabetic group which was kept on a HFHC 

diet by comparison with the non-prediabetic group that was kept on a standard diet. These findings are 

in agreement with previous studies where chronic and excessive consumption of high-caloric diets was 

shown to increase zonulin concentration in the circulation (6, 23). Taken together with the results on 

the intestinal flora, these results may suggest that chronic consumption of the HFHC diet dysregulates 

the intestinal composition which leads to reduced protection of the gut leading to disruption of the tight 

junctions resulting in increased intestinal permeability. 

Lipopolysaccharide (LPS) has been shown to be increased in patients with impaired intestinal 

permeability due to dysregulation of the tight junction (35). LPS forms an important part of the outer 

membrane (OM) of Gram-negative bacteria, and it functions to protect the membrane from any 

chemical attacks (36). In humans, it triggers a strong immune response and increases the negative charge 

of the cell membrane, which helps to stabilize the entire structure (37). Evidence suggests that high 

concentration of LPS are seen in T2D as well as in diseases associated with the digestive tract (38). In 

this study, there was no significant difference in plasma LPS concentrations observed between the two 

diet groups. These results may be explained by the findings of another recent study that showed that 

LPS has a half-life of 2-4 minutes in rat models (39). Therefore, LPS is rapidly detoxified and cleared 

in the circulation by the liver, mediated by Kupffer cells, hepatocytes, and sinusoidal endothelial cells 

(39). This could explain why there were no significant differences in the plasma levels of LPS in both 

groups. Most endotoxin LPS is bound with lipoproteins in the circulation, having the highest affinity 

for HDL. LPS-lipoprotein complexes have been shown to have little or no stimulatory effects on 
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cytokine production in acute conditions (39). In contrast, when this occurs for sustained periods, it can 

result in chronic sub-clinical levels of pro-inflammatory cytokines. 

Soluble CD14(sCD14) is a co-receptor for LPS, and it is an activation marker for monocytes and other 

mononuclear cells released after stimulation (11). Upon translocation, LPS induces secretion of sCD14 

from the immune cells which further activates an immune response to clear foreign substances (40). A 

previous study speculated that high levels of this co-receptor in the blood indicate LPS exposure (40). 

The findings of the present study showed increased sCD14 concentration in the prediabetic group by 

comparison with the non-prediabetic group. This suggest that even though LPS concentration were 

shown to be unchanged, there could have been increased LPS as shown by the increased sCD14 seen 

in the prediabetic stage. 

Studies have also shown that when there is increased intestinal permeability, pro-inflammatory 

cytokines such as IL-6, IFN-y and TNF- α, are elevated (41). This may be caused by an increase in 

plasma LPS or other toxic compounds in the circulation (42). In the present study, it was observed that 

there were elevated concentrations of TNF-α and IL-6 in the prediabetic group in comparison to the 

non-prediabetic group. A previous study showed that TNF-α may further cause disruption of the 

intestinal barrier and this was shown to be mediated by myosin-light chain kinase (MLCK) (43). 

Activating this kinase reduces tight junction permeability in vitro and in vivo, while other cytokines 

increase intestinal permeability by changing the tight junction protein expression and localization (43, 

44). This suggests that during increased intestinal permeability the body might be constantly in a state 

of activated immune response which induces sub-clinical chronic inflammation. This sub-clinical 

chronic inflammation has been postulated to cause peripheral insulin resistance in the liver, muscle, and 

adipose tissue thus resulting in the development of prediabetes. Activation of JNK-1 and NK-Fβ result 

in serine phosphorylation of insulin receptor substrate-1 leading to insulin resistance which also lead to 

insulin secretory defects due to pancreatic beta cell dysfunction (45). 

Another marker of inflammation that was investigated was C-reactive protein (CRP). CRP is an 

inflammatory marker whose concentration has been shown to be positively correlated with increased 

zonulin concentrations (46). In this study, we observed that the concentration of plasma CRP increased 

significantly in the prediabetic group at the end of the 20-week experimental period. This supported our 

speculation that the sub-clinical inflammation observed in the prediabetic state may be a result of 

increased intestinal permeability. To further, evaluate these findings intestinal fatty acid-binding protein 

(IFABP) level was measured. IFABP is an intracellular protein that is found in the epithelial cells of 

the mucosal layer of the small and large intestine tissues (47). According to Adriaanse et al., 2013, high 

levels of IFABP in the circulation only get translocated when two enterocytes and the mucosal tissue is 

damaged (48). In addition, this protein has been shown to be associated with minor intestinal diseases 
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such as coeliac disease (49). The result of this study showed that there was an increase in IFABP 

concentration during the prediabetic stage. This further supported our earlier observations. 

 

 

Conclusion 

The results obtained from the current study confirmed that chronic consumption of the HFHC diet 

resulted in dysregulation of the gut microbiota. This was accompanied by increased gut permeability 

which was further accompanied by sub-clinical increases in markers of systemic inflammation. We 

speculate that increases in systemic inflammation could result in the development of peripheral insulin 

resistance which is implicated in the development of prediabetes. Taken together, the results propose a 

possible explanation of why chronic consumption of a HFHC diet could lead to the development of 

prediabetes. 
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Future recommendations 

In future studies, the histology of the intestinal lining should be studied to assess the effect of a HFHC 

and inflammation on the integrity of the intestinal barrier. 
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BRIDGE 

The first manuscript displayed that chronic consumption of a high-fat high carbohydrate (HFHC) diet 

imbalances the gut microbiota composition thus increasing markers associated with a leaky gut. This 

was evidenced by a significant increase in pathogenic phyla (Bacteroidetes and Proteobacteria) and a 

significant decrease in essential bacteria (Firmicutes). In addition, serum zonulin, plasma 

lipopolysaccharides, soluble CD14, tumor necrosis factor-alpha, interleukin-6, C-reactive protein, and 

intestinal fatty acid-binding protein were significantly increased in the prediabetic state. This resulted 

in subclinical chronic inflammation which was suggested to further compromise the intestinal barrier 

and thus progress the onset of prediabetes. Observing the effect of a HFHC diet in glucose homeostasis 

and markers associated with a leaky gut, led to the second study which sought to investigate the effect 

of a low carbohydrate high unsaturated fat (LCHUF) diet in concentration levels of markers 

associated with a leaky gut and glucose homeostasis. 
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CHAPTER 3: MANUSCRIPT 2 

Prologue 

Chronic consumption of a high-fat high carbohydrate (HFHC) diet results in the development of 

prediabetes. In the previous study in chapter 2, we established that the HFHC diet dysregulates the gut 

microbiota composition, which results in a leaky gut. In the prediabetic state, the subclinical chronic 

inflammation that was observed was suggested to further compromise the intestinal barrier thus 

contributing to insulin resistance. Prediabetes, an intermediary that precedes T2D, has become a 

therapeutic target over the years to reduce the prevalence of metabolic disorders. This condition has 

been reported to be reversible through lifestyle modifications that include moderate exercise and dietary 

intervention involving low amounts of carbohydrates. Therefore, this study sought to investigate the 

effect of a low carbohydrate and high unsaturated fat diet on glucose homeostasis and concentration 

levels of markers associated with a leaky gut. 

The manuscript in chapter 3 is titled “Investigating the effect of a low carbohydrate, high 

unsaturated fat diet on concentration levels of markers associated with a leaky gut and the 

association with glucose homeostasis”. 

 

 

The current manuscript is currently under review in the journal of Nutrition and Diabetes and has been 

formatted according to the journal’s guidelines to authors (see Appendix 3). 
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Abstract 

Background: A high-fat high carbohydrate (HFHC) contribute to the development of prediabetes. This 

condition precedes the onset of type 2 diabetes (T2D). Hence it has become a therapeutic target to 

prevent metabolic disorders such as T2D. Several approaches such as lifestyle modifications that 

include moderate exercise and dietary intervention have been reported to effectively reverse 

prediabetes. This study investigated the effect of a low carbohydrate, high unsaturated fat (LCHUF) 

diet on glucose homeostasis and concentration levels of markers associated with a leaky gut in male 

Sprague Dawley rats. 

Methods: 12 male Sprague Dawley rats ingested a HFHC diet for a period of 20 weeks. After 20 weeks, 

the prediabetic animals were subdivided into two groups to further investigate the effects of diets for 

additional 12 weeks. Group 1 was the prediabetic control group (PD) that remained on a HFHC diet 

and group 2 was prediabetic group that switched to a LCHUF diet (PD+DI). At the end of 32 weeks, the 

fecal samples were analyzed to measure the gut microbiota composition of Firmicutes, Bacteroidetes, 

and Proteobacteria in both animal groups. Furthermore, blood glucose, glycated haemoglobin 

(HbA1c), serum zonulin, plasma LPS, soluble CD14, tumor necrosis factor-alpha, interleukin-6, C- 

reactive protein, and intestinal fatty-acid binding protein concentrations were measured. 

Results: In the PD+DI group, there was a significant increase in the Firmicutes levels and a decrease 

in Bacteroidetes and Proteobacteria compared to the PD group. Blood glucose and HbA1c 

concentration were significantly decreased in the PD+DI group in comparison to the PD group. Serum 

zonulin and plasma sCD14 concentrations in the PD+DI group decreased compared to the PD group, 

while plasma LPS concentrations were similar. A decrease in plasma TNF-α, IL-6, CRP, and IFABP 

concentrations in the PD+DI was observed compared to the PD group. 

Conclusion: Taken together, these results suggest that a LCHUF diet effectively improved glucose 

homeostasis, gut microbiota composition and beneficially reduced risk of insulin resistance observed 

in prediabetic state. 

Keywords: Pre-diabetes, high-fat high carbohydrate, low carbohydrate high unsaturated fat, gut 

microbiota, zonulin, lipopolysaccharides, intestinal permeability 



41  

Introduction 

According to Diabetes Excellence Centre and Endocrinology, Africa currently has 12.1 million people 

with diabetes mellitus, and this number is expected to almost double by the year 2023 (1). The 

prevalence of type 2 diabetes (T2D) has increased rapidly and has been shown to be often preceded by 

prediabetes (2). Prediabetes is an intermediate state that occurs between normal glucose regulation and 

T2D (3). It is diagnosed using specific parameters such as impaired fasting glucose, impaired glucose 

tolerance, or glycated haemoglobin (HbA1c) levels (4, 5). Prediabetes has become a therapeutic target 

to prevent metabolic disorders such as T2D (6, 7). 

The intestinal barrier comprises tight junctions formed between enterocytes and integral proteins such 

as zonulin (8, 9). This protein functions to regulate leakiness in the gut by opening and closing spaces 

between tight junctions (10). Under normal dietary conditions, gut microbiota composition function to 

maintain the intestinal barrier, preventing the entry of toxic luminal substances from the lumen into the 

lamina propria (11). However, in diabetic patients, overconsumption of a high-fat diet has been shown 

to enhance the dysregulation of the intestinal barrier (12). In addition, this diet induces chronic-low 

inflammation in various organs (12, 13). A study conducted in our laboratory showed that chronic 

ingestion of a high-fat-high carbohydrates diet results in prediabetes (14). This diet-induced prediabetes 

has further been associated with changes in intestinal permeability integrity (Dimba et al., 2023). The 

findings from the study conducted by Dimba and colleagues revealed increased levels of markers 

associated with a leaky gut, such as zonulin, endotoxin lipopolysaccharide (LPS), and soluble CD14 

(sCD14) (Dimba et al., 2023). High levels of zonulin cause translocation of endotoxins (LPS), which 

increased secretion of sCD14 and pro-inflammatory cytokines (tumor necrosis factor-α (TNF-α), 

interleukin-6 (IL-6) interferon-y (IFN-y)) (15, 16). These cytokines in response to the translocation, 

stimulate inflammation which decreases insulin-stimulated glucose transport and metabolism in 

adipocytes and skeletal muscles (11). In addition, pro-inflammatory cytokines cause activation of 

nuclear factor kappa B (NF-kB) which in turn activates serine residue of insulin receptor substrate-1 

that causes more inflammation leading to the development of insulin resistance seen in the prediabetic 

stage (17, 18). 

Several studies have shown improved glucose tolerance with continued ingestion of a diet with low 

carbohydrates and high unsaturated fats (19-21). The effect of this diet on intestinal permeability has 

not yet been investigated. Therefore, the current study sought to investigate the effect of a low 

carbohydrate and high unsaturated fat diet on the concentration levels of markers associated with a leaky 

gut. We further investigated the association of the changes in these markers with changes in glucose 

homeostasis. 
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Materials and Methods 

Animal and housing 

Male Sprague-Dawley rats (150-180g), 3 weeks old bred for this study were kept in the Biomedical 

Research Unit (BRU) of the University of KwaZulu-Natal. All animal procedures and housing 

conditions were approved by the Animal Research Ethics Committee of the University of KwaZulu- 

Natal (ethics no: AREC/00003627/2021). The animals were maintained under standard laboratory 

conditions of constant temperature (22±2 °C), relative humidity (55±5%), and illumination (12 h 

light/dark cycle, lights on at 07h00). The level of noise was maintained at less than 65 decibels and the 

animals were allowed access to food and fluids ad libitum. The animals were allowed to acclimatize to 

their new environment for one week while consuming standard rat chow and water before they were 

exposed to a high-fat, high-carbohydrate (HFHC) experimental diet (14). 

Induction of prediabetes 

Male Sprague-Dawley were randomly divided into two diet groups, group A (n=6) and group B (n=6). 

Experimental prediabetes was induced in animals using a protocol previously described by Luvuno et 

al., 2017. Briefly, both groups (A & B) of animals were exposed to a HFHC diet supplemented with 

15% fructose for a period of 20 weeks. After 20 weeks, the American Diabetes Association criteria for 

diagnosis of prediabetes was used to diagnose prediabetes in all animals. Briefly, all animals that would 

exhibit fasting blood glucose concentrations of 5.6 to 7.1 mmol/L, and glycated haemoglobin of 5.7- 

6.4% were considered prediabetic. Group A animals remained on the HFHC diet, while the other 6 

animals in group B were switched to a low carbohydrate, high unsaturated fat (LCHUF) diet. Group B 

was then categorized as the prediabetic group that had dietary intervention (PD+DI). All animals were 

then maintained on their respective diets and monitored for further 12 weeks, as Figure 1 shows below. 
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Figure 1: Schematic diagram showing the experimental design. 

 
Experimental procedures 

Sample collection and Analysis 

Prior to sampling the rats were placed in individual tecniplast metabolic cages. The fecal samples were 

then collected from both groups of rats that were fed a HFHC diet supplemented with 15% fructose and 

the group that had dietary intervention at the end of the experimental period (32 weeks). Once obtained, 

fecal samples were placed into a sterile zip-lock bag. The samples were then transported to Inqaba 

Biotechnology laboratory in cooler boxes containing ice packs for further analysis. Upon arrival, the 

samples were pre-processed for DNA extraction and stored in a Bio Ultra freezer at -80 °C (Labtech, 

Umhlanga, South Africa). Microbial DNA from the samples was extracted using a previously described 

protocol (22). Each pooled DNA sample of the faeces constituted of an equimolar mixture of two 

samples obtained from the same animal. Thereafter, the pools were quantified, then normalized for 

Illumina sequencing. 

Amplification of bacterial 16S rRNA and sequencing 

The bacterial 16S rRNA gene was amplified using M13-tailed target-specific primer with 5’ block. PCR 

Forward Primer: 5′ GTA AAA CGA CGG CCA GT(N) 3′ and PCR Reverse Primer: 5′ CAG GAA 

ACA GCT ATG AC(N) 3′ (Integrated DNA Technologies, Whitehead Scientific). The samples were 

processed aseptically to minimise contamination. We added two non-template controls consisting of 

nuclease free water as well as PCR and sequencing laboratory reagents in place of experimental DNA 
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template were incorporated in the amplification and sequencing steps and processed alongside the test 

samples. Library preparation was performed according to the standard instructions of the 16S 

SMRTbell® prep kit 3.0 (PacificBiosciences, California, USA). Indexed amplicons were quantified 

using Qubit® High Sensitivity dsDNA Assay Kit (Thermo Fisher Scientific) and the sizes of the 

amplicons were visualised using the 4200 TapeStation (Agilent Technologies, Germany). The 

normalized libraries were pooled for sequencing, denatured to single strand using NaOH, then PhiX 

(10%) was added to the library. Libraries were then sequenced using the 16S SMRTbell® prep kit 3.0 

(PacificBiosciences, California, USA). 

 

 
Fasting glucose 

An established laboratory methodology was used to conduct the OGTT on both groups to obtain fasting 

glucose measurements. Briefly, animals were fasted at the end of the 32 weeks for 12 hours and their 

blood was collected using a tail prick method. Glucose concentrations were measured using a OneTouch 

select glucometer (Lifescan, Mosta, Malta, United Kingdom) (23). 

Blood collection 

For an experimental period of 32 weeks, all the animals were anaesthetized with Isofor (100 mg/kg)) 

(Safeline Pharmaceuticals (Pty) Ltd, Roodeport, South Africa) via a gas anaesthetic chamber 

(Biomedical Resource Unit, UKZN, Durban, South Africa) for 3 minutes. Blood was collected by 

cardiac puncture while the rats were unconscious and then injected into individual pre-cooled 

heparinized containers. After that, the blood was centrifuged for 15 minutes at 4°C, 503 g (Eppendorf 

centrifuge 5403, Germany). Plasma was collected and stored at -80 °C in a Bio Ultra freezer (Snijers 

Scientific, Holland) for biochemical analysis. 

Biochemical analysis 

Fasting blood glucose, plasma lipopolysaccharides (LPS), zonulin, and tumor necrosis factor-α (TNF- 

α) concentrations were measured at Lab 24 (Mt. Edgecombe, Durban). Glycated haemoglobin (HbA1c), 

soluble CD14 (sCD14), intestinal fatty acid-binding protein (IFABP), C-reactive protein (CRP), and 

interleukin-6 (IL-6) concentrations were measured using their respective rat-sandwich ELISA kits from 

Elabscience (Wuhan, China) as per manufacturer’s instructions. 

Statistical Analysis 

All data were expressed as means ± S.E.M. Statistical analysis was performed with a Graph Pad InStat 

Software (version 5.00, Graph Pad Software, Inc., San Diego, California, USA) using a student t test to 

determine statistical differences between two independent groups. A value of p < 0.05 was considered 

statistically significant. 
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Results 

Gut microbiota composition 

By comparison with the prediabetic control group, the prediabetic animals that were switched to a 

LCHUF diet (PD+DI) showed a significant increase in Firmicutes and a significant decrease in 

pathogenic phyla (Bacteroidetes and Proteobacteria) (p < 0.0001; Table 1) after 12 weeks. 

Table 1: Gut microbiota composition in PD (HFHC) and PD + DI (LCHUF) diet fed animals (n-6, 

per group) at week 32 of the experiment. 

 

 WEEK 32 

GROUPS 

Gut Microbiota Composition PD (HFHC diet, %) PD + DI (LCHUF diet, %) 

Firmicutes 63.1 ± 0.9 76.1 ± 1.0 * * * 

Bacteroidetes 12.8 ± 0.6 5.6 ± 0.3 * * * 

Proteobacteria 13.6 ± 0.6 11.3 ± 0.5 * * * 

* * * = p < 0.0001 denotes comparison with PD 

 
By comparison with the prediabetic control group, the prediabetic animals that were switched to a 

LCHUF diet (PD+DI) showed a significant decrease in fasting blood glucose and glycated haemoglobin 

(HbA1c) (p < 0.0001; Table 1) after 12 weeks. 

 

Blood glucose and HbA1c 

Table 2: Blood glucose and glycated haemoglobin of rats in week 32 following ingestion of a HFHC 

and LCHUF diets (n=6, per group). 

 

  

WEEK 32 

GROUPS PD (HFHC Diet) PD + DI (LCHUF Diet) 

Blood Glucose (mmol/L) 6.72 ± 0.12 5.4 ± 0.08 * * * 
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HbA1c (%) 6.1 ± 0.07 5.3 ± 0.05 * * * 

* * * = p < 0.0001 denotes comparison with PD 

 

 

 
Serum zonulin 

Figure 2 shows serum zonulin concentration levels measured in both groups: PD and PD+DI after 12 

weeks. The prediabetic animals that were switched to a LCHUF diet (PD+DI) showed a significant 

decrease in serum zonulin by comparison with the prediabetic control (PD) (p < 0.0001). 
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Figure 2: Serum zonulin concentration in the prediabetic control (PD) and prediabetic group with 

dietary intervention (PD+DI) at the end of the experimental period (32 weeks). The values are presented 

as the standard error of mean SEM (n=6, per group). * * * = p < 0.0001 denotes comparison with PD. 

 

 

Plasma lipopolysaccharide (LPS) 

Figure 3 shows plasma lipopolysaccharide concentration levels measured in both groups: PD and 

PD+DI after 12 weeks. The result (Fig.3) showed that there were no significant changes to plasma LPS 

concentration in prediabetic control (PD) and the prediabetic group that was switched to a LCHUF diet 

(PD+DI). 
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Figure 3: Plasma lipopolysaccharide concentration in the prediabetic control (PD) and prediabetic 

group with dietary intervention (PD+DI) at the end of the experimental period (32 weeks). The values 

are presented as the standard error of mean SEM (n=6, per group). 

Plasma soluble CD14 (sCD14) 

Figure 4 shows plasma soluble CD14 concentration levels measured in both groups: PD and PD+DI 

after 12 weeks. The prediabetic animals that were switched to a LCHUF diet (PD+DI) showed a 

significant decrease in plasma sCD14 by comparison with the prediabetic control (PD) (p < 0.0001). 
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Figure 4: Plasma soluble CD14 concentration in the prediabetic control (PD) and prediabetic group 

with dietary intervention (PD+DI) at the end of the experimental period (32 weeks). The values are 

presented as the standard error of mean SEM (n=6, per group). * * * = p < 0.0001 denotes comparison 

with PD. 
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Plasma tumor necrosis alpha (TNF-α) 

Figure 5 shows plasma tumor necrosis alpha concentration levels measured in both groups: PD and 

PD+DI after 12 weeks. The prediabetic animals that were switched to a LCHUF diet (PD+DI) had a 

significant decrease in plasma TNF-α when compared with the prediabetic control (PD) (p < 0.0001). 
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Figure 5: Plasma tumor necrosis alpha concentration in the prediabetic control (PD) and prediabetic 

group with dietary intervention (PD+DI) at the end of the experimental period (32 weeks). The values 

are presented as the standard error of mean SEM (n=6, per group). * * * = p < 0.0001 denotes 

comparison with PD. 

Plasma interleukin-6 (IL-6) 

Figure 6 shows plasma interleukin-6 concentration levels measured in both groups: PD and PD+DI after 

12 weeks. The prediabetic animals that were switched to a LCHUF diet (PD+DI) had a significant 

decrease in plasma IL-6 when compared with the prediabetic control (PD) (p < 0.0001). 
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Figure 6: Plasma interleukin-6 (IL-6) concentration in the prediabetic control (PD) and prediabetic 

group with dietary intervention (PD+DI) at the end of the experimental period (32 weeks). The values 

are presented as the standard error of mean SEM (n=6, per group). * * * = p < 0.0001 denotes 

comparison with PD. 

 

 

Plasma c-reactive protein (CRP) 

Figure 7 shows plasma C-reactive protein concentration levels measured in both groups: PD and PD+DI 

after 12 weeks. The prediabetic animals that were switched to a LCHUF diet (PD+DI) showed a 

significant decrease in plasma sCD14 by comparison with the prediabetic control (PD) (p < 0.0001). 
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Figure 7: Plasma c-reactive protein (CRP) in the prediabetic control (PD) and prediabetic group with 

dietary intervention (PD+DI) at the end of the experimental period (32 weeks). The values are presented 

as the standard error of mean SEM (n=6, per group). * * * = p < 0.0001 denotes comparison with PD. 

 

 

Plasma intestinal fatty-acid binding protein (IFABP) 

Figure 8 shows plasma intestinal fatty-acid binding protein concentration levels measured in both 

groups: PD and PD+DI after 12 weeks. The prediabetic animals that were switched to a LCHUF diet 

(PD+DI) had a significant decrease in plasma IFABP by comparison with the prediabetic control (PD) 

(p < 0.0001). 
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Figure 8: Plasma intestinal fatty acid-binding protein (IFABP) concentration in the prediabetic control 

(PD) and prediabetic group with dietary intervention (PD+DI) at the end of the experimental period (32 

weeks). The values are presented as the standard error of mean SEM (n=6, per group). * * * = p < 

0.0001 denotes comparison with PD. 

 

 

 

 
Discussion 

A diet high in fats and carbohydrates has been shown to result in gut dysbiosis which subsequently 

disrupts the intestinal barrier integrity, thus contributing to the development of a leaky gut (Dimba et 

al., 2023). It is well known that a leaky gut leads to metabolic disorders such as prediabetes (8). 

Prediabetes is a long-lasting condition that often precedes the onset of type 2 diabetes mellitus (T2DM) 

(3). However, studies have indicated that prediabetes is reversible (4, 24). In these studies, they 

employed several strategies, such as lifestyle modifications that include moderate exercise and dietary 

intervention (DI), which effectively reduced the incidence of T2D (24, 25). A study conducted in our 

laboratory developed a high-fat, high carbohydrate (HFHC) diet-induced prediabetic animal model, 

which mimicked the human condition of prediabetes (14, 26). In this model, we found that chronic 

consumption of a HFHC diet dysregulates the composition of the gut microbiota, which causes an 

imbalance between beneficial and unfavorable bacteria leading to what is known as gut dysbiosis 

(Dimba et al., 2023). Furthermore, chronic consumption of this diet causes the translocation of 

pathogens or toxins across the blood, which triggers an inflammatory response that further compromises 

the intestinal lining and other organs (Dimba et al., 2023). In this study, we used this model to 

investigate changes in the concentration level of markers associated with a leaky gut following a change 

in diet to a low carbohydrate, high unsaturated fats (LCHUF) diet for 12 weeks. We further 

investigated the concomitant effect on glucose homeostasis. 
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Consuming a HFHC diet over an extended period of time can cause persistently higher blood glucose 

levels, which may be related to the insulin resistance observed in prediabetes (Dimba et al., 2023). 

Insulin resistance is a common condition in which one body’s cells become less effective in taking up 

blood glucose (27). In this study, the effect of a LCHUF diet on glucose homeostasis was investigated 

in a HFHC diet-induced animal model. A significant decrease in fasting blood glucose was observed in 

animals that changed their diet to a LCHUF in comparison to those that remained on a HFHC diet. 

The findings suggest that a LCHUF diet had a beneficial effect on blood glucose regulation. Moreover, 

decreased glycated haemoglobin (HbA1c) concentration in the prediabetic group that was switched to 

a LCHUF diet in comparison to the prediabetic control group was observed in this study. This 

observation along with a decrease in fasting blood glucose concentration suggests that a LCHUF diet 

might have improved insulin sensitivity. In the prediabetic state, the cells are reported to have not 

completely lost their sensitivity to insulin however, it is a slow progression that occurs due to the 

impairment of the insulin signalling pathway (2). Therefore, considering a lower HbA1c and fasting 

blood glucose there is reason to believe that a LCHUF diet may prove more efficacious in reversing or 

delaying the onset of prediabetes and its progression to T2D. 

The gut microbiota is composed of different bacterial phylum, including Firmicutes, Bacteroidetes, 

Actinobacteria, Proteobacteria, and Tenericutes (28, 29). They all play an essential role in the intestinal 

homeostasis of a host. They provide defense against harmful microbes, break down toxic compounds, 

improve the immune system, and allow the absorption of ions and vitamins (16, 30, 31). According to 

a previous study, the HFHC diet is one of the major factors influencing the composition of the gut 

microbiota as previously discussed (16, 25, 32). However, a low carbohydrate diet has been shown to 

re-establish healthy gut microbiota thus stimulate gut health (33). The findings reported by Attaye et 

al., 2021 correlate with this study, which showed a significant increase of Firmicutes and a decrease of 

Bacteroidetes and Proteobacteria in the prediabetic group that had dietary intervention in comparison 

to the prediabetic control group that continued with HFHC diet. The phylum Firmicutes provide a 

protective function of the intestinal barrier and protect the intestine from inflammation (30). In contrast, 

pathogenic phylum including Bacteroidetes and Proteobacteria exacerbate inflammation in the gut and 

contribute to the onset of metabolic disorders (34, 35). We speculate that a reduction of pathogenic 

phyla and upregulation of Firmicutes improved normal intestinal homeostasis thus reducing 

inflammation in the gastrointestinal tract. 

In this study, the effect of a low carbohydrate high unsaturated fat diet on zonulin, a protein that can 

reversibly regulate IP by modulating tight junctions was investigated (36). According to existing 

literature, this protein gets triggered or get stimulated on epithelium cells by pathogenic bacteria, gluten, 

or, more specifically, its two components, gliadin, and glutenin (10, 37). In addition, a recent study 

from our laboratory reported that high levels of harmful bacteria trigger zonulin expression and these 

findings agree with the observations of the previous literature (Dimba et al., 2023). In the present study, 
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we observed a significant decrease in serum zonulin concentration in the prediabetic group that was 

switched to a LCHUF diet in comparison to the prediabetic control group that remained on a HFHC 

diet. These findings observed in the current study further support previous research, which reported that 

a low carbohydrate diet might promote the proliferation of beneficial species and improve gut 

permeability by keeping the intestinal barrier intact (33). Moreover, the result suggests that a LCHUF 

diet can effectively reduce pathogenic bacteria colonization thereby decreasing the expression of 

zonulin. 

Increased zonulin expression upon chronic consumption of a high-fat high, carbohydrate diet causes a 

leaky gut (Dimba et al., 2023). It also enhances the translocation of toxic substances such as 

lipopolysaccharides (LPS), peptidoglycan, and food components from the lumen into the bloodstream 

(12, 38). In the current study, LPS, a marker associated with increased IP, was observed. LPS is a 

bacterial endotoxin derived from gram-negative bacteria species (39). In this study, there was no 

significant difference in plasma LPS concentrations observed between the prediabetic group that was 

switched to a LCHUF diet and the prediabetic control group. A possible reason for the observed result 

may be because a LCHUF diet effectively reduced the expression of zonulin, which improved the 

integrity of the tight junction and reduced toxins such as LPS from being translocated into the lamina 

propria. However, to further understand if these animals indeed had any changes in concentration levels 

of plasma LPS in their circulation, we measured sCD14 a co-receptor of LPS (40). According to Shive 

et al., 2015, the secretion of sCD14 from immune cells is induced by LPS, hence its high plasma levels 

were speculated to indicate LPS exposure (41, 42). We found a significant decrease in plasma sCD14 

in the prediabetic group that was switched to a LCHUF diet in comparison to the prediabetic control 

group that remained on a HFHC diet. We, therefore, speculate that a decrease in the secretion of sCD14 

from the immune cells is due to less LPS exposure in the bloodstream. 

Studies have shown that the innate and adaptive immune systems are constantly activated by circulating 

toxins and luminal antigens in the blood (36, 39). However, this protective mechanism has been shown 

to negatively impact or further compromise the intestinal barrier and extraintestinal organs in the 

prediabetic state (Dimba et al., 2023). According to the literature, bacterial endotoxins and antigens in 

the circulation induce a release of pro-inflammatory cytokines such as tumor necrosis factor-α (TNF- 

α), interleukin-6 (IL-6), interferon-y (IFN-y) and c-reactive protein (CRP) (8). TNF-α increases 

paracellular permeability by binding to TNF-receptor 2 which activate the myosin light chain in 

intestinal epithelial cell (43). This activation removes transmembrane proteins such as claudin-1 from 

tight junctions thus promoting occluding degradation (44, 45). The potential mechanism through which 

IFN-y modulates epithelial tight junction barrier is by rearranging cytoskeletal, protein expression, and 

localization of tight junctions (46). Furthermore, these cytokines are responsible for the 

pathophysiological effect of clinical and subclinical inflammation, which is suggested as a mediator of 

insulin resistance (27, 47, 48). They result in insulin resistance by activating the c-Jun-N-terminal (JNK) 
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and inhibitor kappa B kinase (IKKβ) (49-51). This activation results in serine phosphorylation of insulin 

receptor-1 (IRS-1) and insulin receptor-2 (IRS-2), which subsequently interferes with the insulin 

signaling pathway (49-51). Therefore, a decrease in plasma LPS concentration observed in this study 

correlates with the observed decreased concentration levels of the plasma TNF-α, IL-6, and CRP in the 

prediabetic group that was switched to a LCHUF diet in comparison to the prediabetic control group 

that remained on a HFHC diet. These observations suggest that the immune response eventually gets 

less triggered or activated as the leakiness of the bacterial toxins across the gut into circulation reduces. 

Increased intestinal permeability and low-grade inflammation have been shown to be associated with 

many intestinal disorders, including irritable bowel syndrome, inflammatory bowel disease, and celiac 

disease (15). Patients which suffered from these disorders were reported to have high levels of pro- 

inflammatory cytokines (TNF-α, IL-6, IFN-y) and intestinal fatty acid-binding protein (IFABP) (52- 

54). IFABP is a useful marker of intestinal damage, as it is mainly expressed in epithelial cells of the 

small intestine mucosal layer (52, 55). According to the literature, increased concentrations of IFABP 

only get translocated into the circulation following enterocyte and epithelial cell damage (40, 55, 56). 

A study conducted in our laboratory using diet-induced prediabetic rat models showed a significant 

increase concentration level of plasma IFABP in the prediabetic state (Dimba et al., 2023). This study 

speculated that the intestinal barrier, enterocytes, and tight junctions were compromised during this 

stage, and these animals were certainly at risk of developing chronic disease (Dimba et al., 2023). 

Notably, in the current study, the prediabetic group that was switched to a LCHUF diet showed a 

significant decrease in plasma IFABP concentration compared to the pre-diabetic control group that 

remained on a HFHC diet. These findings might indicate that the pre-diabetic animals that had dietary 

intervention have a lower risk of developing the intestinal disease as the inflammatory response gets 

less triggered, supported by the previously discussed result of decreased plasma LPS, TNF-α, IL-6, and 

CRP concentration (25). This may have allowed the epithelial integrity to be restored by replacing and 

regenerating any damaged cells with new ones from the intestinal crypt (57). However, a recent study 

showed that there is no short-term cure for maintaining normal intestinal flora (40). So, depending on 

the situation, it may take up to three to six months to completely develop an adequate intestinal barrier, 

but only if dietary interventions are carefully implemented (40). 

Conclusion 

In this study, a low carbohydrate, high unsaturated fat (LCHUF) diet effectively improved glucose 

homeostasis in the pre-diabetic state. Dietary changes were made to target a leaky gut and to reduce the 

incidence of T2D. The effect of a LCHUF diet markedly improved gut microbiome composition, 

evidenced by a decrease of Firmicutes and an increase of Bacteroidetes and Proteobacteria. These 

findings reduce the release of serum zonulin and its effect of dissembling the tight junctions. This is 

evidenced by a decrease in plasma LPS and sCD14 concentration. In addition, these results were 

accompanied by a decrease in plasma TNF-α, IL-6, CRP, and IFABP indicating another beneficial 
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effect of this diet on reducing intestinal inflammation, risk of insulin resistance, and intestinal disorders 

in diet-induced pre-diabetic rats. 

Future recommendations 

In future studies, the histology of the intestinal lining and mucosal tight junctions, which were 

postulated to be modulated by elevated zonulin in the pre-diabetic state should further be validated on 

whether they are fully restored after switching to a LCHUF diet. 
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CHAPTER 4: SYNTHESIS AND CONCLUSION 

Type 2 diabetes mellitus (T2DM) is a major public health concern worldwide (1). The increased 

prevalence of this condition has been shown to be positively correlated with chronic consumption of 

high-calorie diets (2). The onset of type 2 diabetes (T2D) is often preceded by a long-lasting, 

asymptomatic condition known as prediabetes (3). Various complications, including intestinal 

permeability (IP), also known as a leaky gut, are seen in T2D (4). Increased IP is a condition in which 

the intestinal lining becomes more permeable, allowing the translocation of toxins and partially 

undigested food from the lumen into the lamina propria (5). Diets high in either dietary fats or 

carbohydrates have been considered a contributing factor to the dysregulation of the intestinal barrier 

and its tight junctions (6, 7). It has been postulated that this is driven by a dysregulation in gut microbiota 

(8). These types of diets cause an overgrowth of harmful bacteria that increases inflammation in the 

digestive tract (9). The increase of harmful bacteria results in decreased diversity of good bacteria that 

function to protect the intestinal barrier against inflammation, which leaves the intestinal permeability 

compromised (8, 10). However, there are no studies that have been done to investigate the association 

between intestinal permeability and the development of prediabetes. Hence, the first manuscript of this 

study aimed to investigate the effect of a high-fat high carbohydrate diet on gut microbiota composition 

and the association between prediabetes and markers associated with a leaky gut. Previous studies have 

shown prediabetes to be reversible (11). The management of prediabetes relies heavily on lifestyle 

modification that includes moderate exercise and dietary interventions that involve the use of a low 

amount of carbohydrates and a high amount of unsaturated fats (11, 12). However, the effect of such 

diets on intestinal permeability in the pre-diabetic state remains unknown. Therefore, the second 

manuscript of this study sought to investigate the effect of a low carbohydrate, high unsaturated fat 

(LCHUF) diet on the concentration level of markers associated with a leaky gut and its concomitant 

effect on glucose homeostasis. 

In our laboratory, we have created a HFHC-diet induced animal model of prediabetes that has been 

shown to mimic the human condition (13). In this model, the animals developed prediabetes after 

ingesting a HFHC diet for 20 weeks (13). In the first manuscript of this study, this was evidenced by a 

significant increase in fasting blood glucose concentration in the pre-diabetic group (PD) in comparison 

to the non-pre-diabetic group (NPD). These results were accompanied by a significant increase in 

plasma insulin in the PD group compared to the NPD group. These findings suggest that the pancreatic 

beta-cells increased insulin secretion to compensate for high blood glucose concentration in the pre- 

diabetic state (3, 14). However, due to chronic consumption of a HFHC diet, blood glucose continues 

to be elevated in the circulation, which could result in pancreas exhaustion as the condition progresses 

to T2D (3). 



59  

It has been shown previously that increased consumption of a high-calorie diet not only contributes to 

the progression of T2D but can also compromises intestinal permeability (10, 15). A high-calorie diet 

negatively impacts the gut microbiome by enriching the gut with gut-disrupting bacteria resulting in gut 

dysbiosis. An increase of gut-disrupting bacteria modulates intestinal permeability by altering the 

intestinal epithelial cells and tight junctions resulting in the translocation of toxin from the lumen to the 

circulation, which induces inflammation that further compromise the intestinal barrier (10, 16). In this 

study, we observed a significant increase in pathogenic phyla (Bacteroidetes and Proteobacteria) and 

a significant decrease in Firmicutes in the PD group in comparison to the NPD group. This suggests 

that a HFHC diet may have effectively shifted the maintained gut microbiome, which caused pathogenic 

bacteria to become overwhelmed and outcompete the essential bacteria (Firmicutes) that protect the 

intestinal barrier (17). The gut dysbiosis observed in this study could leave the intestinal barrier 

compromised, evidenced by a significant increase in serum zonulin concentration in the PD group 

compared to the NPD group. Zonulin is a family protein that reversibly regulates intestinal permeability 

by modulating intercellular tight junctions (18). This protein is used as a biomarker to measure the 

disruption of the tight junctions (19). The increased concentration of serum zonulin suggests increased 

permeability in the PD group, which could possibly result in the translocation of endotoxins, luminal 

antigens, and antimicrobial substances. 

To evaluate if there had been increased translocation of endotoxin in the PD group, a biomarker called 

lipopolysaccharide was measured in this study. We observed no significant change in plasma LPS 

concentration in the PD group compared to the NPD group. This observation correlates with the findings 

of a previous study that reported that LPS has a half-life of 2-4 minutes in the blood. It acts as a strong 

stimulator of an immune response (20). Therefore, it is rapidly detoxified and cleared by the liver(20).  

So, another way to observe whether there had been increased translocation, soluble CD14 (sCD14), a 

co-receptor of LPS, which in high levels is reported to indicate LPS exposure was measured (21, 22). 

The diet-induced pre-diabetic animal group had a significant increase in sCD14 in comparison to the 

NPD group. This suggests that there was increased translocation of endotoxins as evidenced by the 

sCD14 elevation during the pre-diabetic state, although plasma LPS concentration has been shown to 

be unchanged in both groups. 

Increased translocation of endotoxins has also been associated with low-grade inflammation, which has 

been shown in previous studies to be associated with prediabetes and T2D (23, 24). We found a 

significant increase of pro-inflammatory cytokines such as tumor necrosis-alpha (TNF-α), interleukin 

6 (IL-6), and C-reactive protein (CRP) in the PD group in comparison to the NPD group. These results 

may have been caused by the translocation of plasma LPS into the blood, which exacerbates 

inflammation (23, 25). The sub-clinical chronic inflammation observed in this state has also been 

postulated to cause insulin resistance, thus contributing to the development of T2D (26). We further 

observed a significant increase in plasma intestinal fatty acid-binding protein (IFABP) in the PD group 
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in comparison to the NPD group. IFABP is an intracellular protein found in epithelial cells, which in 

high levels is speculated to indicate enterocyte and mucosal tissue damage and it is associated with 

several intestinal disorders such as coeliac disease and irritable bowel syndrome (27-29). We speculate 

that the pre-diabetic animals may have a higher risk of developing minor intestinal disease supported 

by the observed result of increased plasma IFABP. For the first time, this chronic ingestion of a HFHC 

diet dysregulates the gut microbiota composition, thus increasing markers associated with a leaky gut 

which results in a subclinical chronic inflammation that further progresses the onset of prediabetes. 

The animals in the first manuscript developed prediabetes after ingesting a HFHC diet for 20 weeks. 

They were also reported with a dysregulated gut microbiome. After 20 weeks, the pre-diabetic animals 

were subdivided into two groups; the pre-diabetic control group continued ingesting the HFHC diet. 

The other pre-diabetic group switched to a low carbohydrate high unsaturated fat (LCHUF) diet. Both 

groups were further observed for 32 weeks. Observing the effect of a HFHC diet in the first manuscript 

resulted in a need to investigate the effect of other types of diets on glucose homeostasis and markers 

associated with a leaky gut. Banting, Atkins, and the ketogenic diets involve the use of a low amount 

of carbohydrates and a high amount of unsaturated fats (30). They all have been used in previous 

studies, and they were reported to manage prediabetes and its complications (31, 32). Therefore, in the 

second manuscript, a low carbohydrate high unsaturated fat (LCHUF) diet was used to investigate its 

concomitant effect on glucose homeostasis. We further investigated changes in the concentration level 

of markers associated with increased intestinal permeability. The pre-diabetic group that was switched 

to a LCHUF diet showed a significant decrease in fasting blood glucose and glycated hemoglobin in 

comparison to the pre-diabetic control that remained on the HFHC diet for additional 12 weeks. These 

findings suggest that a LCHUF diet effectively improved blood glucose regulation and insulin 

sensitivity, which caused cells to effectively take up glucose. Prediabetes in this study was specifically 

targeted to reduce or delay the onset of metabolic disorders such as T2D. Therefore, with the observed 

results there is a reason to believe that a LCHUF diet effectively reversed prediabetes. 

This led to the next observation in this study which was to look at the effect of a LCHUF diet on gut 

microbiota composition and markers associated with microbial translocation. It was found that the pre- 

diabetic group that was switched to a LCHUF diet showed a significant decrease in pathogenic phyla 

(Bacteroidetes and Proteobacteria) in comparison to the pre-diabetic control group that remained on a 

HFHC diet. We also observed a significant increase in Firmicutes in the pre-diabetic group that had 

dietary intervention (LCHUF diet) compared to the pre-diabetic control group that remained on a HFHC 

diet. We speculate that the reduction of pathogenic phyla and upregulation of Firmicutes improved 

normal intestinal homeostasis, thus reducing the permeability of the intestine. This was further 

evidenced by a significant decrease in serum zonulin concentrations in the pre-diabetic group that was 

switched to a LCHUF diet by comparison with the pre-diabetic control group that remained on a HFHC 

diet. The observed result correlates with a previous study that showed that a low carbohydrate diet 
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promotes the proliferation of beneficial species, thus improving intestinal integrity (33). These results 

confirmed that a LCHUF diet effectively reduced pathogenic bacteria colonization seen by a decrease 

in serum zonulin concentration. 

A significant decrease in serum zonulin may have indicated that the translocation of toxic substances 

and luminal antigens across the lumen was reduced. However, in this study, there were no significant 

changes in plasma LPS in both group. A possible reason for the observed result may be that the integrity 

of the tight junction improved in the pre-diabetic state. This led to a need to further investigate whether 

there were any changes in the concentration level of plasma LPS. According to a previous study, soluble 

CD14 (sCD14) a co-receptor of LPS is secreted from the immune cell, and its high levels are speculated 

to indicate LPS exposure (21, 22). We found a significant decrease in plasma sCD14 in the pre-diabetic 

group that was switched to a LCHUF diet in comparison to the pre-diabetic control group that remained 

on a HFHC diet. We, therefore, speculate that a decrease in the secretion of sCD14 is due to less LPS 

exposure in the circulation. 

In the first manuscript, the pro-inflammatory cytokines such as tumor necrosis-alpha (TNF-α), 

interleukin (IL-6), and C-reactive protein (CRP) were significantly increased in the pre-diabetic state 

(Dimba et al., 2023). The pro-inflammatory cytokines were reported to be triggered by circulating 

endotoxins and other microbial compounds in the bloodstream (Dimba et al., 2023). However, in the 

second manuscript, we observed a significant decrease in concentration levels of plasma sCD14 and 

LPS, which correlates with the observed significant decrease of plasma TNF-α, IL-6, and CRP in the 

pre-diabetic group that was switched to a LCHUF diet in comparison to the pre-diabetic control group 

that remained on a HFHC diet. These findings suggest that the immune system is less triggered as fewer 

toxins are being translocated into the blood. 

IFABP is a useful marker of intestinal damage, as it is mainly expressed in epithelial cells of the small 

intestine mucosal layer (29, 34). According to the literature, increased concentrations of IFABP only 

get translocated into the circulation following enterocyte and epithelial cell damage (27-29). To 

investigate intestinal damage at this state, IFABP was measured. The pre-diabetic group that was 

switched to a LCHUF diet showed a significant decrease in plasma IFABP concentration in comparison 

to the pre-diabetic control group that remained on a HFHC diet. We, therefore, speculate that diet- 

induced pre-diabetic animal models have a lower risk of developing intestinal disease supported by a 

decrease in pro-inflammatory cytokines. For the first time, a LCHUF diet effectively delayed the 

onset of prediabetes and thus prevented metabolic disorders such as T2D. In addition, this diet 

improved gut microbiota composition and positively changed the concentration levels of markers 

associated with increased intestinal permeability, and also prevented a leaky gut condition. 

The findings in the first manuscript showed that chronic consumption of a high-fat high carbohydrate 

(HFHC) diet results in the development of prediabetes. This was evidenced by a significant increase in 
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fasting blood glucose and insulin concentration. The findings in manuscript two showed that switching 

from a HFHC diet to a low carbohydrate high unsaturated fat (LCHUF) diet can effectively reverse or 

delay the onset of prediabetes. This was evidenced by a significant decrease in fasting blood glucose 

and glycated haemoglobin (HbA1c) concentration. Both these studies also observed the effect of diets 

(HFHC/LCHUF) on the concentration level of markers associated with a leaky gut. In the first 

manuscript, the pre-diabetic animal model was reported with increased intestinal permeability as one 

of the complications that begin during this stage. This observation showed that gut microbiota 

composition plays a significant role in the development of a leaky gut so as in the progression of 

prediabetes to T2D. In the second manuscript, significant changes in concentration levels of markers 

associated with a leaky gut were observed following a change to a LCHUF diet. The findings 

observed further support that gut microbiota composition is one factor that is mostly affected by diets 

(HFHC/ LCHUF). 

As shown in figure 1 (Barnette et al., 2020), chronic consumption of a HFHC diet results in the 

development of prediabetes, and insulin resistance is observed during this state. The HFHC diet is 

shown to also cause gut dysbiosis (↓ Firmicutes, ↑ Proteobacteria, ↑Bacteroidetes), which causes 

increased intestinal permeability shown by increased serum zonulin concentration. This enhances the 

translocation of plasma LPS thus inducing secretion of plasma sCD14. LPS in the blood increase 

expression of pro-inflammatory cytokines (TNF-α, IL-6, CRP) as well as increased IFABP resulting in 

a subclinical chronic inflammation that further compromises the gut increasing the risk of developing 

prediabetes. In the pre-diabetic animal model, switching diet from a HFHC diet to a LCHUF diet for an 

additional 12 weeks decreased fasting blood glucose and HbA1c concentration, which improved insulin 

sensitivity and glucose homeostasis → reversed prediabetes. A LCHUF diet effectively proliferated 

beneficial bacteria and prevented gut dysbiosis (↑ Firmicutes, ↓ Proteobacteria, ↓ Bacteroidetes). 

Decreased pathogenic phyla reduced serum zonulin concentration which kept the intestinal barrier and 

its tight junction intact. This caused less leakiness of toxic substances in circulation. This was evidenced 

by a significant decrease in plasma LPS, sCD14, and pro-inflammatory cytokines (TNF-α, IL-6, CRP) 

and IFABP. These findings reduced inflammatory response, enterocyte/ mucosal tissue damage as well 

as the risk of developing prediabetes. 
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Figure 1: Diagram illustrating the effect of diets (HFHC/ LCHUF) on glucose homeostasis and gut 

microbial composition adapted from Barnette et al., 2020. 

HFHC Diet 

 

End of 

study 2 

 

Beginning 

of study 1 

 

Beginning 

of study 2 

Normoglycemia   Reversed PD 

↑ Subclinical chronic inflammation 

LCHUF 

Diet 

Activation of cytokines ↑ (TNF-α, 

IL-6, CRP) and ↑IFABP 

Improved gut microbiota: ↑ Firmicute, ↓ 

Bacteroidetes & Proteobacteria) 

↓ Zonulin 
Translocation of 

LPS and ↑ SCD14 

↓ translocation of LPS and ↓ SCD14 

↓ Subclinical chronic inflammation 



64 
 

Conclusion 

In conclusion, the first manuscript showed that chronic ingestion of a HFHC diet dysregulates the gut 

microbiota composition, thus increasing markers associated with a leaky gut, resulting in a subclinical 

chronic inflammation that further progresses the onset of prediabetes. The second manuscript showed 

that the most effective way of delaying or reversing the onset of prediabetes or combating a leaky gut 

problem is through ingesting a LCHUF diet. This diet effectively improved blood glucose 

homeostasis and maintained balance in the gut microbiome. Taken together, the findings of this 

dissertation show how the type of diets that are consumed influence the gut microbiota, which in turn 

influences intestinal permeability. The changes in intestinal permeability influence the entry of 

pathogens, which determines the amount of chronic inflammation in the body. This in turn, affects the 

sensitivity of peripheral tissues to insulin. 

 

 

Shortfalls and future studies 

In the first manuscript, we investigated the effect of a HFHC diet on glucose homeostasis and markers 

associated with a leaky gut. We established that chronic consumption of a HFHC dysregulates the gut 

microbiota composition, thus increasing the translocation of endotoxins in the circulation. This results 

in subclinical inflammation that further progresses prediabetes. In the second manuscript, we 

investigated changes in concentration levels of markers associated with a leaky gut and glucose 

homeostasis following a change in diet to a LCHUF. We established that switching from a HFHC diet 

to a LCHUF diet can effectively improve balance in the gut microbiome and reverse prediabetes. In 

both manuscripts, we observed that gut microbiota composition is mainly affected by the type of diets 

consumed, which then progresses all these complications that were previously discussed and observed. 

Both manuscripts could have looked at the histology of the intestinal lining however, due to budget 

constraints this was not possible. Therefore, it is recommended that in future studies, the histology of 

the intestinal lining be studied to assess the effect of a HFHC and inflammation on the integrity of the 

intestinal barrier. We also recommend histology sections of the intestinal integrity and mucosal tight 

junctions, which were postulated to be modulated by elevated zonulin in the pre-diabetic state to be 

further validated on whether they are fully restored after switching to a LCHUF diet. 
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Article: An Article is a substantial, in-depth, novel research study of interest to the readership of the 
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max. 300 words; Main body of text (excluding abstract, tables/figures, and references) not to exceed 

4,000 words; Max 6 tables or figures; Max 60 references 
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Specifications: Unstructured abstract max. 200 words; Main body of text (tables/figures, and 

references) not to exceed 1,500 words; Max 2 tables or figures; Max 20 references 
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approach the issue/situation being discussed, c) the authors thoughts on what is necessary to move 
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enquiries are also welcome. Please contact the editorial office. 
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tables/figures, and references) not to exceed 7,500 words; Max 8 tables or figures; Max 120 
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Mini-Review: Mini-reviews should follow the guidelines provided for a full review but can focus on a 

more niche topic/ provide a much more succinct survey of recent developments in the field and on 

what is necessary to move the field forward in the future. 

Specifications: Unstructured abstract max. 150 words; Main body of text (excluding abstract, 

tables/figures, and references) not to exceed 3,000 words; Max 6 tables or figures; Max 50 

references 

Correspondence: Correspondence provides readers with a forum for comment on papers published 

in a previous issue of the journal or to address new issues relevant to the research community. 

Specifications: No abstract required; Main body of text (tables/figures, and references) not to exceed 

500 words; Max 2 tables or figures; Max 10 references 

Editorial: By Editor invitation only. Proposals for Editorials may be submitted; authors should only 

send an outline of the proposed paper for initial consideration.Please contact the editorial office to 

propose an idea. 

Specifications: No abstract required; Main body of text (tables/figures, and references) not to exceed 

1,000 words; Max 2 tables or figures; Max 10 references 

Technical Report: Technical Reports are articles that address areas of more methodological interest. 

The contents of these Reports must have the same level of scientific rigour expected of an Article. 

Specifications: Structured abstract max. 300 words; Main body of text (excluding abstract, 
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tables/figures, and references) not to exceed 2,500 words; Max 4 tables or figures; Max 

25 references 

Preparation of Articles 

House Style: Authors should adhere to the following formatting guidelines 

 Text should be double spaced with a wide margin. 

 All pages and lines are to be numbered. 

 Do not make rules thinner than 1pt (0.36mm). 

 Use a coarse hatching pattern rather than shading for tints in graphs. 

 Colour should be distinct when being used as an identifying tool. 

 Spaces, not commas should be used to separate thousands. 

 At first mention of a manufacturer, the town (and state if USA) and country should be 

provided. 

 Statistical methods: For normally distributed data, mean (SD) is the preferred summary 

statistic. Relative risks should be expressed as odds ratios with 95% confidence interval. To 

compare two methods for measuring a variable the method of Bland & Altman (1986, Lancet 

1, 307–310) should be used; for this, calculation of P only is not appropriate. 

 Units: Use metric units (SI units) as fully as possible. Preferably give measurements of energy 

in kiloJoules or MegaJoules with kilocalories in parentheses (1 kcal = 4.186kJ). Use % 

throughout. 

 Abbreviations: On first using an abbreviation place it in parentheses after the full item. Very 

common abbreviations such as FFA, RNA, need not be defined. Note these abbreviations: 

gram g; litre l; milligram mg; kilogram kg; kilojoule kJ; megajoule MJ; weight wt; seconds s; 

minutes min; hours h. Do not add ‘s’ for plural units. Terms used less than four times should 

not be abbreviated. 

 People friendly language: Nutrition & Diabetes would like to encourage its authors to use 

people friendly language in the articles published in the journal. Thus, we encourage 

authors to use terms such as 'people with overweight or obesity' in manuscripts submitted 

to the journal. 

Cover Letter: Authors should provide a cover letter that includes the affiliation and contact 

information for the corresponding author. Authors should briefly discuss the importance of the work 

and explain why it is considered appropriate for the diverse readership of the journal. The cover 

letter should confirm the material is original research, has not been previously published and has not 

been submitted for publication elsewhere while under consideration. If the manuscript has been 

previously considered for publication in another journal, please include the previous reviewer 

comments, to help expedite the decision by the Editorial team. Please also include a 

Competing Interests statement - see Editorial Policies for more details. 
 

Title Page: The title page should contain: 

 Title of the paper - brief, informative, of 150 characters or less and should not make a 

statement or conclusion 
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 Running title – should convey the essential message of the paper in no more than 50 

characters. Should not contain any abbreviations 

 Full names of all the authors and their affiliations, together with e-mail address of the 

corresponding author. If authors regard it as essential to indicate that two or more co- 

authors are equal in status, they may be identified by an asterisk symbol with the caption 
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Large Language Models (LLMs), such as ChatGPT, do not currently satisfy our authorship criteria. 

Notably an attribution of authorship carries with it accountability for the work, which cannot be 

effectively applied to LLMs. Use of an LLM should be properly documented in the Methods section 

(and if a Methods section is not available, in a suitable alternative part) of the manuscript. 

Abstract: Articles must be prepared with an unstructured abstract designed to summarise the 

essential features of the paper in a logical and concise sequence. 

Graphical Abstracts (optional): A graphical abstract, which summarizes the manuscript in a visual 

way, is designed to attract the attention of readers in the table of contents of the journal. Files 

should be uploaded as a ‘Figure’ and be labelled ‘Graphical abstract’. A standard file format (.tiff, 

.eps, .jpg, .bmp, .doc, or .pdf.) should be used, and the graphic should be 9 cm wide x 5 cm high 

when printed at full scale and a minimum of 300 dpi. All graphical abstracts should be submitted 

with a white background and imagery should fill the available width, whenever possible. Colour 

graphical abstracts are encouraged and will be published at no additional charge. Textual statements 

should be kept to a minimum. 

Introduction: The Introduction should assume that the reader is knowledgeable in the field and 

should therefore be as brief as possible but can include a short historical review where desirable. 

Materials/Subjects and Methods: This section should contain sufficient detail, so that all 

experimental procedures can be reproduced, and include references. Methods, however, that have 

been published in detail elsewhere should not be described in detail. Authors should provide the 

name of the manufacturer and their location for any specifically named medical equipment and 

instruments, and all drugs should be identified by their pharmaceutical names, and by their trade 

name if relevant. 

Results: The Results section should briefly present the experimental data in text, tables or figures. 

Tables and figures should not be described extensively in the text. 

Discussion: The Discussion should focus on the interpretation and the significance of the findings 

with concise objective comments that describe their relation to other work in the area. It should not 

repeat information in the results. The final paragraph should highlight the main conclusion(s), and 

provide some indication of the direction future research should take. 

Acknowledgements: These should be brief, and should include sources of support including 

sponsorship (e.g. university, charity, commercial organisation) and sources of material (e.g. novel 

drugs) not available commercially. 
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up to several sentences long, describing the tasks of individual authors referred to by their initials. 
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