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Introduction: Type 2 diabetes mellitus (T2DM) is associated with an increased risk of cardiovascular diseases (CVD). However, the onset of T2DM is preceded by prediabetes, which is associated with sedentary lifestyles and consumption of high-calorie diets. Studies have shown that impaired glucose homeostasis creates an environment for developing T2DM-related complications. Using a high-fat-high-carbohydrate diet-induced prediabetes animal model, this study sought to assess the risk factors of coronary heart disease (CHD) in diet-induced prediabetes and identify biomarkers that can be used for early detection of prediabetes-associated CHD.

Methods: Male Sprague Dawley rats were randomly grouped into two groups and were kept on different diets for 20 weeks (n = 6 in each group). One group was fed standard rat chow to serve as a non-prediabetes (NPD) control, while the other group consumed a high-fat-high-carbohydrate diet to induce prediabetes (PD). Post induction, the homeostasis model assessment- insulin resistance (HOMA-IR) and glycated haemoglobin (HbA1c) was used to test for insulin resistance. Body weight, mean arterial pressure (MAP), resting heart rate (HR), inflammatory cytokines (C-reactive protein (CRP), tumor necrosis factor (TNF-α), interleukin-6 (IL-6)), lipids (total cholesterol (TC), triglyceride (TG), lipoproteins (HDL, LDL, VLDL)), endothelial function (endothelial nitric oxide (eNOS), endothelin -1 (ET-1)), fibrinolysis (plasminogen activator inhibitor-1 (PAI-1)) were all measured to assess the risk of CHD. All data were expressed as means ± S.E.M. Statistical comparisons were performed with Graph Pad. Instat Software using Student’s two-sided t-test. The Pearson correlation coefficient and linear regression were calculated to assess the association. The value of p < 0.05 was considered statistically significant.

Results: There was significant insulin resistance accompanied by significantly increased HbA1c and body weight in PD compared to NPD. Simultaneously, there was a significant increase in inflammatory cytokines in PD compared to NPD. This was accompanied by significantly increased TG and VLDL and endothelial dysfunction in PD. The association between HOMA-IR and PAI-1 was insignificantly positive in NPD, whereas a significantly strong positive association was observed in PD.

Conclusion: There is a positive correlation between insulin resistance and PAI-1 during prediabetes; therefore, suggesting that prediabetes increases the risk of developing vascular thrombosis. The current therefore study warrants further investigation on PAI-1 and other markers of fibrinolysis for the early detection of thrombosis and risk of CHD in prediabetes.

KEYWORDS
 prediabetes, high-fat-high-carbohydrate diet, cardiovascular diseases, C-reactive protein, biomarker, endothelin-1, plasminogen activator inhibitor-1


Introduction

Type 2 diabetes mellitus (T2DM)-related complications have been shown to begin during prediabetes, an asymptomatic state of intermediate hyperglycemia where blood glucose levels are above normal but below the threshold of T2DM (1). Prediabetes can be described as having impaired fasting glucose (IFG), impaired glucose tolerance (IGT) as well as glycated haemoglobin (HbA1c) (2). However, the inclusion criteria and cut-off values for the diagnosis of prediabetes vary within organizations such as the American Diabetes Association (ADA), World Health Organization (WHO) and the International Diabetes Federation (IDF) and this affects the prevalence and incidence data for this condition (3). The global prevalence of prediabetes in 20-79-year-olds defined by IGT in 2021 was 9.1% (464 million) and is projected to reach 10.0% (638 million) in 2045. When defined by IFG, the prevalence was 5.8% (298 million) and is projected to reach 6.5% (414 million) in 2045 (4). Shockingly, it is reported that the prevalence of prediabetes is 13.9 and 24.6% in children (4–9.9 years) and adolescents (10–17.9 years), respectively and it is increased by the class of obesity (5). The rising burden of prediabetes is postulated to be due to chronic consumption of unhealthy diets, thus leading to obesity and insulin resistance (6, 7). Impaired glucose handling due to insulin resistance produces hyperglycemia, a conducive environment for developing cardiovascular diseases (CVD) (8). Prediabetes is associated with an increased risk of composite CVD and all-cause mortality (8). Hyperglycemia increases diacylglycerol and protein kinase C (PKC) activation in vascular cells. This is associated with inflammation through the activation of nuclear factor κ-В(NF-κв) (9). Activation of NF-Κв stimulates the expression and release of inflammatory cytokines, which injure the vascular endothelium (9). Monocytes infiltrate the site of injury and become macrophages (10). Macrophages engulf activated LDL and become foam cells, which form a fatty streak and ultimately an atherosclerotic plug (10–14). Rupture of the atherosclerotic plug may cause acute vascular infarction (11). Hyperglycaemia, as shown in T2DM, also results in the upregulation of endothelin 1 (ET-1) while reducing nitric oxide (NO) secretion, thus creating an imbalance between endothelial vasoconstrictors and vasodilators (15). Macrophages and vascular smooth muscle cells further increase ET-1 as they also secret ET-1 under hyperglycaemic conditions. This favors vasoconstriction, increased blood pressure and abnormal blood flow (16, 17). Alternatively, fibrinolysis is impaired in T2DM (18, 19). Plasminogen activator inhibitor (PAI-1), which plays a regulatory role in fibrinolysis, is elevated in the arterial wall of diabetic patients (10, 20, 21). An increase in PAI-1 levels causes coronary thrombosis and it isassociated with an increased risk of CHD (22). Assessing the level of PAI-1 during prediabetes, a reversible condition, could help predict the onset or progression of CHD. Using an HFHC diet-induced prediabetes animal developed in our laboratory, previous studies have demonstrated that some T2DM complications begin during prediabetes (23–26). Biomarkers are helpful in predicting a disease’s onset and identifying its presence when fully developed (27). Therefore, there is a need to assess CHD biomarkers during prediabetes for early intervention and prevention. This study aimed to determine the risk factors of CHD in diet-induced prediabetes and identify biomarkers that can be used for the early detection of prediabetes-associated CHD.



Materials and methods


Animals

Male Sprague–Dawley rats (150–180 g) were obtained from the biomedical research unit (BRU), University of KwaZulu Natal (UKZN) and kept under standard experimental conditions at room temperature (22±2°C), humidity (55[image: image]5%), and 12 h day:12 h night cycle. The animals consumed a standard rat chow (Meadow Feeds, South Africa) and water ad libitum for 2 weeks to acclimatize before being exposed to an experimental diet (high-fat, high carbohydrate). The high-fat high carbohydrate (HFHC) is composed of carbohydrates (55%kcal/g), fats (30%kcal/g), and proteins (15%kcal/g) as previously described (26, 28). All experimental procedures were conducted in line with the ARRIVE guidelines and according to the ethics and animal care guidelines of the Animal Research Ethics (AREC) Committee of the University of KwaZulu Natal, Durban, South Africa (Ethics No: AREC024/018D).



Experimental design

After 2 weeks of acclimatization, the animals were grouped into a normal diet group (n = 6) and a high-fat high carbohydrate diet group (n = 6). The normal diet group was fed a standard rat chow and water ad libitum. The high-fat high carbohydrate (HFHC) group was fed an HFHC diet and water supplemented with fructose (15%) for 20 weeks to induce prediabetes. After 20 weeks, the animals were all tested for prediabetes using the American Diabetes Association (ADA) criteria for diagnosis of prediabetes. The ADA criteria involve the use of HbA1c, which has several advantages compared to using FBG and OGTT. Animals with fasting blood glucose (FBG) concentrations of 5.60–7.10 mmol/L, oral glucose tolerance test (OGTT) 2 h glucose concentration of 7.1–11.1 mmol/L and glycated haemoglobin (Hb1Ac) concentration of 5.7–6.4% were considered prediabetic. FBG was determined after a 12 h fasting period using the tail-prick method and measured using a One-Touch select glucometer (Lifescan, Malta, United Kingdom). This was also recorded as time 0 for OGTT. OGTT was conducted as per laboratory-established protocol (29–31). Glucose (0.86 g/kg, p.o.) was loaded into the animals via oral gavage (18-gauge gavage needle, 38 mm long curved with 21/4 mm ball end). Glucose concentrations were measured at 15-, 30-, 60-, and 120-min following glucose loading. HbAc was measured using an ELISA kit. The body weights of all animals were measured at the end of the induction period. At the end of the 20 weeks, the animals kept on a normal diet were found to be non-prediabetic and were termed the non-prediabetes group (NPD), while those kept on an HFHC diet were found to be prediabetic and were termed the prediabetic group (PD).



The homeostasis model assessment

At the end of the induction period, the Homeostasis Model assessment was used to measure HOMA-IR to assess insulin resistance using the HOMA2 Calculator v2.2.3 program (32). In the homeostasis model assessment (HOMA), insulin resistance is expressed as HOMA-IR value <1.0 = insulin sensitive, > 1.9 = early insulin resistance, > 2.9 = significant insulin resistance (32).



Blood pressure and heart rate

Blood pressure and heart rate were measured using the non-invasive MRBP IITC Model 31, Life Sciences multichannel tail-cuff blood pressure system (Life Sciences, Woodland Hills, CA), as previously described (28). Briefly, the animals were placed in a restrainer (3[image: image] ID (75 mm)- 12” length) while the tail was attached to the tail cuff. All the rats in the restrainer were placed in a warming chamber (IITC Model 303sc Animal Test Chamber, Life Sciences, Woodland Hills, CA) maintained at 32°C. The blood pressure, as well as the heart rate, were measured by occlusion or deflation of the tail-cuff, which detects alteration of blood flow in the tail artery. An average of 3 measured sessions comprising 15 cycles was used for statistical analysis.



Blood collection and tissue harvesting

The animals were placed in a gas chamber (BRU, UKZN, South Africa) and anesthetized with 100 mg/kg of Isofor (Safeline Pharmaceuticals Ltd., Roodepoort, South Africa) for 3 min to collect blood samples. Blood samples were collected by cardiac puncture into precooled heparinized containers in an unconscious state. The blood samples were centrifuged (Eppendorf centrifuge 5,403, Germany) at 4°C, 503 g for 15 min to collect plasma. The plasma was stored at −80°C in a Bio Ultra freezer (Snijers Scientific, Tilburg, Holland). The hearts of all the animals were excised, rinsed with cold standard saline solution, weighed, and snapped frozen in liquid nitrogen before storage in a Bio Ultra freezer at −80°C for biochemical analysis (28, 31).



Biochemical analysis


Inflammatory cytokines

Inflammatory cytokines (IL-6, TNF-α and CRP) concentration was measured in plasma using their respective rat sandwich ELISA kits (IL-6: E-EL-R0015) (TNF-α: E-EL-R2856) (CRP: E-EL-R0506) according to the manufacturer’s protocol (Elabscience Biotechnology Co., Ltd., Houston, TXA, United States). Briefly, 100 μL of plasma from NPD and PD was pipetted in duplicate in the micro-ELISA plated precoated with a specific antibody. Then, specific biotinylated detection and Avidin-Horseradish Peroxidase (HRP) conjugate were added successively to each microplate well and incubated. Unbound components were washed away. The substrate solution was then added to each well. Only those wells containing rat IL-6/TNF-6/CRP, biotinylated detection antibody and Avidin-HRP conjugated appeared blue.

The enzyme-substrate reaction was terminated by adding a stop solution and the color turned yellow. The optical density (OD) was read spectrophotometrically at a wavelength of 450 nm (Spectrostar Nano spectrophotometer) (BMG Labtech, Ortenburg, LGBW Germany). The OD values of each well were averaged, and the average of the blank was subtracted. The concentration of the samples was interpolated from the standard curve, normality test, descriptive statistics and unpaired t-test was performed on Graph Pad Instat Software (version 8.00, GraphPad Software, Inc., San Diego, California, United States).



Lipid profile

The total plasma cholesterol (TC), high-density lipoprotein (HDL) cholesterol and triglycerides (TG) were analyzed using colorimetric assays according to the instructions from the manufacturer (TC: E-BC-K109-S) (HDL: E-BC-K222-S) (TG: E-BC-K261-S) (Elabscience Biotechnology Co., Ltd., Houston, TXA, United States). The optical density values were measured via a Spectrostar Nano spectrophotometer (BMG Labtech, Ortenburg, LGBW Germany). Very low-density lipoprotein (VLDL) and low-density lipoprotein (LDL) cholesterol were calculated using Friedewald’s formula: VLDL cholesterol = TG[image: image]0.2 and LDL cholesterol = TC[image: image] (VLDL cholesterol [image: image] HDL cholesterol) (33).



Endothelial function

The endothelial function was evaluated from plasma by determining endothelial nitric oxide synthase (eNOS) and endothelin-1 (ET-1) concentration using specific sandwich ELISA kits (eNOS: E-EL-R0367) (ET-1: E-EL-R1458) as per the manufacturer’s protocol (Elabscience Biotechnology Co., Ltd., Houston, TX, United States). Briefly, 100 μL of plasma from NPD and PD was added in duplicate in the micro-ELISA plated precoated with a specific antibody. Then, specific biotinylated detection and Avidin-Horseradish Peroxidase (HRP) conjugate were pipetted successively to each microplate well and incubated. Unbound components were washed away. The substrate solution was then added to each well. Only those wells that contained rat ET-1/eNOS, biotinylated detection antibody and Avidin-HRP conjugated appeared blue in color. The enzyme-substrate reaction was terminated by adding a stop solution and the color turned yellow. The optical density (OD) was read spectrophotometrically at a wavelength of 450 nm (Spectrostar Nano spectrophotometer) (BMG Labtech, Ortenburg, LGBW Germany). The OD values of each well were averaged, and the average of the blank was subtracted. The concentration of the samples was interpolated from the standard curve, normality test, descriptive statistics and unpaired t-test was performed on Graph Pad Instat Software (version 8.00, GraphPad Software, Inc., San Diego, California, United States).




Fibrinolysis

Fibrinolysis was evaluated from the plasma using rat PAI-1 sandwich ELISA (ab201283) according to the manufacturer’s protocol (Abcam Inc., Cambridge, United Kingdom). Briefly, 50 μL of plasma from the NPD and PD samples was diluted in a 1:4 ratio with a Sample Diluent NS. The samples were pipetted in duplicates into separate wells in the micro-ELISA plate. 50 μL of antibody cocktail was pipetted into each well. The plate was then sealed and incubated for 1 h at room temperature on a plate shaker set at 400 rpm (Titramax 1,000, Heidolph Instruments company, Schwabach, Germany). The plate was then washed three times. A 100 μL TMB solution was pipetted into each well and incubated for 10 min in the dark on a plate shaker set at 400 rpm. A 100 μL stop solution was added, and the plate was placed on a plate shaker for 1 min to mix. The OD values were read at the endpoint at a wavelength of 450 nm (Spectrostar Nano spectrophotometer) (BMG Labtech, Ortenburg, LGBW Germany). The OD values of each well were averaged, and the average of the blank was subtracted. The concentration of the samples was interpolated from the standard curve. The concentrations were multiplied by four, the dilution factor. Normality test, descriptive statistics and unpaired t-test were performed on Graph Pad Instat Software (version 8.00, GraphPad Software, Inc., San Diego, California, United States).



Statistical analysis

All data were expressed as means ± S.E.M. Statistical comparisons were performed with Graph Pad Instat Software (version 8.00, GraphPad Software, Inc., San Diego, California, United States) using Student’s unpaired two-sided t-test. Pearson correlation coefficient and linear regression were calculated to assess the relationship between HOMA-IR and CRP, HOMA-IR and PAI-1, HbA1c and CRP, as well as HbA1c and PAI-1. A value of p < 0.05 was considered statistically significant.




Results


HOMA-IR

At the end of the prediabetes induction period (20 weeks), body weights, fasting blood glucose (FBG), plasma insulin and insulin resistance were assessed in the NPD and PD groups. Table 1 shows a significant increase (p < 0.0001) in body weights, FBG, plasma insulin and HOMA-IR in the PD group compared to the NPD group. The mean FBG concentration (6.72 ± 0.12 mmol/L) in the PD group was within the ADA prediabetes diagnosis FBG range (5.60–7.10 mmol/L), whereas, for the NPD group, it was below (4.40 ± 0.20 mmol/L). The HOMA-IR value for the NPD was within the insulin sensitivity range (<1.0), whereas it was significantly higher for the PD group and within the insulin resistance range.



TABLE 1 Fasting blood glucose, plasma insulin, and HOMA-IR value between NPD and PD.
[image: Table1]



Glycated haemoglobin

The concentration of HbA1c was measured at the end of the prediabetes induction period between the NPD and PD groups. Figure 1 shows a significant increase (p = 0.0443) in the concentration of HbA1c in the PD group compared to the NPD group. The mean HbA1c concentration (6.49 ± 0.32 mmol/mol) of the NPD group was within the prediabetes HbA1c diagnosis range (5.70–7.10%), whereas the mean HbA1c concentration (4.32 ± 0.89 mmol/mol) of the NPD group was below the range.

[image: Figure 1]

FIGURE 1
 Concentration of HbA1c between the NPD and PD groups. Values are presented as mean ± SEM (n = 6 in each group). * Indicates p = 0.0443. NPD, non-prediabetes; PD, prediabetes; HbA1c, glycated haemoglobin.




Mean arterial pressure and resting heart rate measurement

The MAP and resting HR were measured at week 20 between the NPD and PD groups. Figure 2A shows a significant increase (p < 0.0001) in MAP (NPD: 92.80 ± 5.14 mmHg; PD: 143.40 ± 3.20 mmHg) and Figure 2B shows a significant increase (p < 0.0001) in resting HR (NPD: 195.0 ± 15.07 BPM; PD: 340.30 ± 4.77 BPM) between the NDP and the PD group.

[image: Figure 2]

FIGURE 2
 Mean arterial pressure and resting heart rate between the NPD and PD. Values are presented as mean ± SEM (n = 6 in each group). (A) ****indicates p < 0.0001; (B) ****indicates p < 0.0001 NPD, non-prediabetic; PD, prediabetes; MAP, mean arterial pressure; HR, resting heart rate.




Inflammatory cytokines

The CRP, TNF-α and IL-6 concentration was measured in plasma at week 20 between the NPD and PD groups. Figure 3A shows a significant increase (p < 0.0001) in CRP (NPD: 9.39 ± 0.29 ng/mL; PD: 16.74 ± 0.53 ng/mL), Figure 3B shows a significant increase (p = 0.0369) in TNF-α (NPD: 189.60 ± 2.34 pg./mL; PD: 234.60 ± 14.42 pg./mL), and Figure 3C shows a significant increase (p = 0.0078) in IL-6 (NPD: 321.60 ± 5.60 pg./mL; PD: 384.90 ± 11.50 pg./mL) in the PD group compared to the NPD group.

[image: Figure 3]

FIGURE 3
 The CRP, TNF- α and IL-6 concentration between the NPD and PD groups. Values are presented as mean ± SEM (n = 6 in each group). (A) ****indicates p < 0.0001, (B) *indicates p = 0.0369, (C) **indicates p = 0.0078. NPD, non-prediabetic; PD, prediabetic; CRP, C-reactive protein, TNF-α, tumor necrosis factor alpha; IL-6, interleukin 6.




Lipid profile

The TG, TC and HDL concentration between the NPD and PD groups was measured in plasma at week 20. The concentration of LDL and VLDL was calculated using Friedewald’s formula. Table 2 shows a significant increase in the concentration of TG and VLDL in the PD compared to the NPD group, while there was a significant decrease in the concentration of LDL in the PD compared to the NPD.



TABLE 2 Lipid concentration between NPD and PD groups.
[image: Table2]



Endothelial function

The concentration of eNOS and ET-1 was measured in plasma at week 20 between the NPD and PD groups. In Figure 4A shows a significant decrease (p = 0.0338) in eNOS (NPD: 9.97 ± 0.03 pg./mL; PD: 7.04 ± 0.93 pg./mL) and Figure 4B shows a significant increase (p = 0.0463) in ET-1 (NPD: 0.89 ± 0.03 pg./mL; PD: 1.71 ± 0.32 pg./mL) in the PD group compared to the NPD group.

[image: Figure 4]

FIGURE 4
 The concentration of eNOS and ET-1 between the NPD and PD groups. Values are presented as mean ± SEM (n = 6 in each group). (A) *Indicates p = 0.0338, (B) *indicates p = 0.0463; NPD, non-prediabetic; PD, prediabetes; eNOS, endothelial nitric oxide synthase; ET-1, endothelin-1.




Fibrinolysis

The concentration of PAI-1 was analyzed in plasma at the end of week 20 between the NPD and PD groups. Figure 5 shows a box and whisker plot for the concentration of PAI-1 between the NPD and PD groups. The mean concentration of PAI-1 (3077 ± 664.30 pg./mL) in the PD group was higher compared to the NPD group (1821 ± 78.91 pg./mL); however, the increase was insignificant (p = 0.1336).

[image: Figure 5]

FIGURE 5
 Box plot of the concentration of PAI-1 in the NPD and PD groups. The top of the box represents the 75th percentile, the bottom of the box represents the 25th percentile, and the line in the middle of the box represents the 50th percentile. The whiskers represent the highest and lowest values. + in the middle of the box shows the mean. NPD, non-prediabetes; PD, prediabetes; PAI-1, plasminogen activator inhibitor-1.




Correlation and linear regression analysis

Correlation and linear regression between HOMA-IR and CRP, HOMA-1R and PAI-1, between HbA1c and CRP, as well as HbA1c and PAI-1, was calculated between the NPD and PD groups. Table 3 shows an insignificant positive association between HOMA-IR and CRP concentration of the NPD group (r = 0.40, p = 0.6047) and the PD group (r = 0.93, p = 0.0682). Regression results depicted that the model predicts a 16% (R2 = 0.16, p = 0.6047) change in CRP in the NPD group compared to an 87% change in the PD group (R2 = 0.87, p = 0.0682). There was an insignificant positive association between HOMA-IR and PAI-1 concentration in the NPD (r = 0.05, p = 0.9690). In contrast, the PD group had a strong positive and significant association with PAI-1 concentration (r = 1, p = 0.0227). Regression analysis showed that the model predicts a 0% (R2 = 0.00, p = 0.9690) relationship between HOMA-IR and PAI-1 in the NPD group. In contrast, there was a 99.87% (R2 = 0.9987, p = 0.0227) relationship between HOMA-IR and PAI-1 in the PD group. The association between HbA1c and CRP concentration was positive and insignificant in the NPD (r = 0.85, p = 0.1472) and PD groups (r = 0.09, p = 0.9145). Regression analysis showed a 73% (R2 = 0.73, p = 0.1472) and a 10% (R2 = 0.01, p = 0.9145) relationship between HbA1c and CRP in the NPD and PD groups, respectively. The association between HbA1c and the concentration of PAI was insignificant in the NPD group (r = 0.38, p = 0.7550) and PD group (r = 0.76, p = 0.4512). Regression analysis showed that the model predicts a 14% (R2 = 0.14, p = 0.7750) and a 58% (R2 = 0.58, p = 0.4512) change in PAI-1 in the NPD and PD groups, respectively.



TABLE 3 Correlation and linear regression analysis between insulin resistance markers with C-reactive protein and plasminogen activator inhibitor -1.
[image: Table3]




Discussion

Chronic consumption of high-calorie diets is associated with a high prevalence of T2DM and its complications (34). Studies have shown that the complications of T2DM begin during prediabetes (35). Indeed, studies in our laboratory using an HFHC-diet-induced prediabetes model have demonstrated early diabetic nephropathy, HPA axis dysregulation and non-alcoholic fatty liver disease (23, 36). However, the risk factors and biomarkers associated with CVD development have not been assessed. Therefore, this study sought to determine the risk factors of CHD in diet-induced prediabetes as well as identify biomarkers that can be used for the early detection of prediabetes-associated CHD.

Insulin is crucial in stimulating glucose uptake and oxidation in the heart, skeletal muscle, liver and adipose tissue (37). Insulin resistance is the inability of target tissues to respond to insulin due to defects in insulin receptors, thus decreasing insulin-mediated glucose regulation (38). Defects are reported in the IR, IRS, PI3K, and Akt pathways in insulin signaling and GLUT4 expression (38). Obesity, which can occur due to several factors such as overconsumption of high-calorie diets, physical inactivity, genetics and age, has been identified as the leading cause of insulin resistance (39). Indeed, in the present study, animals in the PD group who consumed a high-calorie diet (HFHC diet) became obese, as indicated by a significant increase in body weight compared to the NPD animals that consumed a standard rat chow. Obesity is associated with chronic low-grade inflammation and is responsible for insulin resistance (39).

The role of obesity in insulin resistance is through the release of free fatty acids (FFA) and inflammatory mediators. The binding of FFA to toll-like receptors (TLR) downregulates PI3K (phosphatidylinositol 3 kinase) and Akt, leading to reduced expression of GLUT4 and, subsequently, the response to insulin binding (15). The HOMA-IR index is used to assess insulin resistance (32). The concentration of HbA1c is used to determine the average plasma glucose over an extended period (40). In this study, the PD group’s HOMA-IR value was higher than the NPD group and in the range of significant insulin resistance. The PD’s FBG and plasma insulin concentrations were also significantly elevated compared to the NPD group. These results suggest insulin resistance in PD. Furthermore, the concentration of HbA1c was significantly increased in the PD group compared to the NPD. These results concur with the finding of a study by Luvuno et al., in which chronic consumption of HFHC diet-induced prediabetes evidenced by insulin resistance and increased HbA1c (28).

Inflammation is the normal homeostatic response of the body during infection from pathogens (41). The normal inflammatory response is acute and involves activating immune and non-immune cells (42). Immune and vascular cells produce cytokines such as TNF-α and IL-6 during an inflammatory immune response (43). TNF-α is a proinflammatory cytokine that functions in cytokine expression, tumor necrosis, and neutrophil activation. Conversely, IL-6 functions in cell proliferation and differentiation of B-cells into plasma cells and is also pro-atherogenic (43). Hyperglycemia promotes low-grade inflammation by upregulating NF-kВ (9, 42). Inflammation is one of the mechanisms associated with CVD development in prediabetes and T2DM (44). Increased concentration of inflammatory cytokines causes injury to the vascular endothelium (45). Elevated IL-6 is associated with initiating chronic inflammation (46). Çakar and colleagues reported that CRP has a positive association with e-selectin, a marker of endothelial injury (47). These studies indicate that inflammatory cytokines cause vascular endothelium injury. The damage to the vascular endothelium initiates the process of atherosclerosis, which is the underlying cause of ischaemic heart disease (45, 48). Elevated CRP levels are associated with an increased risk of plaque rupture and vascular thrombosis (49). In this study, intermediate hyperglycaemia caused a significant increase in CRP, TNF-α and IL-6 concentration in the PD compared to the NPD group.

These results coincide with a study by Mzimela et al., in which prediabetes had significantly increased CRP, TNF-α, and IL-6 with increased lymphocytes, neutrophils and monocytes (25). In Table 3, we reported a positive correlation between HbA1c and CRP in the NPD and PD groups and a linear regression that predicts a 73% positive relationship between HbA1c and CRP in the NPD and a 10% relationship in the PD group. InThere was an insignificant positive correlation between HOMA-IR and CRP in the NPD and PD and a linear regression that predicts a 16% relationship between HOMA-IR and CRP in the NDP group and an 87% relationship in the PD group. Veerasak and Warangkana found a significant positive correlation between CRP and HbA1c in obese T2DM individuals with HbA1c concentrations of 7.36 [image: image] 1.23% and 8.77 ± 1.78% (50). The subjects in this study are obese and diabetic. The significant positive correlation could be due to obesity and high HbA1c concentrations. In the current study, the animals were obese, prediabetic and had lower HbA1c concentrations than T2DM. Wang et al. reported an insignificant positive correlation between CRP and HOMA-IR in individuals with prediabetes (51). These results align with the findings of the current study. The result of the present study further demonstrates that the concentration of CRP increases with increasing levels of insulin resistance during prediabetes. This also indicates that prediabetic individuals are at risk of developing CHD and the severity is dependent on the duration of prediabetes and the level of insulin resistance. Prediabetic individuals should be tested for inflammatory biomarkers and be advised on therapeutic or dietary methods to reverse prediabetes or reduce inflammation.

Lipids and lipoproteins are responsible for cholesterol metabolism (52). HDL removes cholesterol from peripheral tissues for excretion through the liver (53). HDL is viewed as anti-atherosclerotic, anti-inflammatory, and anti-thrombogenic and plays a role in vasodilation (53). LDLs and VLDLs transport fat molecules to all peripheral tissues, whereas TGs act as an energy source and transporters of dietary fats (54). Central adiposity is associated with dyslipidaemia and insulin resistance; conversely, insulin resistance increases the production of FFA and TG while decreasing HDL (55). In T2DM, insulin resistance results in abnormal FFA metabolism and elevated hepatic output of TG (56). Insulin resistance increases TG by increasing hepatic VLDLs and low levels of lipoprotein lipase (57). This study showed a significant increase in TG and VLDL in the diet-induced prediabetic animals compared to the NPD group. Interestingly, there was a significant decrease in LDL in the PD group compared to the NPD. Increased concentration of TG and VLDL is reported in previously published papers (31, 58, 59). In a study by Katzke et al. TC, apoB-100 and TG were positively associated with MI. Furthermore, high levels of TG were associated with an increased risk of stroke (52). ApoE (apolipoprotein E) and AIP1(apoptosis signal-regulating 1 interacting protein 1) knockout mice fed a Western-type diet demonstrated elevated inflammatory cytokines (TNF-α, IL-6, IL-10 and IL-12) and lipoproteins (VLDL and LDL). Photomicrographs of the aorta of the ApoE and AIP1 knockout mice showed a greater area of atherosclerosis plague development compared to ApoE knockout mice (60). This study demonstrates the role of inflammation-induced hyperlipidaemia as well as atherosclerosis.

Numerous studies have documented lipids and lipoproteins as risk factors for CVDs, with LDL stated to be a strong predictor of atherosclerosis and CVD development (61–63). However, Hsu et al. recently reported that small dense LDL cholesterol (sdLDL-C) is a stronger CVD risk predictor than LDL. The level of sdLDL-C can detect individuals at low risk based on LDL levels. Furthermore, sdLDL-C is strongly associated with inflammation, thrombosis, haematological biomarkers and prediabetes (64). VLDL was shown to have a stronger association with coronary artery calcification than TG in the Penn Diabetes Heart Study (PDHS) (65, 66). VLDLs are minuscule and, therefore, enter the vascular wall and are trapped in the intima, resulting in the development of atherosclerosis through foam cell formation and low-grade inflammation (67).

The endothelium is the internal layer of the blood vessels, cardiac valves and other body cavities (68). The endothelium plays a vital role in regulating vascular tone, inflammation, and thrombosis by releasing vasoactive substances (68). NO is a potent vasodilator synthesized by eNOS and opposes the vasoconstrictive effects of ET-1 (69). Besides being a vasodilator, NO suppresses leukocyte adhering, platelet activation and PAI-1 expression (70). ET-1 is a potent endothelium-derived vasoconstrictor with pro-fibrotic, pro-oxidative, and proinflammatory properties (71). Insulin resistance contributes to endothelial dysfunction in prediabetes and T2DM (72). Endothelium dysfunction is also attributed to chronic inflammation; conversely, endothelial dysfunction also results in inflammation (70). This study showed a significant increase in inflammatory mediators, which could have caused vascular endothelium dysfunction. Endothelium dysfunction is an early sign of atherosclerosis and a CVD risk factor (70). Hyperglycaemia results in the upregulation of ET-1 while inhibiting eNOS through the activation of PKC (15, 71). It has been reported that ETA and ETB impair insulin-mediated vasorelaxation in the aorta and are improved by administering ETA and ETB antagonists (73). Indeed, in this study, there was a significant decrease in the concentration of eNOS and a significant increase in the concentration of ET-1. Decreased eNOS concentration coincides with previously published papers’ findings (31, 74, 75). Sachidanandam and colleagues reported a significant increase in the concentration of ET-1 in Wistar and Goto-Kakizaki (GK) rats in their study evaluating the differential effects of HFD-induced dyslipidaemia and hyperglycaemia on resistance mesenteric artery structure (76). Sud and Black demonstrated that ET-1 reduces the expression of eNOS and NO secretion in endothelial cells through PKCδ-mediated STAT3 activation (77). This endothelial dysfunction is associated with atherosclerosis and reduced blood vessel diameter (78, 79). This study observed that prediabetes does not only decrease NO synthesis and secretion. However, it also increases the concentration of ET-1. Elevation of ET-1, a potent vasoconstrictor, could be considered a risk factor for CHD.

An intact vascular wall and a balance between procoagulants and anticoagulants maintain blood fluidity (80). An anticoagulant state is maintained by (1) antithrombin, (2) thrombomodulin secreted by an intact endothelium, and (3) fibrinolysis by plasmin (81–83). Fibrin stabilizes the platelet plug at the site of injury in the vessel, thus preventing blood loss (84). When the blood vessel has healed, plasmin is generated by tPA or u-PA to lyse fibrin (84). PAI-1 is the primary inhibitor of tPA and uPA (72). Elevated levels of PAI-1 are associated with coronary thrombosis and have been reported to be associated with an increased risk of MI (85). The concentration of PAI-1 is increased by insulin resistance, endothelium dysfunction and inflammation (86). Insulin resistance, endothelial dysfunction and inflammation have been reported in the is study. In the Insulin Resistance Atherosclerosis Study (IRAS), the odds ratio of nondiabetic subjects with risks of developing diabetes correlated with an increase in PAI-1 and CRP (87). A decrease in NO, such as in endothelial dysfunction, has been linked with platelet aggregation and increased PAI-1 (70, 88). In the present study, there was an increase in the concentration of PAI-1 in the PD compared to the NPD, but it was not statistically different. We noted a vast difference in the SEMs, with the PD group having a high SEM. The spread of data points in the PD could be the reason for non-significance. These findings differ from results published by Sundaram et al., in which a high-fat (HF) diet supplemented with PUFA significantly increased the concentration of PAI-1 in plasma in mice compared to a low-fat (LF) diet (89). Most studies evaluate PAI-1 in obese, PAI-1 knockout animal models or obese human subjects (90–93). The increase in adipose tissue could be why these studies reported statistically significant results, as the adipose tissue releases PAI-1 in parallel with increased fat mass (90). Though there was an increase in BMI and insulin resistance in prediabetes, we speculate that it was insufficient to increase PAI-1 concentration significantly. Table 3 shows an insignificant positive correlation between HbA1c and PAI-1 in the NPD and PD groups. Table 3 also shows a 14% and a 58% relationship between HbA1c and PAI-1 in the NPD and PD groups, respectively. There was a significant, positive correlation between HOMA-IR and PAI-1 in the PD group but insignificant in the NPD. Linear regression analysis showed a 0% relationship between HOMA-IR and PAI-1 in the NPD group and a 99.87% relationship in the PD group. Elevated concentration of PAI-1 has been reported in prediabetic individuals classified according to the ADA criteria (94). Pallela and colleagues recently reported a significant positive correlation between PAI-1 and HbA1c in T2DM individuals with HbA1c < 7% and those with HbA1c ≥ 7% (95). These results concur with those published by Nkansah and colleagues, who reported a significant positive correlation between PAI-1 and HbA1c in T2DM individuals with HbA1c < 7% and those with HbA1c ≥ 7% (96). These studies were conducted in a large population of T2DM individuals with a long history of diabetes. This could be why they found evidence of statistical difference, whereas we did not. Prediabetes was induced over a period of 20 weeks.

Overt metabolic changes were not yet present; the compensatory mechanism is not yet dysfunctional. In newly diagnosed (≤ 3 years) T2DM individuals, Kahn and colleagues reported a significant positive association between the concentration of PAI-1 and HOMA-IR and argued that changes in adipose and fibrinolysis markers are due to adipose tissue and not insulin resistance in newly diagnosed T2DM (97). In a study evaluating the difference in PAI-1 levels in metabolically healthy and unhealthy obese individuals, the concentration of PAI-1 had a significant positive correlation with HOMA-IR (98). These studies show a significant correlation between PAI-1 and HOMA-IR in T2DM and human studies. According to our knowledge, it is the first time that a positive and significant correlation between PAI-1 and HOMA-IR has been reported in diet-induced prediabetes. These results indicate that PAI-1 levels are elevated in relation to insulin resistance in prediabetes. Therefore, assessing the levels of PAI-1 during prediabetes could potentially help in the early detection of CHD risks.

A systolic blood pressure (SBP) of 130–139 mmHg and a diastolic blood pressure (DBP) of 85–89 mmHg is considered high normal, whereas that of SBP[image: image] and DBP[image: image] is grade 3 hypertension and an increased risk of CVD (99). Vascular inflammation has been linked with hypertension through CRP, directly decreasing the expression of eNOS (100, 101). Impaired NO-mediated vasodilation increases BP (102). Elevated ET-1 has been shown to reduce ANP-mediated vasorelaxation in the aorta through cGMP reduction, thus increasing BP (103, 104). The current study showed a significant increase in MAP and resting HR. These results align with the results published by Luvuno et al. (105) and Akilen et al. (106). Increased BP if left untreated overt to hypertension (107). Furthermore, hypertension is a significant risk factor for atherosclerosis in coronary blood vessels (107).



Conclusion

Chronic consumption of a HFHC diet induced prediabetes through obesity and insulin resistance which in turn led to inflammation and endothelial dysfunction which are risk factors of CHD. There is a positive correlation between insulin resistance and PAI-1 as shown by HOMA-IR and PAI-1 therefore suggesting that prediabetes increases the risk of developing vascular thrombosis. While there are several other markers of fibrinolysis, this study showed PAI-1 has potential for use as a biomarker in the development of prediabetes-associated CHD. The current therefore study warrants further investigation on PAI-1 and other markers of fibrinolysis for the early detection of thrombosis and risk of CHD in prediabetes.



Limitations

Biochemical analyses were done soon after prediabetes induction; therefore, the study is based on changes that occur early on in prediabetes. We believe extending the duration and increasing the number of animals per group could give a better view of the biomarkers. The analytes measured in the study were not assessed directly in the heart. Therefore, it is unknown if the change in biomarkers is also present in the heart. Only PAI-1 was used to determine fibrinolysis; we could have added more indicators of fibrinolysis.



Future recommendations

Future studies should delve into changes in cardiac physiology, histology and therapy to determine if the cardiac function and structure are compromised in prediabetes and if the currently available treatment is beneficial in preventing cardiac injury and progression to overt CHD.
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