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PREFACE 

Westernised diets rich in high fats and high carbohydrates have been shown to lead to the development 

of prediabetes which precedes the onset of type 2 diabetes mellitus (T2DM). Once a patient is diagnosed 

with pre-diabetes, a preventative strategy including a combination of pharmacotherapy and dietary 

intervention is employed. The primary aim of this strategy is to prevent or delay the development of 

T2DM and its complications. However, there is reported poor patient compliance regarding dietary 

intervention as patients tend to heavily rely on the pharmacological treatments and neglect dietary 

intervention. This then reduces the efficacy of the drug and predisposes the patient to developing T2DM  

and complications such as non-alcoholic fatty liver disease (NAFLD), kidney disease and innate 

immune system dysregulation. Therefore, the search for therapeutic agents that can remain effective in 

both the presence and absence of dietary intervention continues. In our laboratory, we have created a 

diet-induced prediabetic rat model that accurately mimics the human condition. We have additionally 

synthesised a novel ruthenium(II) uracil-derived diamine complex that has shown promise as it was 

able to restore glucose homeostasis in this animal model. In this study, we sought to investigate the 

effects of this compound on pre-diabetes-associated complications such hepatic, renal and immune 

dysregulation in both the presence and absence of dietary intervention in a diet-induced pre-diabetic rat 

model. 
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STUDY OUTLINE 

The current dissertation is presented in manuscript format, consisting of 7 sections viz. abstract, chapter 

1: abstract, introduction/literature review, chapter 2: manuscript 1, chapter 3: manuscript 2, chapter 4: 

manuscript 3, chapter 5: synopsis and appendices. The abstract briefly summarizes the purpose and 

innovation of the present study in research. Chapter 1 entails a brief background and relevant literature 

review in problem solving and current gaps, and how the aims of the current research fill the gaps in 

the literature. Chapter 2 comprises of the first novel research study in manuscript format that seeks to 

investigate the hepatoprotective effects of a ruthenium(II) complex on diet-induced pre-diabetic rats 

and the management of pre-diabetes through pharmacotherapy combined with dietary intervention. This 

work was authored by L.P Mabuza, M.W Gamede, S Maikoo, IN Booysen, P.S Ngubane and A Khathi. 

This manuscript has been accepted for publication in the journal of Current Therapeutic Research. 

Chapter 3 comprises the second research study in manuscript formal that seeks to investigate 

amelioration of risk factors associated with diabetic nephropathy in diet-induced pre-diabetic rats by an 

uracil-derived diimine ruthenium(II) compound and the management of pre-diabetes through 

pharmacotherapy combined with dietary intervention. This work was authored by L.P Mabuza, M.W 

Gamede, S Maikoo, IN Booysen, P.S Ngubane and A Khathi and has been submitted for publication in 

the journal Nutrients and has been formatted according to journal’s guidelines to authors. Chapter 4 

comprises of the third research study in manuscript format that seeks to investigate the effects of a 

ruthenium(II) Schiff base complex administration on inflammatory-induced immune response 

biomarkers in a diet-induced pre-diabetic rat model. This work was authored by L.P Mabuza, M.W 

Gamede, S Maikoo, IN Booysen, P.S Ngubane and A Khathi and has been submitted for publication in 

the journal Immune Network and has been formatted according to journal’s guidelines to authors. 

Chapter 5 is the discussion that links the findings of the three studies with the aims of the project. 

Appendices contain the ethical clearance letter, symposium presentation certificates, publications and 

journal’s guideline to authors. 
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ABSTRACT 

Pre-diabetes is a chronic metabolic condition where blood glucose levels are above the upper threshold 

considered normal but below the threshold for a diagnosis of diabetes. Pre-diabetes predisposes 

individuals to a high probability of future progression to overt T2DM. Pre-diabetic patients are at 

increased risk of developing other pathologies such as NAFLD, diabetic nephropathy (DN) and immune 

dysregulation complications. As a chronic disease, the long-term implications of diabetes contribute to 

poor quality of life and significantly increase costs associated with healthcare. Pre-diabetes may 

however be reversible, through the implementation of lifestyle modification programmes based around 

dietary modification and increased physical activity. Where lifestyle modifications are ineffective, both 

pharmacotherapy and lifestyle modification are recommended. However, there is reported poor patient 

compliance in terms of dietary intervention as patients tend to heavily rely on the pharmacological 

treatment, thus reducing the efficacy of the drug and increasing the possibility to develop T2DM. Hence, 

there is a need for novel drugs that will remain therapeutic even in the absence of dietary modification. 

In our laboratory, we have synthesized a novel ruthenium(II) uracil-derived diimine complex that has 

been shown to improve insulin sensitivity and restore glucose homeostasis in diet-induced prediabetes. 

In this study, we further sought to evaluate the effects of this compound on selected complications 

associated with diet-induced pre-diabetes. Estimating whether ruthenium(II) uracil-derived diimine 

complex in both the presence and/or absence of dietary intervention will show to be effective in the 

management of prediabetic-related complications. A high fat high carbohydrate (HFHC) diet was used 

to induce pre-diabetes for 20 weeks. After the induction, pre-diabetic rats were randomly allocated to 

the following treatment groups: non-prediabetes (NPD); pre-diabetic (PD); metformin plus HFHC; 

metformin plus normal diet (ND); Ruthenium plus HFHC and  ruthenium plus ND. The animals were 

treated with subcutaneous injection of ruthenium complex (15 mg/ kg) and oral dose of metformin (500 

mg/ kg). The rats were treated once a day every third day at 09:00 am for 12 weeks. Every 4 weeks, 

parameters such as body weight, food intake, fasting blood glucose, fluid intake and urinary output were 

monitored for 12 weeks treatment period. In study 1, the administration of ruthenium(II) complex 

resulted in the restoration of liver and body weights in the pre-diabetic treated rats when compared to 

the PD group. This treatment also reduced liver damage enzyme biomarkers and plasma total bilirubin 
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levels in the pre-diabetic treated rats when compared to the PD group   whilst administration of 

ruthenium(II) with dietary intervention reduced plasma sterol regulatory element binding protein 1c 

(SREBP-1c) concentration in the pre-diabetic treated rats when compared to the PD group. These 

findings were further supported by the histological analysis of the liver, showing reduced hepatic lipid 

droplet accumulation, hepatocyte ballooning and locular disarray in the ruthenium(II)-treated rats when 

compared to the PD group as seen in chapter 2 of the study. In study 2, the administration of 

ruthenium(II) complex resulted in reduced blood glucose, aldosterone, fluid intake and urinary output 

in the pre-diabetic treated rats when compared to the PD group which positively correlated with a 

restoration in plasma and urinary electrolytes along with plasma antioxidants concentrations in the 

ruthenium(II)-treated rats. Furthermore, there was a decrease in kidney injury molecular-1 (KIM-1) 

concentration, albumin excretion rate (AER) albumin creatinine ratio (ACR) and mRNA expression of 

podocin in urine in the ruthenium(II)-treaded rats. These observetions were further demonstrated by the 

histological analysis of the kidney, displaying improved histology of renal glomerulus in ruthenium-

treated rats when compared to the PD group as seen in chapter 3 of the study. In study 3, treatment with 

ruthenium(II) complex resulted in reduction of platelet activation markers mean platelet volume (MPV) 

and CD40 Ligand (CD40 L) concentrations, which positively correlated with decreased plasma 

triglycerides (TG) and very low-density lipoproteins (VLDL) levels in the pre-diabetic treated rats when 

compared to the PD group. Whilst administration of ruthenium(II) with dietary intervention reduced 

plasma fibrinogen concentration in the pre-diabetic treated rats when compared to the PD group. These 

was further evidenced by normalization of immune cell counts in the ruthenium(II)-treated rats. 

Furthermore, there was a decrease in pro-inflammatory cytokines, tumor necrosis factor α (TNF-α) 

concentration in the ruthenium(II)-treated rats and decreased interleukin-1β (IL-1β) concentration in 

the ruthenium(II) with dietary interventiontreated rats when compared to the PD group as seen in 

chapter 4 of the study. Taken together, the results observed suggest that ruthenium(II) complex 

exhibited hepato and renoprotective effects while ameliorating immune dysregulation underlying pre-

diabetes in diet-induced pre-diabetic rats. However, further studies are still required to find out the exact 

mechanism behind potential effect of this metal-based compound.
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CHAPTER 1: INTRODUCTION/LITERATURE REVIEW 

1.1 Background 

According to the American Diabetes Association (ADA), the criteria to define pre-diabetes consists of impaired fasting 

glucose (IFG) with fasting plasma glucose levels of 5.6-6.9 mmol/L, impaired glucose tolerance (IGT) with 2-hour 

postprandial glucose levels of 7.8-11.0 mmol/L or glycated haemoglobin (HbA1c) of 5.7-6.4% (Jesudason et al., 2003; 

Syed, 2011; ADA, 2019). HbA1c is considered as a more reliable test of impaired glucose homeostasis as it is reflective 

of steady-state blood glucose levels over a period of several months (Syed, 2011; ADA, 2019). In pre-diabetes, an HbA1c 

level higher than 5.7 % indicates poor blood glucose control (Hostalek, 2019). Pre-diabetic dysglycaemia as a result of 

alterations in insulin sensitivity, pancreatic β-cell function, inflammatory cytokines and hepatic glucose production,  has 

been shown to lead to the development of microvascular and macrovascular complications in pre-diabetic patients 

(Bugianesi et al., 2005; Brannick et al., 2016). Insulin resistance is associated with NAFLD  which encompasses a 

histological spectrum ranging from simple steatosis, non-alcoholic steatohepatitis (NASH) and cirrhosis (Kumashiro et 

al., 2011; Byrne and Targher, 2014). Non-alcoholic fatty liver disease carries a higher risk of cardio‐metabolic and liver‐

related complications, the latter being confined to NASH and demanding specific treatment (Mavrogiannaki and Migdalis, 

2013). The liver plays an important role in the maintenance of systemic lipid and glucose homeostasis (Hamelet et al., 

2007). However, pre-diabetic liver damage leads to derangements in the regulation of both lipid and glucose metabolism 

and become a vicious cycle (Hamelet et al., 2007). Recently, researchers have shown that hyperglycaemia promotes 

overproduction of reactive oxygen species (ROS) causing oxidative stress (Brown and Griendling, 2015). The body has 

its own anti-oxidative defence enzymes such as superoxide  dismutase (SOD) and glutathione peroxidase (GPx) to 

transform ROS into less reactive products (Brown and Griendling, 2015). Diabetic dyslipidaemia is also characterised by 

elevated triglycerides (TG), low high-density lipoprotein (HDL) cholesterol and higher concentrations of apoB-containing 

particles which lead to acceleration of atherosclerosis and liver-related complications in pre-diabetes (Boren et al., 2013; 

Parhofer, 2015). Studies indicate that up to one-third of adults with newly diagnosed diabetes mellitus are already showing 

signs of kidney damage (Okada et al., 2014). Hyperglycaemia has been shown to evoke the onset and progression of DN 

because of its role in causing hemodynamic dysregulation along with abnormal morphological and functional nephron 

changes, ranging from increased glomerular basement membrane (GBM) thickness, mesangial expansion, extracellular 

matrix deposition, glomerulosclerosis, overt proteinuria and decreased glomerular function and filtration rate to 
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eventually, end-stage renal damage (Tabák et al., 2012; Hostalek, 2019). Furthermore, the progression of pre-diabetes to 

overt T2DM involves a complex interaction between metabolism and inflammatory-induced immune response (Hameed 

et al., 2015).  Increased lipid accumulation in adipocytes have been shown to activate c-Jun N-terminal kinase (JNK) and 

nuclear factor kappa B (NF-𝜅B) signalling pathways and subsequently increase the production of pro-inflammatory 

cytokines such as tumor necrosis factor-alpha (TNF-𝛼), interleukin-1𝛽 (IL-1𝛽) and interleukin-6 (IL-6).  These pro-

inflammatory cytokines have been shown to activate both the innate and adaptive immune response in diabetic patients, 

which further contribute to inflammatory-induced immune dysregulation (Lontchi-Yimagou et al., 2013; Hameed et al., 

2015) .  

The management of hyperglycaemia and pre-diabetes associated complications relies on a combination of oral 

hypoglycaemic drugs and lifestyle modification such as dietary intervention (Giacco et al., 2013). Lifestyle and dietary 

interventions are recognised as one of the cornerstones in preventing diabetes, managing existing diabetes and delaying 

the development of diabetic complications through improved glycaemic control and insulin sensitivity (Giacco et al., 

2013). Upon diagnosis, patients are recommended to adhere to both pharmacotherapy and lifestyle modification (Spoto 

et al., 2016). Lifestyle modification includes, but is not limited to, dietary intervention and the incorporation of moderate 

exercise (Spoto et al., 2016). However, there have been reports on low patient compliance as patients take the 

hypoglycaemic drugs and neglect lifestyle intervention thus compromising the efficacy of the drugs (Lindström et al., 

2013; Parajuli et al., 2014; Tseng et al., 2017). Therefore, the development of novel drugs that can remain therapeutic 

even in the absence of dietary modification is required. Research has shown significant progress in the utilization of 

transition metal complexes as drugs to treat several human diseases (Allardyce and Dyson, 2006; Rafique et al., 2010). 

Transition metals exhibit different oxidation states and can interact with many negatively charged molecules. These 

activities of transition metals have started the development of metal-based drugs with promising pharmacological 

application and may offer alternative therapeutic opportunities (Allardyce and Dyson, 2006). Organoruthenium 

compounds emerge as the most promising with biological features including their low toxicity, mechanism of action and 

a different preference for protein rather than DNA binding in comparison to platinum compounds (Komers and Anderson, 

2003; Antonyan et al., 2014; Booysen et al., 2014). In our laboratory, we have previously reported on a diet-induced pre-

diabetic rat model that accurately depicts the human condition (Luvuno et al., 2018). Additionally, we have used this rat 

model to show that administration of the ruthenium(II) complex improves glycaemic control, insulin sensitivity as well 
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as decreases the risk of developing diabetes-related cardiovascular diseases (Mabuza et al., 2018; Mabuza et al., 2019). 

However, the hepatoprotective, renoprotective and immune response effects of the ruthenium(II) uracil-derived diimine 

complex in diet-induced pre-diabetic state remain unclear. Therefore, the present study sought to investigate the effects 

of a ruthenium(II) uracil-derived diimine complex on liver and kidney function as well as the inflammatory-induced 

immunity response in diet-induced pre-diabetes rats in both the presence and absence of dietary intervention.  

1.2 Pre-diabetes 

Pre-diabetes is a chronic metabolic condition where blood glucose levels are above the upper threshold for normal but 

below the threshold for a diagnosis of diabetes mellitus (Tabák et al., 2012; Hostalek, 2019). Pre-diabetes is increasingly 

recognised as an important metabolic state that predisposes individuals to a high probability of future progression to overt 

T2DM (Tabák et al., 2012). The diagnostic criteria and terminology associated with pre-diabetes vary considerably 

between organisations, and care must be taken when interpreting and describing prevalence and incidence data (Tabák et 

al., 2012; Hostalek, 2019). Type 2 diabetes mellitus progression is however, not only connected with changes in metabolic 

biomarkers such as blood glucose levels, HbA1c and cholesterol, but also pro-inflammatory cytokines, antioxidants, 

endothelial dysfunction, oxidative stress, lipid peroxidation products and immune system dysregulation markers 

(Maschirow et al., 2015). The risks of diabetic-related complications are significantly increased in pre-diabetic patients, 

where lifestyle modifications have been recommended as a method to manage pre-diabetes (Giacco et al., 2013). Pre-

diabetes may, however, be reversible, through the implementation of lifestyle modification programmes based on the 

intervention of healthier diet and increased levels of physical activity (ADA, 2019). The benefits of this have been 

confirmed in many prospective, randomized studies where lifestyle modification and pharmacological intervention have 

been shown to significantly improve clinical markers related to the risk of pre-diabetes (ADA, 2019). Medical guidelines 

currently considers  pre-diabetes as a risk factor for T2DM and related complications (Laaksonen et al., 2005; Giacco et 

al., 2013; Evert et al., 2014). As the disease progresses, tissues or vascular damage ensues, leading to severe diabetic 

complications (Laaksonen et al., 2005; Giacco et al., 2013; Evert et al., 2014). Thus, pre-diabetes covers a wide range of 

heterogeneous diseases. The pre-diabetic state has been reported to lead to the development of T2DM and related 

complications such as diabetic retinopathy, neuropathy, nephropathy and macrovascular complications (Ahmed et al., 

2010). Therefore, the key to prevention of diabetes development and its vascular complications are early detection and 

treatment of pre-diabetes. A major part of understanding disease progression is to unravel pathological processes 
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associated with asymptomatic or preclinical stages of disease (Ahmed et al., 2010). In this study, we investigated the 

evaluation of the therapeutic properties of a ruthenium(II) uracil-derived diimine complex on selected complications 

associated with diet-induced pre-diabetes. 

1.3 Diagnosis of pre-diabetes  

The diagnostic criteria and terminology associated with pre-diabetes vary considerably between organisations (Hostalek, 

2019; ADA, 2019). Both the World Health Organization (WHO) and the ADA provide guidance on screening for pre-

diabetes based on the assessment of IGT and IFG levels (Hostalek, 2019; ADA, 2019). Impaired fasting glucose, reflective 

of hepatic insulin resistance is considered the more important predictor of diabetes risk than skeletal muscle insulin 

resistance described by IGT (Yip et al., 2017). Impaired fasting glucose (WHO: 6.1-6.9 mmol/L; ADA: 5.6-6.9 mmol/L) 

is assessed based on the fasting plasma glucose (FPG) level and IGT ( WHO: 7.8-11.0 mmol/L; ADA: 7.8-11.0 mmol/L) 

using the 2-h plasma glucose during a 75 g oral glucose tolerance test (OGTT) (Tabák et al., 2012; Hostalek, 2019). While 

the defined thresholds for IGT are common to both guidelines, the ADA recommends a lower threshold for IFG compared 

to the WHO guidelines (Tabák et al., 2012; Hostalek, 2019). This strategy was an attempt to improve the concordance of 

prevalence estimates between IFG and IGT which when defined using WHO thresholds can differ considerably from each 

other. The criteria used by the WHO were derived not on overall prevalence, but to reflect the relative likelihood of 

progression to overt T2DM (ADA, 2019).  

The ADA have also recommended the assessment of HbA1c ( 5.7-6.4 %) to screen for pre-diabetes (Sequeira and Poppitt, 

2017). However, this view is not recommended by the WHO (Sequeira and Poppitt, 2017). These criteria have evolved 

over the years and discussions on the topic continue. Recently, HbA1c has been widely used in the diagnosis of pre-

diabetes and is considered as a more reliable test for monitoring the glycaemic control in individuals with diabetes (Syed, 

2011; ADA, 2019). In pre-diabetes, higher amounts of HbA1c indicate more inadequate control of blood glucose levels 

(Jesudason et al., 2003; Tran et al., 2004; Syed, 2011). Once a haemoglobin molecule is glycated, glucose remains in the 

red blood cell for the rest of its lifespan (120 days). As such, HbA1c provides information about the degree of long-term 

blood glucose control (Jesudason et al., 2003; Tran et al., 2004; Syed, 2011). Furthermore, HbA1c is also a more 

convenient screening test than FBG or OGTT, as fasting is not required (Sequeira and Poppitt, 2017). In some cases, the 

diagnosis of pre-diabetes relies on one criterion (such as IGT), while others evaluate results from more than one test, 
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therefore relying on one test may underestimate prevalence. Therefore, with a range of criteria available for pre-diabetes, 

population with pre-diabetes diagnosed by each method varies (Hostalek, 2019). Therefore, according to the ADA 

guideline, an abnormal finding of any of the three criteria, the IFG, IGT and  HbA1c is sufficient to confirm the diagnosis 

of pre-diabetes (ADA, 2019). Moreover, the ADA recommendations are regularly updated with the most recent scientific 

data and may be considered more globally accepted than the other guidelines (Hostalek, 2019).  Thus, in this study the 

ADA pre-diabetes criteria were used to diagnose for pre-diabetes. 

1.4 Epidemiology of pre-diabetes 

Glycaemic concentrations are rapidly rising in people living in developed and developing countries (Danaei et al., 2011; 

Katikireddi et al., 2011). The estimates of pre-diabetes vary due to the diagnostic criteria used and the choice of test 

(Tabák et al., 2012; Hostalek, 2019; ADA, 2019). The global prevalence of IGT was estimated at 7.3% of the adult 

population in 2017, equivalent to 352.1 million individuals (ADA, 2019). The prevalence is anticipated to increase to 

8.3% of the global adult population, equivalent to an estimated 587 million individuals by 2045, with the Africa region 

expected to experience the greatest increase (ADA, 2019). Several epidemiological studies have demonstrated a strong 

relationship between ethnicity and likelihood of pre-diabetes in African American, Native American, South Asian and 

Hispanic people (Yip et al., 2017). This data suggest that individuals progress from normoglyaemia to IGT and that the 

likelihood for further progression to T2DM is the same across ethnic groups (Yip et al., 2017). Factors that influence the 

prevalence rates of pre-diabetes involve a complex interaction of further factors like life-expectancy, socioeconomic 

status, wealth, access to healthcare services, levels of education, public health awareness initiatives, and regional levels 

of obesity (Anjana et al., 2017). Increases in prevalence are expected to be more pronounced in developing rather than in 

developed countries as lifestyles become more westernised (Anjana et al., 2017).  

1.5 Pathophysiology of pre-diabetes 

The progression of prediabetes to overt diabetes often occurs over many years, although its onset can be rapid (Gastaldelli 

and Ferrannini, 2014). The first stage of the multistage model of pre-diabetes development is defined by a long period of 

insulin resistance accompanied by a compensatory increased rate of insulin secretion and increased β-cell mass (Chen et 

al., 2015). The second stage is the stable adaptation period when β cells are no longer compensating the increase in insulin 

resistance with the fasting, and postprandial glucose values are not entirely maintained. This period is said to start when 
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fasting and postprandial glucose levels are still within the normal range and is usually accompanied by a decrease in acute 

insulin secretion at FBG concentrations of around 5.6 mmol/L (Chen et al., 2015). The first and second stages occur 

before the pre-diabetic phase. During the unstable early decompensation period, the third stage of diabetes development 

where β cells become unable to compensate for insulin resistance and consequently glucose concentrations start to 

increase rapidly, leading to glucolipotoxicity and extends from pre-diabetes to manifest T2DM (Chen et al., 2015).  

1.5.1 Glucolipotoxicity 

Glucotoxicity and lipotoxicity have been positively correlated with insulin resistance and β-cell toxicity, a phenomenon 

referred to as glucolipotoxicity (Tabák et al., 2012). The relation between glucose and lipid toxicity with insulin resistance 

and β-cell toxicity have been shown and the mechanism on how they affect pancreas is said to be distinct (Kim and Yoon, 

2011; Schwartz and Reaven, 2012). Isolated hyperglycaemia or elevated circulating free fatty acids (FFAs) may not be 

detrimental to the β-cell (Kim and Yoon, 2011; Schwartz and Reaven, 2012). Elevated glucose levels alone results in 

oxidation and isolated elevation in FFAs are oxidized instead of glucose (Kim and Yoon, 2011; Schwartz and Reaven, 

2012). However, when both glucose and FFA levels are elevated, progressive tissue toxicity may ensue. Free fatty acids 

impair β-cell function, particularly in the setting of elevated glucose levels (Kim and Yoon, 2011; Schwartz and Reaven, 

2012). Free fatty acids act via multiple, ultimately converging, pathways that include suppression of cellular proliferation, 

impairments in β-cell gene transcription, alterations in glycerolipid, and elevations in reactive oxidative species 

production (Kim and Yoon, 2011; Schwartz and Reaven, 2012). Lipid accumulation in the liver appears to be a principal 

mechanism associated with obesity-related insulin resistance and T2DM(Haus et al., 2010). Altered metabolism of 

triglyceride-rich lipoproteins is an integral part of the atherogenic dyslipidaemia in insulin resistant pre-diabetic 

individuals and in T2DM (Huynh et al., 2013). It is characterized by elevated serum TG levels and decreased high-density 

lipoprotein cholesterol (HDL-c) (Haus et al., 2010). Increased hepatic secretion and decreased  clearance of VLDL and 

intestinally derived chylomicrons result in prolonged plasma retention of these particles and accumulation of highly 

atherogenic partially lipolyzed cholesterol-enriched intermediate density lipoprotein (IDL) remnants and small dense 

LDL particles (Avramoglu et al., 2006; Lorenzo et al., 2013). Excess triacylglycerol’s beyond the oxidative needs of lean 

tissue leads to impairment in the liver, skeletal muscle, cardiac muscle and endocrine pancreas, resulting in tissue 

dysfunction or lipotoxicity (Schwartz and Reaven, 2012). This eventually leads to lipoapoptosis or lipid-induced cell 

death (Avramoglu et al., 2006; Lorenzo et al., 2013). This toxic tissue effect has been attributed to the generation of 
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specific proapoptotic lipid species or signalling molecules such as reactive oxygen species generation, de novo ceramide 

synthesis, nitric oxide generation, decreases in phosphatidylinositol-3-kinase and primary effects on mitochondrial 

structure or function (Bergman, 2013). Free fatty acids resulting from hydrolysis of stored triacylglycerols result in 

decreased glucose transport via inhibition of key glucose transporters in insulin responsive tissues such as skeletal muscle, 

resulting in insulin resistance (Schwartz and Reaven, 2012). Free fatty acid oxidation stimulates the activity of key 

gluconeogenic enzymes (pyruvate carboxylase, phosphoenolpyruvate carboxykinase, glucose-6-phodphastase) 

(Bergman, 2013). Thus, lipotoxicity results in pancreatic and peripheral defects eventually resulting in sustained 

hyperglycaemia and the development of insulin resistance (Bergman, 2013).   

1.5.2 Effect of insulin resistance on prediabetic-related complications 

Insulin resistance is a complicated condition in which three primary metabolic tissues that are sensitive to insulin, namely, 

skeletal muscle, liver and white adipose tissue become less sensitive to insulin and its downstream metabolic actions 

under normal serum glucose concentrations (Laakso and Kuusisto, 2014). The stimulation of glucose uptake by insulin is 

mediated by phosphatidylinositol (PI) 3-kinase–dependent and independent pathways (Saltiel and Pessin, 2003; Watson 

et al., 2004). Upon tyrosine phosphorylation, insulin receptor substrate (IRS) proteins interact with the p85 regulatory 

subunit of PI 3-kinase, leading to the activation of the enzyme and its targeting to the plasma membrane. The classic 

insulin-like signalling cascades involve the production of phosphatidylinositol 3,4,5-trisphosphate (PIP3) by the 

phosphatidylinositol 3-kinase (PI3K). Phosphatidylinositol 3,4,5-trisphosphate recruits the Serine/Threonine kinases 

phosphatidylinositol-dependent protein kinase 1 (PDK1) and AKT to the plasma membrane, where AKT is activated by 

PDK1-mediated phosphorylation at the threonine 308 residue (Shepherd, 2005). This signalling event primes AKT for 

phosphorylation at serine 473 by mTORC2 (the complex rictor/mTOR), which activates the AKT serine/threonine kinase 

activity (Shepherd, 2005). Activated AKT phosphorylates many proteins, including glycogen synthase kinase 3b 

(GSK3B) in the liver, AS160 (GLUT4 translocation), the BADBCL2 heterodimer (anti-apoptotic), and forkhead box O 

transcription factors (regulation of gene expression) (Taguchi and White, 2008). Processes such as glucose uptake, lipid 

synthesis, protein synthesis, and glycogen deposition are controlled by insulin (White, 2003; Stolar, 2010). Protein 

phosphatases and phospholipid phosphatases modulate the strength and duration of insulin signals (White, 2003). In pre-

diabetes, insulin resistance in the liver has been shown to be the predominant causative factor (Bugianesi et al., 2005; 

Larter and Farrell, 2006; Leclercq et al., 2007). In the liver, insulin increases the activity of glucose utilizing pathways 
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(glycolysis, glycogenesis) and decreases glucose producing pathways (gluconeogenesis, glycogenolysis), whereas 

glucagon and epinephrine have contrary effects (Nuttall et al., 2008). Insulin receptor substrate 1and 2 are complementary 

key players in the regulation of hepatic insulin signalling and expression of genes involved in gluconeogenesis, glycogen 

synthesis and lipid metabolism (Fritsche et al., 2008). The dysfunction of IRS has been reported to impair glycogenesis,  

enhance gluconeogenesis and reduce suppression of lipolysis in adipose tissue. These have been considered as a major 

pathophysiological mechanism for the development of insulin resistance and pre-diabetes related complications 

(Taniguchi et al., 2005; Simmgen et al., 2006; Dong et al., 2006). Ruthenium(II) uracil-derived diimine complex improves 

insulin sensitivity as evidenced by reduced HOMA-IR2 and HbAc1 levels in a diet-induced pre-diabetic rat model 

(Mabuza et al., 2018). Therefore, the study aims to evaluate the therapeutic properties of the ruthenium(II) uracil-derived 

diimine complex on selected complications associated with pre-diabetes in a diet-induced prediabetic rat model. 

1.5.3 Low-grade inflammation and oxidative stress 

The development of insulin resistance and pathogenesis of  pre-diabetes are directly interlinked with each other (Eringa 

et al., 2013). Pro-inflammatory and oxidative stress mediators play a key role causative factors in the pathogenesis of pre-

diabetes and development of insulin resistance (Akash et al., 2013; Rehman and Akash, 2016). The most essential pro-

inflammatory mediators that induce inflammation include, IL-1β, IL-6 TNF-α and chemokines (Akash et al., 2013; 

Rehman and Akash, 2016). Experimental, clinical and epidemiology studies have reported that the levels of these pro-

inflammatory cytokines in insulin resistant and T2DM experimental animal models and/or patients are found to be 

increased (Donath, 2014; Chen et al., 2015).  This reveals the critical role of pro-inflammatory mediators in the 

development of insulin resistance and pathogenesis of T2DM (Donath, 2014; Chen et al., 2015). Pro-inflammatory 

mediators play a crucial role in the induction of insulin resistance and T2DM via involvement of oxidative stress and 

activation of various transcriptional mediated molecular and/or metabolic pathways (Akash et al., 2018). 

Glucolipotoxicity induces the generation of ROS and oxidative stress that are responsible for generating various pro-

inflammatory mediators (Kim and Yoon, 2011). ROS and reactive nitrogen species (RNS) are primarily produced through 

activity of the electron transport chain in mitochondria and by other pathways including xanthine oxidase, lipoxygenase, 

myeloperoxidase and NO synthase (Brown and Griendling, 2015). Alterations in electron transport chain activity result 

in increased electrochemical gradients and free radical leakage thus generating oxidative stress (Pitocco et al., 2013). 

Inactivation and degradation of ROS/RNS are regulated by complex networks of proteins and signalling pathways 
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including superoxide dismutase, catalase, glutathione peroxidase, peroxiredoxins and thioredoxins (Pitocco et al., 2013). 

Furthermore, experimental studies have found that pro-inflammatory mediators are interdependently involved in inducing 

tissue-specific inflammation which may lead to the development of insulin resistance and pathogenesis of T2DM (Akash 

et al., 2013; Rehman and Akash, 2016). The association between oxidative stress and cardiovascular disease in diabetes 

via endothelial dysfunction and the resulting pathological changes in inflammation, coagulation status and cell-

proliferation has been extensively investigated (Al-Aubaidy and Jelinek, 2011; Fiorentino et al., 2013; Markiewicz et al., 

2013). In the case of pre-diabetes, the situation is less understood, but changes in redox-status and the onset of 

hyperglycaemia-associated complications are already identifiable before diabetes diagnosis (Broedbaek et al., 2011). The 

central mechanism that is responsible for the increased cardiovascular risk in prediabetes is endothelial dysfunction due 

to the elevated formation of ROS and advanced glycation end products (AGEs) as well as increased lipid peroxidation 

under hyperglycaemic conditions (Maschirow et al., 2015). The consequences of endothelial dysfunction include 

impaired balance between coagulation and fibrinolysis, platelet activation, vascular smooth muscle cell proliferation and 

stimulation of inflammatory processes, which all together create a pro-thrombotic environment and, if hyperglycaemia 

remains untreated, cause cardiovascular disease, nephropathy, retinopathy, neuropathy and other diabetic-related 

complications in the long-term (Maschirow et al., 2015). Of interest, this study will be investigating the hepatic, renal and 

immune dysregulation complications in diet-induced prediabetic rats. Furthermore, the antioxidant effects of ruthenium 

are not known hence the study will also seek to  evaluate whether the ameliorative effects of the metallo-drug in glycaemic 

control and cardiovascular disease (CVD) complications will further ameliorate these pre-diabetic complications in the 

presence and absence of dietary intervention.  

1.6.1 Pre-diabetic-related hepatic complications 

Pre-diabetes related NAFLD is characterised with lipid abnormalities affecting 60% to 70% of pre-diabetic patients and 

hyperglycaemia accelerates atheroma formation in the setting of diabetic dyslipidaemia (Guven et al., 2006; 

Mavrogiannaki and Migdalis, 2013). Metabolism of very-low-density lipoprotein (VLDL), the main transporter for 

fasting TG, is insulin-regulated at multiple levels (Taskinen, 2003; Erion et al., 2016). Insulin suppresses lipolysis and 

regulates circulating FFA which are substrates for VLDL cholesterol assembly and secretion (Adiels et al., 2008) . In the 

liver, insulin mediates transfer of TG to apoB and regulates lipoprotein lipase activity to delipidate VLDL cholesterol 

(Michael et al., 2000; Laakso, 2010). Lipoprotein lipase activity can be disrupted by increased circulating FFA and 
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inhibited by apoCIII, whereas apoCIII hinders hepatic uptake of TG-rich lipoproteins and is inhibited by insulin (Michael 

et al., 2000; Laakso, 2010). Thus, in the insulin-resistant state, hypertriglyceridemia may be a consequence of elevated 

FFA level and decreased degradation of apoB leading to overproduction of VLDL cholesterol, impaired lipoprotein lipase 

activity and decreased hepatic uptake of VLDL with reduced VLDL cholesterol clearance (Adiels et al., 2008). Other 

lipid abnormalities observed in pre-diabetes can be attributed, in part, to elevated TG (Taskinen, 2003; Erion et al., 2016). 

The transfer of TG from TG-rich lipoproteins to HDL and LDL cholesterol is facilitated by cholesteryl ester transfer 

protein (CETP) (Taskinen, 2003; Erion et al., 2016). Hypertriglyceridemia stimulates CETP activity resulting in HDL 

and LDL cholesterol with high TG content (Girona et al., 2016). Enrichment with TG makes HDL particles subject to 

increased catabolism, lowering plasma HDL cholesterol concentration, whereas TG-enriched LDL particles undergo 

hydrolysis, decreasing particle size (Girona et al., 2016). Elevated FFA’s impair insulin signalling and cause subclinical 

inflammation with subsequent pancreatic β-cell dysfunction (Rachek, 2013; Parhofer, 2015). In addition, insulin 

resistance increases fatty acid flux from adipose tissue to the liver through increased adipose tissue lipolysis by the action 

of hormone sensitive lipase  and increased de novo lipogenesis by upregulation of  steroid regulatory element-binding 

protein 1-c (SREBP1-c) (Oliver, 2015). Recent investigations have shown that torcetrapib, a CETP inhibitor, raises not 

only HDL cholesterol concentration but also improves hyperglycaemia (Barter et al., 2011). In addition, recombinant 

HDL cholesterol infusions improve glucose dysregulation in patients with T2DM (Barter et al., 2011). These observations 

obtained suggest that HDL cholesterol may play a role in glucose metabolism. The proposed mechanisms included anti-

inflammatory properties of HDL cholesterol and the central role of HDL cholesterol in mediating reverse cholesterol 

transport, or cholesterol efflux, which may subsequently improve insulin sensitivity or secretion (Drew et al., 2009; Drew 

et al., 2012; Parhofer, 2015). Excessive accumulation of fatty acids also disturbs the β-oxidation system in the hepatic 

mitochondria and leads to further infiltration of fats in the liver (Moscatiello et al., 2007; Regnell and Lernmark, 2011; 

Mavrogiannaki and Migdalis, 2013). Furthermore, studies have revealed the prominent histopathological changes in the 

livers of T2DM patients that is characterised by the accumulation of fat in the vesicles, excess lipid distortion in the 

nucleus and decreased glycogen content (Moscatiello et al., 2007; Hamden et al., 2008; Lucchesi et al., 2015). Moreover, 

several cytokines related with insulin resistance are involved with the development of pre-diabetes related NAFLD and 

activation of inflammatory pathways (Pradhan et al., 2001; Makki et al., 2013). 

Hyperglycaemia has been reported to cause increased production of ROS in the liver via formation of Amadori products 

(Brownlee, 2005). These are oxidized to form AGEs which in turn activate RAGE to stimulate NADPH oxidase-1 with 
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intracellular ROS production (Brownlee, 2005). The secretion of abnormal liver enzyme levels of plasma alanine 

transaminase (ALT), aspartate transaminase (AST), alkaline phosphatase (ALP) and γ-glutamyl transpeptidase (GGT)  

indicate liver injury (Nannipieri et al., 2005; Mavrogiannaki and Migdalis, 2013). High caloric diets increase plasma 

levels of these enzymes through the induction of oxidative stress in the liver and these enzymes are found to be increased 

in pre-diabetic patients (Moscatiello et al., 2007; Mavrogiannaki and Migdalis, 2013). Increased oxidative stress further 

triggers the inflammatory cascade which leads to liver injury (Manna et al., 2010; Palsamy et al., 2010; Stefan et al., 

2014; Iroz et al., 2015). Furthermore, low-grade inflammation has been shown to lead to hepatic insulin resistance and 

the development of hepatic steatosis (Lumeng and Saltiel, 2011). Pre-diabetes and obesity substantially increase the 

number of hepatic macrophages and increase their migration into the liver (Obstfeld et al., 2010). Hyperlipidaemia within 

the atherosclerotic plaque results in the recruitment and migration of monocytes and other immune and inflammatory 

cells into the vascular sub-endothelial layer (Nishizawa and Bornfeldt, 2012). The recruitment of immune and 

inflammatory cells contributes to liver injury through the production of proinflammatory cytokines in the liver (Nishizawa 

and Bornfeldt, 2012).  

Currently, there is no effective treatment for NAFLD and related complications. Dietary and lifestyle interventions like 

those recommended for obesity remain the best therapeutic option for the management of NAFLD. These, when combined 

with  pharmacological therapy are aimed at improving hepatic, pancreatic and peripheral insulin sensitivity (Bugianesi et 

al., 2005; Hamad et al., 2011; DeFronzo et al., 2013a). The clinical value of MTF, pioglitazone and thiazolidinediones 

(TZDs) together with other treatments such as betaine, atorvastatin, losartan and orlistat is very subjective. Patients taking 

these drugs should be closely monitored due to possible contra-indications with T2DMmedications and the vulnerable 

condition of the liver during the drug detoxification process (Hamad et al., 2011; Mohamed et al., 2016). Additionally, 

the success of these drugs is often dependent on lifestyle intervention to reduce the risk of developing overt T2DM 

(Sullivan and Ratner, 2011). Therefore, drugs and lifestyle changes to manage pre-diabetes and the associated 

complications can only be effective through adherence to the overall prescribed regimen (Sullivan and Ratner, 2011). We 

have previously shown that the administration of our novel ruthenium(II) complex in diet-induced pre-diabetes 

ameliorates both peripheral insulin resistance and weight gain (Mabuza et al., 2018), and may perhaps ameliorate hepatic 

dysfunction . Hence, in chapter 2 of this study, we investigated the effects of a ruthenium(II) uracil-derived diimine 

complex on markers associated with diabetic liver dysfunction in a diet-induced pre-diabetic rat model in both the 

presence and absence of dietary intervention. 
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1.6.2 Pre-diabetes-related renal complications 

Several studies have reported that up to one-third of adults with newly diagnosed T2DMalready have kidney damage 

(Tabák et al., 2012; Hostalek, 2019). Hyperglycaemia is a crucial factor in the development of DN because of its effects 

on glomerular and mesangial cells, suggesting that DN may occur in the early stages of the disease (Tabák et al., 2012). 

The effect of hyperglycaemia on the occurrence of DN may start before glucose levels reach the diabetic range (Weil et 

al., 2012). Persistent hyperglycaemia increases proximal tubular reabsorption of glucose and sodium secondary to the 

induction of tubular growth and upregulated expression of sodium-dependent glucose cotransporter-2 (SGLT2) which 

contribute to renal glucose reabsorption (Norton et al., 2017). In the kidneys, all filtered glucose in the glomerulus has to 

be reabsorbed along the nephron (DeFronzo et al., 2013b). During hyperglycaemia, glucose is excreted in urine causing 

glucosuria because SGLT2 are saturated with the filtered glucose (Norton et al., 2017). The Na+/K+ ATPase pump on 

the basolateral membrane of the proximal tubule cell uses ATP molecules in exchange of 2 potassium ions (K+) and 3 

sodium ions (Na+) (Wilding, 2014). Sodium-dependent glucose cotransporter-2  utilizes the electrochemical potential of 

Na+ as an energy source to transport glucose across the apical membrane against the glucose gradient (Wilding, 2014). 

Glucose accumulates within the epithelium in the brush-border membrane and is then transported out of the cell across 

the basolateral membrane and into peritubular capillaries by facilitated members of the glucose transporter family of 

glucose uniporters (Kahn, 2002).  The increase in proximal reabsorption leads to a decrease in sodium delivery to the 

macula densa with deactivation of tubuloglomerular feedback and a consequent increase in glomerular pressure and 

filtration (De Nicola et al., 2016). In turn, these hemodynamic changes are associated with the histopathology of the 

kidney characterised by mesangial expansion, thickening of the basement membrane and nodular glomerulosclerosis (De 

Nicola et al., 2016). Studies have shown that pre-diabetes is associated with the subsequent development of glomerular 

hyperfiltration and albuminuria (Ritz, 2008; DeFronzo et al., 2013b). Glomerular hyperfiltration is a key mediator of 

progressive kidney damage caused by a variety of initiating injuries, including pre-diabetes  (Ritz, 2008; Kanasaki et al., 

2013). In the kidney, insulin resistance in pre-diabetes is a common and very early alteration risk factor for a decline in 

GFR as well as for the onset and progression of DN (Ritz, 2008; Kanasaki et al., 2013). A significant event that precedes 

renal injury is an increase in permeability of plasma proteins such as albumin through damage to the glomerular filtration 

barrier (Weil et al., 2012). This results in excessive urinary albumin excretion (UAE) through the nephron (DeFronzo et 

al., 2013b). Excess albumin excretion into the urine is used as a prominent marker for diabetic kidney disease (De Nicola 

et al., 2016; Tagawa et al., 2016). Increased albumin leakage results from the impaired integrity of the glomerular 
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filtration barrier (GFB) which further results in early podocyte loss at the onset of diabetes and initiates increased protein 

excretion in urine (Suh and Miner, 2013; Anil Kumar et al., 2014). Kidney injury molecule-1 (KIM-1) is another 

biomarker for renal proximal tubule injury and has been shown to be increased in diabetic patients (Carlsson et al., 2014; 

El-Ashmawy et al., 2015). 

 However, as the onset and progression of DN may be independent of glycaemia, other factors such as humoral signals 

from metabolic tissues might have a role in the early stages of impaired renal function  (Moriwaki et al., 2003; Navarro 

et al., 2006; Navarro-González et al., 2011). Loss of renal function has been shown to be associated with elevated pro-

inflammatory cytokine levels with creatinine clearance (CC) which has a positive correlation with cytokines, including 

IL-1, IL-6 and TNF-α (Moriwaki et al., 2003; Navarro et al., 2006; Navarro-González et al., 2011). In addition, pre-

diabetes is linked to the onset and progression of DN through inappropriate activation of the renin–angiotensin system 

(RAS) and oxidative stress in the kidney (Remuzzi et al., 2005). The resulting pathology results in aldosterone excess 

which results in sodium and water retention leading to elevated blood pressure (Remuzzi et al., 2005; Jansen et al., 2009; 

Lim, 2014). In pre-diabetes, there is an increase in plasma osmolality, which causes an increase in ADH secretion and 

stimulation of thirst (Bouby and Fernandes, 2003; Krug and Ehrhart-Bornstein, 2008). Therefore, inhibition of the RAS 

could be effective in preventing glomerular hypertension and hyperfiltration as well as in reducing albuminuria and kidney 

damage (Lim, 2014). In addition, lifestyle and dietary intervention are recommended in the management of DN 

progression (Spoto et al., 2016). Lifestyle intervention has been found to result in increased insulin sensitivity by 

enhancing glucose uptake and reduce renal mass (Spoto et al., 2016). Various randomized controlled trials have shown 

that intensive lifestyle interventions and the use of pharmacological agents can significantly reduce the incidence of overt 

DM in individuals with pre-diabetes (Plantinga et al., 2010; Roumen et al., 2011; Ghody et al., 2015). Several oral agents 

including MTF, TZDs, acarbose, orlistat and insulin have been evaluated for the prevention of T2DM and renal 

complications in patients with pre-diabetes (Ghody et al., 2015). However, these studies have only had modest success. 

Despite the benefits of therapy, studies have indicated that recommended glycaemic goals are achieved by less than 50% 

of patients, which may be associated with decreased adherence to therapies (Ghody et al., 2015). As a result, 

hyperglycaemia and long-term complications increase morbidity and premature mortality, and lead to increased costs to 

health services (Ghody et al., 2015). Furthermore, recent studies have reported that a ruthenium(II) complex with a 

diimine uracil chelating ligand possesses anti-diabetic properties through the improvement of glycaemic control, insulin 

sensitivity and decreased risk of developing diabetes-related CVD in diet-induced pre-diabetic rats (Mabuza et al., 2018; 



14 
 

Mabuza et al., 2019). Ruthenium may therefore ameliorate renal dysfunction since. Hence, in chapter 3 of this study, we 

investigated the effects of a ruthenium(II) uracil-derived diimine complex on markers associated with DN in a diet-

induced pre-diabetic rat model in both the presence and absence of dietary intervention. 

1.6.3 Prediabetes-related immune dysregulation complications 

The progression of pre-diabetes to overt T2DM involves a complex interaction between metabolism and immunity 

response (Hameed et al., 2015). Metabolic inflammation is regulated by both the innate and adaptive immune cell 

interactions and has been shown to be a precipitating factor sustaining insulin resistance, preceding T2DM (Winer and 

Winer, 2012). Activation of innate immunity in T2DM is linked to the activation of toll-like receptors (TLRs). These 

receptors have been implicated in diabetes-induced inflammation and vascular complications (Schaeffler et al., 2009; 

Jialal et al., 2012). The initiation events of a pro-inflammatory response involve synergistic contributions of various 

mechanisms which include an increase in nuclear factor κB (NF-κB) and c-Jun NH2-terminal kinase (JNK) activity (Cinti 

et al., 2005; Hotamisligil, 2010; Donath and Shoelson, 2011). Adipocytes are an important initiator of inflammatory 

response. Stressed adipocytes produce various cytokines and chemokines promoting immune cell activation and 

accumulation in adipose tissue (Cinti et al., 2005). An increase in adiposity is associated with upregulation of genes 

encoding pro-inflammatory molecules and accumulation of immune cells (Cinti et al., 2005; Hotamisligil, 2010; Donath 

and Shoelson, 2011). The sustained accumulation of lipids in adipose tissue results in the switching of macrophages from 

an anti-inflammatory to a pro-inflammatory phenotype (Prieur et al., 2011).  Elevated concentrations of biomarkers such 

as C-reactive protein (CRP), TNF- α, white blood cell (WBC) count, IL-1 β, IL-6 and fibrinogen point to a chronic, often 

subclinical degree of inflammation and are increased already before the onset of T2DM (Grossmann et al., 2015).  The 

progression of T2DM has been linked to various immune cells types but the primary sources of inflammatory effectors 

contributing to insulin resistance are macrophages (McArdle et al., 2013). Besides macrophages, the representation of 

several other immune cell populations is also altered in diabetes. These include, eosinophils and neutrophils which serve 

as a negative regulator of adipose tissue inflammation (Talukdar et al., 2012; Goh et al., 2013). In addition, several factors 

like impaired fibrinolysis, increased coagulation, endothelial dysfunction and platelet hyperreactivity contribute to 

prothrombic condition that describes patients with T2DM (Ferreiro et al., 2010; Sena et al., 2013; Gaiz et al., 2017). 

Furthermore, various metabolic abnormalities caused by diabetes leads to increased platelet activation and reactivity, 

evidenced by elevated levels of surface P-selectin and CD40 ligand markers as well as an increased count and mean 
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platelet volume (MPV) (Undas et al., 2008; Vizioli et al., 2009; Kodiatte et al., 2012). Type 2 diabetes mellitus is preceded 

by an extensive period of disease development and the activation of inflammatory-induced immune response is activated 

before the onset of the disease (Makki et al., 2013). Therefore, beginning treatment during the prediabetic state could be 

used as a therapeutic target in the management and prevention of pre-diabetes inflammatory-induced immune 

dysregulation complications. In addition, a study by Mzimela et al., has shown the changes in immune cell concentration 

during the progression of pre-diabetes to T2DM in a high-fat high carbohydrate diet-induced prediabetic rat model 

(Mzimela et al., 2019). A combination of pharmacological and dietary intervention is also recommended for the 

management of inflammatory-induced immune dysregulation to result in increased peripheral insulin sensitivity and 

improving glycaemic control (Giacco et al., 2013; Evert et al., 2014). Recent studies have reported that a ruthenium(II) 

Schiff base complex with a diimine uracil chelating ligand possesses anti-diabetic properties through improvement of 

glycaemic control, insulin sensitivity and decreased pro-inflammatory cytokines in diet-induced pre-diabetic rats (Mabuza 

et al., 2018; Mabuza et al., 2019). However, the effects of a ruthenium(II) uracil-derived diimine complex on immune 

response in diet-induced pre-diabetic state remain unclear.  Hence,  in chapter 4 of this study, we investigated the effects 

of a ruthenium(II) uracil-derived diimine complex on markers associated with immune dysregulation in a diet-induced 

pre-diabetic rat model in both the presence and absence of dietary intervention. 

1.7 Conventional management of pre-diabetes 

1.7.1 Lifestyle intervention 

Lifestyle and dietary modification are critical in the management of pre-diabetes and its related complications (Evert et 

al., 2014; ADA, 2019). The emphasis of nutrition therapy for pre-diabetic patients is on lifestyle strategies that will 

improve glycaemic control (Franz, 2003; Giacco et al., 2013). Meta-analyses demonstrated that lifestyle interventions 

including diet and physical activity led to a 63% reduction in diabetes incidence in those at high risk and have 

demonstrated encouraging improvement (Stiegler et al., 2009). The dietary management of pre-diabetes is a complement 

of lifestyle management with positive long-term health and quality of life (Frost et al., 2014). Since many pre-diabetic 

patients are insulin resistant and overweight, nutrition therapy often begins with lifestyle strategies that reduce energy 

intake and increase energy expenditure through dietary intervention and physical activity (Lindström et al., 2006). These 

strategies should be implemented as soon as the diagnosis of pre-diabetes or diabetes is made (Lindström et al., 2006; 

Giacco et al., 2013). The ADA recommends a hypocaloric diet for overweight or obese patients with pre-diabetes to 
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induce weight loss (ADA, 2019). Implied are the many pleiotropic effects of lifestyle intervention such as a reduction in 

lipids, blood pressure, and biomarkers that go beyond the straightforward glucose-lowering effect of oral hypoglycaemic 

drugs (Franz, 2003; Evert et al., 2014).  Therefore, dietary intervention may be important in pre-diabetic patients who are 

often characterized by the aggregation of multiple risk factors such as obesity, poor glycaemic control and insulin 

resistance (Franz, 2003; Evert et al., 2014). There are various diets that are recommended such as banting, high fat and 

ketogenic diets in the management of pre-diabetes (McLellan et al., 2014; Opie, 2014; Cooper et al., 2018). The 

westernization of lifestyle characterized by decreasing physical activity and a dietary pattern with high intake of foods 

rich in hydrogenated fat, refined grains, and red meat is related to the increase in obesity, overt T2DM and associated 

complications (Viscogliosi et al., 2013). In developing countries, the diets are based mainly on carbohydrates and high 

saturated fat which is associated with higher risk of IGT (Misra et al., 2010; Rahati et al., 2014). Furthermore, high caloric 

diets contribute to poor patient compliance (Misra et al., 2010). Therefore, there is a necessity for patients to change diets 

once diagnosed with pre-diabetes (Misra et al., 2010). Dietary changes include reduction of total saturated fat and 

increased dietary fiber intake, along with increased physical activity and weight loss (Lindström et al., 2013). Lifestyle 

modification focuses on improving dietary quality, physical activity while pharmacological intervention improves 

glycaemic control and other risk factors of T2DM (Lindström et al., 2013).  

Despite the significance of lifestyle measures in pre-diabetes therapy, pharmacotherapy is used to maintain target glucose 

concentrations. Different oral hypoglycaemic drugs have been in use to aid in the maintenance of blood glucose level at 

the requisite threshold in people with diabetes through distinct mechanisms (Inzucchi, 2002; Curtis, 2007). 

1.7.2 Pharmacological therapy 

1.7.2.1 Biguanides 

Metformin is an anti-hyperglycaemic drug that belongs to a class of insulin-sensitizing drugs known as biguanides 

(Ferrannini, 2014). Upon diagnosis with pre-diabetes, metformin form part of first-line treatment (Ferrannini, 2014). 

Biguanides improve insulin sensitivity via activation of the AMP-K pathway and hence decrease gluconeogenesis by 

approximately 20-30% when given orally but not intravenously (Musso et al., 2010). Furthermore, biguanides decrease 

intestinal glucose absorption and increase insulin-mediated glucose uptake in skeletal muscle (Musso et al., 2010). 

Metformin has also been shown to decrease serum triglycerides and fatty acid concentrations and slows the rate of lipid 

oxidation, actions that indirectly inhibit gluconeogenesis (Loomba et al., 2009). Metformin does not cause insulin release 
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from the pancreas and does not cause hypoglycaemia, even in large doses (Loomba et al., 2009). Furthermore, metformin 

treatment is associated with statistically and clinically significant reduction in body weight in obese patients with T2DM 

(Loomba et al., 2009). Metformin has been reported to improve liver injury but could not prevent fibrosis in patients with 

steatosis (Loomba et al., 2009). As metformin is not metabolized via the hepatic CYP450 system, its pharmacokinetic 

characteristics do not expose patients to drug–drug interactions (Holstein and Beil, 2009). However, there have only been 

a few reported cases of the hepatotoxic side effects of metformin, but there may be an increased risk of developing lactic 

acidosis in the setting of  diabetes-induced impaired liver function (Kutoh, 2005; Holstein and Beil, 2009). Additionally, 

a recent meta-analysis concluded that 6-12 months treatment  of metformin coupled with lifestyle intervention did not 

improve liver histology or aminotransferases compared with lifestyle intervention alone, independently of dose, treatment 

duration or diabetic state (Musso et al., 2010). Moreover, metformin is also contraindicated for use in patients with renal 

insufficiency or with congestive heart failure because of the risk of lactic acidosis (Holstein and Beil, 2009). Renal 

dysfunction appears to be the most common risk factor implicated with lactic acidosis and many current guidelines suggest 

discontinuation of metformin at a GFR of <60 mL/min (Pongwecharak et al., 2009). Furthermore, metformin has been 

shown to inhibit monocyte secretory function and reduce systemic inflammation in pre-diabetic patients (Krysiak and 

Okopien, 2013). However, lifestyle intervention was about twice as effective as metformin for prevention of diabetes and 

was the only intervention associated with regression to normal glucose regulation (Krysiak and Okopien, 

2013). Therefore, there is a necessity to evaluate other alternative treatments in the management and prevention of 

NAFLD, DN and immune dysregulation complications during pre-diabetic state. 

1.7.2.2 TZDs 

Among insulin-sensitizing drugs,TZDs are a therapeutic class that are selective agonists for peroxisome proliferator-

activated receptor-ᵧ (PPAR-ᵧ), a transcription factor that regulates gene expression in liver, adipose, vascular endothelium 

and muscle tissue (Esterson et al., 2013).  The currently available TZDs include rosiglitazone and pioglitazone and they 

are reported to improve insulin sensitivity at the level of adipose tissue, muscle and liver (Esterson et al., 2013). 

Thiazolidinediones  bind to PPAR-ᵧ which in turn activate insulin-responsive genes that regulate carbohydrate and lipid 

metabolism (Esterson et al., 2013). They require insulin to be present to exert their mechanism of action (Ceriello, 2008). 

There is strong evidence to indicate that these receptors may be important regulators of adipose differentiation, lipid 

homeostasis, insulin action, and vascular endothelial function (Yang et al., 2012). They increase glucose transport into 
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muscle and adipose tissue by enhancing the synthesis and translocation of specific forms of glucose transporter proteins 

such as GLUT4 (Yang et al., 2012). In addition, TZDs can also activate genes that regulate FFA metabolism in peripheral 

tissue thus lowering triglycerides and non-esterified fatty acid levels and inducing differentiation of adipocytes (Miyazaki 

et al., 2001). Despite a concern for hepatotoxicity raised by an earlier drug of the same class, troglitazone, no cases of 

severe hepatitis or exacerbation of non-alcoholic steatohepatitis (NASH) have been noted in clinical studies of 

pioglitazone and rosiglitazone. However, there have been a few isolated case reports linking these drugs to cholestatic 

liver injury (May et al., 2002; Mannucci et al., 2010). Thiazolidinediones may have salutary effects on DN by decreasing 

both macro- and microalbuminuria, therefore use of them requires careful monitoring for volume retention and hepatitis 

(Yang et al., 2012). In rodents, TZDs have direct protective effects on the β-cell against oxidative stress and apoptosis, 

which may contribute to preservation of β-cell mass (Esterson et al., 2013). Thiazolidinediones have been shown to 

decrease inflammatory markers in visceral adipose tissue, liver, atherosclerotic plaques and circulating plasma (Esterson 

et al., 2013). Pioglitazone treatment decreased invasion of adipose tissue by pro-inflammatory macrophages and increased 

hepatic and peripheral insulin sensitivity (Ceriello, 2008). Various clinical studies have examined the anti-inflammatory 

and antiatherogenic properties of TZDs (Zhao et al., 2010; Schöndorf et al., 2011; Erem et al., 2014). A meta-analysis 

showed that pioglitazone and rosiglitazone significantly decreased serum CRP levels in both nondiabetic and diabetic 

patients, irrespective of effects on glycaemia (Zhao et al., 2010). Treatment with TZDs also improved endothelial 

function, decreased hs-CRP and inflammatory markers, and increased adiponectin levels (Schöndorf et al., 2011; Erem 

et al., 2014). However, the most common side effect of TZDs such as weight gain are still present (Musso et al., 2010). 

There is also increased risk of congestive heart failure which occurs in about 60-70% of patients (Musso et al., 2010).  

1.7.2.3 Sodium-glucose co-transport 2 (SGLT-2) inhibitors 

Sodium-glucose co-transport 2 inhibitors are the latest approved class of glucose-lowering agents (Raskin, 2013; Mudaliar 

et al., 2015). Sodium-glucose co-transport 2 inhibitors work by blocking sodium/glucose uptake in the proximal tubules 

of the nephron thereby inducing glucose excretion in the urine (Raskin, 2013; Mudaliar et al., 2015). As excess glucose 

is excreted, there is a decrease in blood glucose level, decreased hepatic storage of glucose, decreased insulin secretion 

and, subsequently, decreased carbohydrate conversion to fat and, ultimately, reduced accumulated fat (Whaley et al., 

2012). Selective inhibition of SGLT-2 is expected to normalize plasma glucose by enhancing glucose excretion (Whaley 

et al., 2012). Thus, SGLT-2 inhibitors work independent of insulin and β-cell function, focusing on the kidney (Whaley 
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et al., 2012). Renal SGLT-2 expression is increased in hyperglycaemic mice and in humans with pre-diabetes (Bailey and 

Day, 2010). Recently, SGLT-2  inhibitors have been found to be effective in treating pre-diabetes and T2DM (Raskin, 

2013; Mudaliar et al., 2015). Sodium-glucose co-transport 2 inhibitors are effective in lowering plasma glucose when 

used as monotherapy or in combination with other oral antidiabetic agents (Vallianou et al., 2017). Although metformin is 

the first choice for treating T2DM, however if intolerable gastrointestinal side effects results SGLT-2 inhibitors are used 

as monotherapy (Vallianou et al., 2017). The SGLT-2 inhibitors are also effective in ameliorating glycemia in triple 

combination with metformin and either sulfonylureas, DPP-4 inhibitors, or glitazones, which have been shown to lower 

FPG and HbA1c concentrations (Vallianou et al., 2017). The addition of SGLT-2 inhibitors in patients inadequately 

controlled on insulin and mean HbA1c is related to improved glycaemic control without increasing body weight or the 

risk of hypoglycaemia (Mudaliar et al., 2015). Improvement in hyperglycaemia downregulates carbohydrate-responsive 

element-binding protein (ChREBP), a transcription factor responsible for activating the machinery for fatty acid synthesis 

(Park et al., 2014). Improvement in insulin resistance results in downregulation of SREBP-1c and the blockage of de novo 

hepatic lipogenesis (Kuchay et al., 2018). Thus, SGLT-2 inhibitors should improve NAFLD and provide a mechanistic 

rationale to conduct human trials with SGLT-2 inhibitors in patients with NAFLD (Kuchay et al., 2018). Furthermore, 

inflammation, oxidative stress, and fibrosis are involved in the initiation and progression of kidney disease (Elmarakby 

and Sullivan, 2012; Sangoi et al., 2016). Experimental studies have linked SGLT-2 inhibitors with reduction in anti-

inflammatory, antioxidant and anti-fibrotic markers after treatment with ipragliflozin and empagliflozin (Elmarakby and 

Sullivan, 2012; Sangoi et al., 2016). A recent study translated these preclinical findings to the human situation and 

demonstrated that 6 weeks treatment with the SGLT-2 inhibitor dapagliflozin decreased urinary levels of the 

inflammatory markers interleukin-6 and monocyte-attractive-protein-1 (Dekkers et al., 2018). At present, several 

preclinical and clinical studies examine the effects of SGLT-2 inhibitors on pre-diabetes and related  immune 

dysregulation, liver and kidney complications (Dekkers et al., 2018). 

1.7.2.4 α-Glucosidase inhibitors 

α-glucosidase inhibitors reduce the rate of polysaccharide digestion from the proximal small intestine and mainly lower 

post prandial glucose without causing hypoglycaemia  (Knowler et al., 2018). Since their effect on HbA1c is smaller than 

that of other oral antidiabetic agents, they are seldom used in the treatment of T2DM (Chaudhury et al., 2017). However, 

in the Study to Prevent Non-Insulin- Dependent Diabetes Mellitus (STOP-NIDDM), acarbose resulted in a 25 % relative-
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risk reduction for T2DM in individuals with IGT with a suggested decrease in CVD and hypertension risk (Haw et al., 

2017; Holman et al., 2017). However, about a third of the acarbose-treated individuals could not complete the trial because 

of gastrointestinal side-effects (Knowler et al., 2018). A recent study investigating voglibose, another α-glucosidase 

inhibitor, reported a 40% reduction in incident T2DM risk during 48 weeks of follow-up in high-risk Japanese individuals 

with IGT (Kraus et al., 2018). In addition, α-glucosidase inhibitors have also been shown to augment incretin secretion 

as well as altering gut micobiota flora, which may partially explain their beneficial effects (Chen et al., 2014). Although 

α-glucosidase inhibitors are commonly used for controlling postprandial blood glucose, α-glucosidase inhibitors-induced 

liver injuries have been reported (Maximos et al., 2017; Chen et al., 2017). However, the relationship between α-

glucosidase inhibitors and liver injuries in advanced chronic kidney disease patients remains unexplored (Kao et al., 

2016). Furthermore, oral α-glucosidase inhibitors are poorly absorbed from the gastrointestinal tract and then almost 

completely eliminated in the urine and renal failure greatly influences pharmacokinetics and drug plasma levels (Wu et 

al., 2015). 

1.7.2.5 Glucagon-like peptide-1 receptor (GLP-1R) agonists  

Glucagon-like peptide-1 receptor agonists regulate appetite and hyperglycaemia by activating the GLP-1R, rather than 

inhibiting the breakdown of glucagon-like peptide-1 (GLP-1) as oppose to DPP-4 inhibitors (Heppner and Perez, 2015). 

Glucagon-like peptide-1 receptor agonists therapies are approved for the treatment of T2DM and obesity and they have 

demonstrated anti-inflammatory, lipid-lowering, and anti-fibrotic effects in liver and protects cardiovascular system 

(Vishal et al., 2014; Heppner and Perez, 2015). Previous studies demonstrated protective effects of GLP-1R analogs in 

acute renal injury and diabetic dyslipidaemia-induced renal dysfunction in diabetic db/db mice by attenuating oxidative 

stress, renal lipid accumulation, and inflammation (Fujita et al., 2014; Patel et al., 2018). Thus, GLP-1 signalling can 

modulate renal dysfunctions through multiple mechanisms (Patel et al., 2018). Furthermore, exenatide is a synthetic 

analog of exendin-4, a 39-amino-acid agonist of the GLP-1R has shown promising effects in the treatment of liver disease 

and are under investigation (Patel et al., 2016). In a murine model of fatty liver, administration of exendin-4 significantly 

reduced glucose levels, improved insulin sensitivity, and reduced hepatic steatosis (Patel et al., 2016; Jin and Weng, 

2016). In an open-label, uncontrolled clinical trial using exenatide to assess drug safety in patients with diabetes, patients 

were noted to have had improved AST, ALT and insulin sensitivity over the 3.5-year follow-up period (van Raalte et al., 

2016; Jin and Weng, 2016). Finally, an open-label, prospective case series measuring the effect of exenatide on the hepatic 
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histology of eight patients with T2DM and biopsy-proven NAFLD demonstrated improvement in serum 

aminotransferases, although no significant improvement in histopathology was demonstrated (Jin and Weng, 2016; Dong 

et al., 2017). Moreover, as GLP-1R analogs are effective in reducing IGT conversion to T2DM, improving β-cell function, 

promoting weight loss, improving cardiovascular risk factors and do not cause hypoglycaemia, they may be beneficial for 

treating IGT and pre-diabetes related complications (Brill et al., 2016; Lundkvist et al., 2019). However, the major side-

effects of GLP-1R agonists are nausea and vomiting and approximately 5 % of individuals cannot tolerate these agents 

(Brill et al., 2016; Lundkvist et al., 2019). While pancreatitis has been listed as a potential side-effect, an increased 

incidence of the latter has not been substantiated (Brill et al., 2016; Lundkvist et al., 2019). In considering their potential 

suitability for use in the prevention of T2DM, the considerable costs of these agents require cost effectiveness studies 

should they ultimately be approved for this indication (Brill et al., 2016; Lundkvist et al., 2019). 

1.7.2.6 Dipeptidyl Peptidase-4 Inhibitors 

Dipeptidyl peptidase-4 inhibitors are relatively new incretin-based drugs available for the management of T2DM, like the 

GLP-1R agonists they act via the incretin pathway (Schnapp et al., 2016; Thomas et al., 2016). Today, several DPP-4 

inhibitors are available worldwide, the main action of which is to increase the level of incretin hormones such as GLP-1, 

thereby stimulating insulin secretion from pancreatic β cells, and many researchers have reported sufficient evidence of 

effective glucose-lowering action (Schnapp et al., 2016; Thomas et al., 2016). Currently sitagliptin and saxagliptin are 

the only DPP-4 inhibitors available for the treatment of T2DM and related complications (Schnapp et al., 2016; Thomas 

et al., 2016).  Dipeptidyl peptidase-4 is a ubiquitous enzyme expressed on the surface of most cell types that deactivates 

a variety of other bioactive peptides, including GLP-1 (Thomas et al., 2016). Therefore, its inhibition could potentially 

affect glucose regulation through multiple effects. These inhibitors, unlike other GLP-1-based therapies, can be 

administered orally, making them attractive candidates for liver disease treatment (Joy et al., 2017). Sitagliptin is 

eliminated almost entirely by the kidneys and have very little hepatic metabolism, making them safe for use in patients 

with decreased liver function, whilst saxagliptin and vildagliptin are metabolized in the liver (Joy et al., 2017; Lyu et al., 

2017). In animal studies, sitagliptin has been shown to attenuate the effects of metformin, through phosphorylation of the 

AMP-K pathway (Lyu et al., 2017; Jin et al., 2019). In addition, in fructose-fed rats who develop insulin resistance and 

the metabolic syndrome, administration of sitagliptin decreased liver steatosis, decreased β-cell apoptosis and insulin 

resistance (Maiztegui et al., 2017). It is hypothesized that in NAFLD the DPP-4 enzymatic activity is increased which 
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might contribute to the development of T2DM and metabolic deterioration, therefore based on these results, DPP-4 

inhibitors might offer prevention of further metabolic deterioration, especially in NAFLD (Schnapp et al., 2016; Lyu et 

al., 2017). However, there are currently no clinical studies in humans examining the effect of sitagliptin or other DDP-4 

inhibitors on liver disease but results in animal studies suggest these may be promising drugs (Thomas et al., 2016; 

Maiztegui et al., 2017). The renoprotective effect of DPP-4 inhibitors has also been reported and the effects was mainly 

against diabetic kidney diseases, reducing proteinuria and glomerular sclerosis in some animal models and in clinical 

studies (Tanaka et al., 2016). In addition, DPP-4 inhibition has the potential to address several impediments associated 

with intensification of glycaemic control in patients with DN (Thomas et al., 2016; Tanaka et al., 2016). Furthermore, 

apart from specific hypoglycaemic mechanisms, DPP-4 inhibitors possess an immune modulation profile, through 

regulation of T cell phenotype and cytokine section offering the potential for extendibility to autoimmune diabetes (Wang 

et al., 2018). Therefore, agents in this class could in principle be beneficial in prevention of prediabetes progression, 

although there are no long-term studies available examining the enhancement of insulin secretion into preservation of β-

cell function (Sakura et al., 2016).  

Pharmacological therapy for pre-diabetes is often combined with dietary intervention.  However, there is reported poor 

patient compliance in terms of dietary intervention as patients tend to heavily rely on the pharmacological treatment, these 

therefore further worsen the disease and reduce the efficacy of the drug (Bailey and Kodack, 2011; Ahmad et al., 2013). 

Hence, there is a necessity to investigate alternative antidiabetic drugs like transition metals that will possibly be effective 

even in the presence or absence of dietary intervention to manage and prevent pre-diabetes and its related complications. 

1.8 Alternative management of pre-diabetes 

There is a continuous search and evaluation of several synthetic compounds of transitional metals, where most drugs used 

today are purely organic compounds (Rafique et al., 2010). Recently, interest in metal complexes in the management of 

diseases has grown (Allardyce and Dyson, 2006). Synthetic organometallic compounds are generally considered to be 

toxic or non-compatible with biological systems (Rafique et al., 2010). Despite this perception, the medicinal properties 

of organometallic compounds in particular, organo-transition metal compounds have been investigated for a long period 

and in the last few years the area has grown considerably (Allardyce and Dyson, 2006). Transition metals have an 

important place within medicinal biochemistry (Rafique et al., 2010). Transition metals represent the d block element 

which includes groups 3 - 12 on the periodic table. They have partially filled d-shells in any of their commonly occurring 
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oxidation state (Levina et al., 2009). A metal complex or coordination compound is a structure consisting of a central 

metal atom, bonded to a surrounding array of ligands (molecules or anions), which donate an electron pair to the metal 

(Zhang and Lippard, 2003). Research has shown significant progress in the utilization of transition metal complexes as 

drugs to treat several human diseases such as carcinomas, lymphomas, neurological disorders and diabetes (Rafique et 

al., 2010). Transition metals exhibit different oxidation states and can interact with a number of negatively charged 

molecules (Zhang and Lippard, 2003). This activity of transition metals has started the development of metal-based drugs 

with promising pharmacological application and may offer unique therapeutic opportunities (Rafique et al., 2010). 

Therefore, the interest of the current study is on the transition metal ruthenium(II)  complex. 

1.8.1 Ruthenium(II) uracil-derived diimine complex [RuII(H3ucp)Cl(PPh3)] 

Ruthenium compounds emerge as the most promising metal complexes with biological features including, i) ability to 

adopt numerous oxidation states (most commonly II, III, and IV); ii) octahedral geometry, an improvement over the 

platinum drugs, allowing for more intensive tuning of the complexes electronic and steric properties; iii) facility to 

exchange with O- and N- donor molecules in a way similar to platinum drugs; iv) slow rate of ligand exchange in 

comparison with other transition metal complexes; v) transport by binding to serum albumin and transferrin, as ruthenium 

mimic iron in binding to proteins (Allardyce and Dyson, 2006; Rafique et al., 2010). Currently there are three ruthenium 

(III) complexes entering clinical trials: NAMI-A [ImH][trans-RuCl4(DMSO)(Im)], KP1019–[InH][trans- RuCl4(In)2] 

and NKP3019-Na[trans-RuCl4(In)2] (Im = imidazole, In = indazole) (Alessio and Messori, 2019). Recent literature trends 

have shown significant progress in the utilization of transition metal complexes as metal-based drugs to manage diabetes 

(Rafique et al., 2010; Naik et al., 2014). Ruthenium complex have been synthesised and complexed with a nitric oxide 

(NO) ligand as NO donor and scavenger for the treatment of diabetes and cardiovascular complications (Komers and 

Anderson, 2003). NO released from the ruthenium induces vascular smooth muscle relaxation via activation of cGMP 

production and K+ channel activation, as well as decreased cytosolic Ca2+ concentrations (Komers and Anderson, 2003). 

Antonyan et al. (2014) demonstrated that the coordination of ruthenium to the natural product, curcumin and the resultant 

ruthenium(II)-curcumin complexes are promising for the development of dipeptidyl peptidase-4 (DPP-IV) inhibitors, thus 

the use of DPP-IV inhibitors increases the circulating levels of endogenous glucagon like pepdite-1 (GLP-1), leading to 

increased insulin secretion biosynthesis and inhibiting glucagon release (Komers and Anderson, 2003; Antonyan et al., 

2014). Ruthenium compounds have been also shown to exhibit effective anti-inflammatory properties via inhibiting 
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inflammatory mediators (NO and iNOS) and pro-inflammatory cytokines (TNF-α and IL-1β) (Hsia et al., 2018). Resulting 

in blocking lipopolysaccharides (LPS)-induced p38 MAPK/p65 phosphorylation, IκBα degradation and p65 nuclear 

translocation in RAW 264.7 cells (Hsia et al., 2018). There has also been an upsurge in the interest of ruthenium 

polypyridyl nitrogen-donor complexes in exploring their fibril inhibitory capabilities of the human islet amyloid 

polypeptide (hIAPP) (He et al., 2013; Ma et al., 2015; Gong et al., 2017). Aggregation of the hIAPP are associated with 

the development of T2DM and this phenomenon leads to pancreatic β cell apoptosis. The inhibitory activities of these 

ruthenium complexes are initiated by their covalent attachment to intracellular bodies of the pancreatic β-cells which in 

turn modulate insulin production (He et al., 2013; Ma et al., 2015; Gong et al., 2017).  

Our leading candidate, anti-diabetic ruthenium(II) Schiff base complex, [RuII(H3ucp)Cl(PPh3)] (H4ucp = 2,6-bis-((6-

amino-1,3-dimethyluracilimino)methylene)pyridine) contains the H3ucp monoanionic tridentate diimine which comprises 

of two derivatives of the RNA nucleotide base, uracil. The presence of these moieties could promote target specificity, 

physiological compatibility and cell permeability (Booysen et al., 2014). Furthermore, this complex has been recently 

shown to improve glycaemic control and insulin sensitivity as evidence by the amelioration of HbA1c levels, which in 

turn ameliorated risk metabolic factors associated with CVD in pre-diabetes diet-induced rats (Mabuza et al., 2018; 

Mabuza et al., 2019). However, it is not known how this metal-based complex will influence prediabetes-related hepatic, 

renal and immune dysregulation complications in a diet-induced pre-diabetic rat model. Thus, the goal of this study was 

to investigate the effects of a ruthenium(II) uracil-derived diimine complex on markers associated with hepatic, renal and 

immune dysregulation in the presence and absence of dietary intervention in a diet-induced pre-diabetes male Sprague-

Dawley rat.  

1.9 Experimental pre-diabetic rat models 

There are various diabetic models used to study diabetic-related pathology and to investigate the effects of various 

therapeutic modalities in management of diabetes (Srinivasan and Ramarao, 2007). Experimental diabetes studies can be 

conducted in vivo and in vitro using animals and cell lines, respectively. Although both do not perfectly mimic human 

diabetes, they are valuable tools for evaluating novel anti-diabetic agents (Srinivasan and Ramarao, 2007). However, the 

use of animal models has contributed a great impact in the study of diabetes. Animal models allow researchers to control 

in vivo, genetic, and environmental factors that may influence the development of the disease and its secondary 

complications, therefore gaining useful information on its management and treatment in humans (Lu et al., 2010). There 
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are many animal models used to study T2DM (Lu et al., 2010). Some of these models show a genetic predisposition to 

the disease, while others may develop the disease spontaneously or in a diet-induced manner (Liu et al., 2002; 

Dourmashkin et al., 2005). The most commonly used non-genetic animal models of type 1 diabetes are those induced by 

streptozotocin or alloxan, or models obtained by partial pancreatectomy which leads to insulin deficiency, 

hyperglycaemia, and ketosis (Lenzen, 2008; Lu et al., 2010). Although these models are useful for the study of diabetes, 

however, they are not fully representative of diet-induced human metabolic syndrome and pre-diabetes as these models 

skip the pre-diabetes state.  

Diet composition has been considered an important factor in the impairment of insulin activity (Lozano et al., 2016; 

Dooley and Ryan, 2019; Kalita et al., 2019). Literature evidence has shown that the administration of a high-fat diet 

(HFD) or high carbohydrates (HCD) and fructose to rats for 2 months is a fast and easy way to induce pre-diabetes 

associated with metabolic and oxidative disorders (Lenzen, 2008; Auberval et al., 2014; Lozano et al., 2016). However, 

recent epidemiological studies of sugar consumption and diabetes prevalence suggest that a diet rich in fat as well as 

carbohydrates is a greater risk factor for these disorders than a diet that is rich in either fats or sugars (Basu et al., 2013).  

Of interest in this study was the diet-induced pre-diabetic rat model by the combination of HFD and HCD supplemented 

with 15% fructose. This preliminary diabetic animal model has shown to display complications and aetiology of pre-

diabetes, which is insulin resistance, hyperglycaemia and glucose intolerance over time (Luvuno et al., 2018). In addition, 

a study by Mzimela et al.,  showed the changes in immune response during the progression of pre-diabetes to T2DM in a 

high fat high carbohydrate diet-induced prediabetic rat model (Mzimela et al., 2019).  However, the effects of this 

mononuclear metal-based complex on markers associated with hepatic, renal and immune dysregulation in diet-induced 

pre-diabetic rats are yet to be investigated.  Moreover, the use of this diabetic animal model that best displays the clinical 

manifestations of the disease is advantageous in developing therapeutic novel treatments in managing pre-diabetes and 

related complications (Basu et al., 2013; Auberval et al., 2014).  

1.10 Justification of the present study 

Pre-diabetes, an intermediate hyperglycaemic state that often precedes the onset of T2DM, is best characterised with 

hyperglycaemia, insulin resistance and glucose intolerance (Tabák et al., 2012; Hostalek, 2019).  Insulin resistance is a 

key component of pre-diabetes and encompasses a wide spectrum of disorders that drives the development of atherogenic 

dyslipidaemia, generates a low-grade inflammatory state and increases the release of pro-inflammatory markers and ROS 
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(Akash et al., 2013; Rehman and Akash, 2016). In addition, insulin resistance also affects blood pressure, endothelial 

cells and macrophages, eventually leading to prediabetes-related complications (Donath, 2014; Chen et al., 2015). 

Lifestyle and dietary interventions are recognized as one of the bases in preventing pre-diabetes, managing existing pre-

diabetes, and delaying the rate of development of diabetes complications through improved glycaemic control and insulin 

sensitivity (Hu et al., 2010; Shrestha and Ghimire, 2012; Venkataraman et al., 2013). Therefore, dietary intervention is 

important at all levels of diabetes prevention. However, these preventative strategies should be implemented as soon as 

the diagnosis of pre-diabetes or diabetes is made and beginning treatment during the prediabetic state could be used as a 

therapeutic target in the management and prevention of pre-diabetes (Hu et al., 2010). However, patients still take the 

conventional drugs without lifestyle intervention, such as dietary intervention and these lead to further poor patient 

compliance and exacerbate the disease (Bailey and Kodack, 2011; Ahmad et al., 2013). Therefore, novel therapeutic agent 

with less undesirable limitation coupled with dietary intervention should be developed to overcome these issues. Research 

has shown significant progress in utilization of transition metal complexes as drugs to treat several human diseases (Zhang 

and Lippard, 2003). The biological activities of transition metals have started the development of metal-based drugs with 

promising pharmacological application and may offer unique therapeutic opportunities (Sekhon, 2011; Bagchi et al., 

2015). Organoruthenium compounds emerge as the most promising with biological features including their low toxicity, 

mechanism of action and a preference for protein binding (Naik et al., 2014; Hsia et al., 2018). Furthermore, the 

ruthenium(II) uracil-derived diimine complex has been shown to improve glycaemic control and insulin sensitivity while 

ameliorating risk factors associated with CVD through its anti-inflammatory, anti-oxidative and vasodilative properties 

(Mabuza et al., 2018; Mabuza et al., 2019). Therefore, the literature evidence described in the preceding sections indicates 

that this ruthenium compound has the potential in managing pre-diabetes and its related complications. Therefore, of 

interest in this study, are the effects of a ruthenium(II) uracil-derived diimine complex on markers associated with hepatic, 

renal and immune dysregulation complications in diet-induced pre-diabetic rat. The outcome of the study may justify 

further evaluations of this metal-based complex on pre-diabetic complications.  

1.11 Aims 

The aims of the study were to investigate the effects of a ruthenium(II) uracil-derived diimine complex on risk markers 

associated with hepatic, renal and immune dysregulation complications in both the presence and absence of dietary 

intervention in diet-induced pre-diabetic male Sprague-Dawley rats.  
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1.12 Objectives 

The objectives of the study were:  

➢ To investigate the hepatoprotective effects of a ruthenium(II) uracil-derived diimine complex in diet-induced pre-

diabetic rats, by evaluating liver and body weight, liver function enzymes, SREBP 1c concentration and 

histopathological analysis of the liver. 

➢ To investigate the renoprotective effects of a ruthenium(II) uracil-derived diimine complex in diet-induced pre-

diabetic rats, by evaluating electrolytes, antioxidants activity, renal function biomarkers, KIM-1 concentration, 

histopathological analysis of the kidney and expression of mRNA podocin concentration in urine. 

➢ To investigate the effects of a ruthenium(II) uracil-derived diimine complex on immune dysregulation in diet-

induced pre-diabetic rats, by evaluating platelets activation markers, immune cell counts, pro-inflammatory 

cytokines and VLDL.  
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CHAPTER 2 

Prologue 1: Manuscript 1 

“Hepatoprotective effects of a ruthenium(II) Schiff base complex in rats with diet-induced prediabetes” 

The relation between glucose and lipid toxicity with insulin resistance and β cell toxicity has been shown to impair liver 

function and leads to a vicious cycle. Lipid accumulation in the liver seems to be a major mechanism associated with 

prediabetes-related insulin resistance and T2DM progression. The pharmacological treatment of pre-diabetes-related liver 

complications aid in reducing body weight and improving insulin sensitivity in the liver and periphery in conjunction with 

dietary intervention. Previously, we have shown that treatment with ruthenium (II) complex (15 mg/kg) (extrapolated 

from previous studies) in both the presence and absence of dietary intervention significantly improved markers associated 

with the risk of progression to T2DM in a diet-induced pre-diabetic rat model. However, the effects of this compound on 

liver injury enzymes markers and NAFLD-associated complications in a diet-induced pre-diabetic rat model remain 

unknown. Hence, manuscript 1, investigated the hepato-protective effects of a ruthenium(II) Schiff base complex in diet-

induced prediabetic rats in both the presence and absence of dietary intervention. 

This manuscript has been accepted for publication in the journal “Current Therapeutic Research” and has been 

formatted according to the journal’s guidelines for authors (Appendix 7).  

This work was authored by L.P Mabuza, M.W Gamede, S Maikoo, IN Booysen, P.S Ngubane and A Khathi.  

 

 

 

 

 

 

 

 



43 
 

Abstract 

Background: Progressive insulin resistance in a pre-diabetic state has been reported to be the predominant causative 

factor for the development of non-alcoholic fatty liver disease (NAFLD). The combination of dietary modification and 

pharmacotherapy have been recommended to manage diabetic liver complications. However, poor patient compliance 

and toxicity of current drug therapy on liver function still results, therefore newer alternative drugs are required.  

Materials and methods: Prediabetic rats were randomly allocated to respective treatment groups. The ruthenium-based 

compound (15 mg/kg) was administered to the pre-diabetic rats in both the presence and absence of dietary intervention 

once a day every third day for 12 weeks.  

Results: The administration of the ruthenium compound in both the presence and absence of dietary intervention resulted 

in the restoration of liver and body weights.  This treatment also reduced liver damage enzyme biomarkers, bilirubin and 

sterol regulatory element binding protein 1c (SREBP-1c) concentrations in the plasma.  

Conclusion: The ruthenium(II) complex showed beneficial effects as it ameliorated and prevented the progression of 

diabetes-related liver derangements while eliminating the hepatotoxicity associated with the use of metal compounds. 

However, further studies are still required to further determine the physiological mechanisms behind this effect.  

Keywords: Ruthenium(II) complex, Non-alcoholic fatty liver disease (NAFLD), Pre-diabetes, Hepatic insulin resistance, 

Dietary intervention  
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1. Introduction  

The liver plays an important role in the maintenance of systemic lipid and glucose homeostasis. 1 However, liver damage 

leads to dysregulation of both lipid and glucose metabolism and is a serious complication among pre-diabetic and diabetic 

patients. 2 Liver damage is associated with several abnormalities, such as abnormal glycogen deposition, NAFLD and 

elevated plasma concentrations of liver damage biomarkers. 3, 4 In pre-diabetes, insulin resistance and compensatory 

hyperinsulinaemia have been shown to be the predominant causative factors of liver pathology. 5-7 The insulin resistance 

is said to impair the anti-lipolytic action of insulin in adipose tissue, which leads to increased release of free fatty acids 

(FFA). 8-11 The elevated  plasma concentrations of insulin, glucose and fatty acids then impairs the β-oxidation of fatty 

acids and enhances de novo lipogenesis in the liver under the control of a specific transcription factor SREBP-1c. 4, 12, 13 

The presence of abnormal plasma levels of liver enzymes, such as alanine transaminase (ALT) and aspartate transaminase 

(AST) levels resemble liver injury and are found to be increased in pre-diabetic patients. 4, 14 In addition, studies have 

shown that bilirubin, which has been shown to have protective effects against cardiovascular complications, is lowered 

in diabetes. 15, 16 Furthermore, the histopathological changes in diabetic patients include increased hepatic glycogen 

concentration, accumulation of hepatic fat and increased liver size. 13, 17, 18 Dietary modifications and pharmacotherapy 

have been used to manage NAFLD as well as non-alcoholic steatohepatitis (NASH) liver complications which aid in 

reducing body weight and improving insulin sensitivity in the liver and  periphery. 7, 19, 20 However,  the clinical value of  

metformin, pioglitazone, thiazolidinediones together with other treatments such as betaine, atorvastatin, losartan and 

orlistat is very subjective. Patients taking these drugs should be closely monitored due to possible contra-indications with 

diabetes mellitus medications and the vulnerable condition of the liver during the drug detoxification process. 20, 21 

Ruthenium (II)-derived complex has been shown to possess anti-inflammatory properties and exhibited protective effects 

against lipopolysaccharide-induced liver injury in mice through mediation of the inhibition of NF-κB signaling pathways. 

22 Furthermore, recent studies have reported that  ruthenium(II) complex with a diimine uracil chelating ligand possesses 

anti-diabetic properties which improved  glycaemic control, insulin sensitivity and decreased risk of developing diabetes-

related cardiovascular diseases in diet-induced pre-diabetic rats. 23, 24 However, the effects of this metal complex on 

hepatic complications in the pre-diabetic state remain unknown. Hence, this study sought to investigate the 

hepatoprotective effects of the ruthenium(II) Schiff base complex in the presence and absence of dietary intervention in 

a diet-induced pre-diabetic rat model. 
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2. Materials and Methods 

2.1 Chemicals and drugs 

All chemicals and drugs were of analytical grade and purchased from standard commercial suppliers. Previous studies 

showed that the dose of the ruthenium complex used in this study was non-toxic. 23, 24 

2.2 Synthesis of ruthenium(II) Schiff base complex 

The synthesis of ruthenium(II) Schiff base complex, [RuII(H3ucp)Cl(PPh3)] (H4ucp = 2,6-bis-((6-amino-1,3-

dimethyluracilimino)methylene)pyridine) has been done in our laboratory as previously reported. 25    

2.3 Animals and housing  

In this study, 36 male Sprague-Dawley rats (150-180 g) were used. The animals were housed in a room with a 12-hour 

light/12hour dark cycle, at room temperature (25°C), for the duration of the study. The animals in each group had access 

to food and water ad libitum. All animal procedures and housing conditions were approved by the Animal Research Ethics 

Committee of the University of KwaZulu-Natal (ethical clearance number: AREC/038/016M). 

2.3.1 Induction of pre-diabetes 

The animals were randomly assigned to the following diet groups; Normal diet with drinking water (ND) and high-fat 

high-carbohydrate diet with drinking water supplemented with 15% fructose (HFHC) (AVI Products (Pty) Ltd, Waterfall, 

South Africa). Pre-diabetes was induced by allowing the animals to feed on the HFHC  diet for 20 weeks as previously 

described. 26 Glucose tolerance was evaluated 5 days after the 20 weeks of induction with a well-known established 

laboratory protocol, the oral glucose tolerance test (OGTT), to determine pre-diabetes according to the American Diabetes 

Association criteria. 23 The rats with fasting blood glucose (FBG)  of more than 5.6 mmol/L were considered pre-diabetic 

and grouped further for pharmacological studies. The animals that were fed the normal diet were also tested and were 

found to be normoglycemic and without pre-diabetes. The treatment started on the subsequent day and this was considered 

as the first day of treatment. 

2.3.2 Experimental design  

The study consisted of two main groups, the non-prediabetic animals (NPD, n=6) and the pre-diabetic animals (PD, n=30). 

After 20 weeks of induction, the pre-diabetic animals were divided into the following five groups (n=6): the first group 
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pre-diabetic (PD) were fed a high fat high carbohydrate (HFHC) diet without treatment. The second group (metformin 

[MTF] + HFHC) were fed on high fat high carbohydrate diet and treated with an oral dose of metformin (500 mg/kg, 

Sigma-Aldrich, St Louis, Missouri, United State of America). The third group (MTF + ND) were fed a normal diet (ND) 

and treated with an oral dose of metformin (500 mg/kg, Sigma-Aldrich, St Louis, Missouri, USA). The fourth group 

(ruthenium [RU] + HFHC) were fed a high fat high carbohydrate diet and treated with subcutaneous injection of ruthenium 

complex (15 mg/kg) while the fifth group (RU + ND) were fed a normal diet and treated with subcutaneous injection of 

ruthenium complex (15 mg/kg). The animals were treated once a day every third day at 09:00 am for 12 weeks. For 12 

weeks treatment period parameters such as, body weight and FBG were monitored every 4 weeks. 

2.3.3 Blood collection and tissue harvesting  

All animals were anaesthetised with Isofor (100 mg/kg)) (Safeline Pharmaceuticals (Pty) Ltd, Roodeport, South Africa) 

using a gas anaesthetic chamber (Biomedical Resource Unit, University of KwaZulu-Natal, Durban, South Africa) and 

allowed to inhale for 3 minutes. Blood was collected by cardiac puncture and then injected into individual pre-cooled 

heparinized containers. The blood was then centrifuged for plasma collection (Eppendorf centrifuge 5403, Germany) at 

4 °C, 503 g for 15 minutes. Thereafter, the liver was removed, weighed and halved into two liver tissue. One liver tissue 

was snap frozen in liquid nitrogen before storage in a BioUltra freezer (Snijers Scientific, Tilburg, Netherlands) at -80 °C 

until biochemical analysis, and the other liver tissue was kept in 10 % formalin buffer for histopathological examination.  

2.4 Biochemical analysis  

Plasma AST, ALT and Total bilirubin were measured using the Catalyst One Chemistry Analyzer (IDEXX Laboratories, 

United State of America). The concentration of SREBP-1c was analysed using specific ELISA kits in accordance with 

the manufacturer’s instructions (Elabscience and Biotechnology, Wuhan, China). The kits included a micro-ELISA plate 

that was coated with antibodies specific to SREBP-1c.  Standards and samples were pipetted into the appropriate wells of 

the micro-ELISA plate and incubated for 90 min at 37 °C. This was followed by the addition of the relevant biotinylated 

detection antibody (100 μl). After 60 min incubation at 37 °C, avidin–horseradish peroxidase conjugate (100 μl) was 

added to each micro-plate well. After a further 30 min incubation at 37 °C, the unbound components were washed away 

using the wash buffer provided. Substrate solution (100 μl) was added to each micro-plate well and, after 15 min 

incubation at 37 °C, the stop solution (50 μl) was added. Optical density was measured using a nano spectrophotometer 
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(BMG Labtech, Ortenburg, Germany) at 450 nm. The concentrations of SREBP-1c in the samples were extrapolated from 

a standard curve.   

2.5 Glycogen Assay 

Glycogen analysis was performed in liver tissues. Glycogen assay was conducted using a well-established laboratory 

protocol. 23 Liver tissues (50 mg) were weighed and heated with KOH (30%, 2 ml) at 100 °C  for 30 min. Thereafter, 

Na2SO4 (10%, 0.194 ml) was added to stop the reaction and allowed to cool. For glycogen precipitation, the cooled 

mixture (200 µl) was aspirated and mixed with ethanol (95%, 200 µl). The precipitated glycogen was pelleted, washed 

and redissolved in H2O (1 ml). Thereafter, anthrone (0.5 g dissolved in 250 ml of sulphuric acid, 4 ml) was added and 

boiled for 10 min. After cooling the absorbance was read using the Spectrostar Nano spectrophotometer (BMG Labtech, 

Ortenburg, Baden-Württernberg, Germany) at 620 nm. The glycogen concentrations were calculated from a glycogen 

standard curve.  

2.6 Hepatic histology examination 

Liver histology was analysed using a previously described protocol. 27 Liver tissues were immediately fixed in 10% 

formalin buffer after removal from the animals. The tissue samples were embedded in paraffin wax after alcohol 

dehydration process. Using microtome, 5 μm sections of liver tissue were taken and were stained by haematoxylin and 

eosin (H&E) stain. The processed tissue sections were then visualized and captured using a Leica Scanner, SCN400 and 

Slide Path Gateway LAN software for analysis (Leica Microsystems CMS, Wetzlar, Germany). Two paraffin-embedded 

liver samples from each group were sectioned (4 kidney sections per slide). Liver tissue was evaluated for 

histopathological changes using a semi-quantitative assessment. Each liver section was assessed for the presence of the 

following changes: lipid droplet (LD) accumulation, hepatocytes ballooning (H) and lobular disarray. The observed 

changes were graded from zero to three, with zero indicating normal tissue, one indicating mild change, two indicating 

moderate change, and three indicating severe change. 

2.7 Statistical Analysis 

Data were reported as mean ± standard error of mean (SEM). GraphPad Prism Software (version 5) was used to conduct 

statistical analysis. The differences between control and treated groups were analysed using One-way analysis of variance 

(ANOVA) followed by Tukey-Kramer. Values of p< 0.05 show statistical significance between the compared groups. 
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3. Results 

3.1  Liver glycogen  

By comparison with the non-prediabetic (NPD) group, the pre-diabetic (PD) group showed a significant increase in liver 

glycogen concentration (p < 0.05; Table 1). The ruthenium(II) complex and high fat high carbohydrate (RU+HFHC)  and 

the metformin and high fat high carbohydrate (MTF+HFHC) groups had significant high glycogen concentrations when 

compared with the NPD group  (p < 0.05; Table 1).However, the administration of RU+ND and MFT+ND significantly 

(p<0.05) reduced liver glycogen concentration when compared with  the PD group (Table 1). 

Table 1: Effects of the ruthenium(II) complex on liver glycogen concentration of pre-diabetic animals for a 

treatment period of 12 weeks. Values are presented as means ± SEM (n=6) in each group. 

Groups Hepatic Glycogen (nmol/g protein) 

NPD 1.88±0.40 

PD 2.25±0.51* 

MTF+HFHC 2.38±1.12* 

MTF+ND 1.41±0.12α 

RU+HFHC 2.18±0.72* 

RU+ND 1.62±0.23α 

* p < 0.05 compared to non-prediabetic (NPD), α p < 0.05 compared to pre-diabetes (PD); Metformin and high fat high 

carbohydrate (MTF+HFHC); Metformin and normal diet (MTF+ND); Ruthenium(II) complex and high fat high 

carbohydrate (RU+HFHC); Ruthenium(II) complex and normal diet (RU+ND). 

3.2 Liver and body weight  

By comparison with the NPD group, the PD group showed a significant increase in both liver and body weight (p<0.05; 

Table 2). The administration of RU+HFHC and MTF+HFHC showed a significant increase in both liver and body weight 

when compared with the NPD group (p < 0.05; Table 2). However, when compared with the PD group, administration of 

ruthenium complex in the presence and absence of dietary intervention showed a significant decrease in body weight with 
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further decrease in liver weight in the ruthenium-treated pre-diabetic animals (p<0.05; Table 2). In addition, the 

metformin-treated animals displayed similar results when compared with the PD groups (p<0.05; Table 2). 

Table 2: The influences of the ruthenium(II) complex on liver and body weight of pre-diabetic animals for a 

treatment period of 12 weeks. Values are presented as means ± SEM (n=6) in each group. 

Groups Initial body weight (g) Final body weight (g) Liver weight (g) 

NPD 173±1.45 384±6.30 11.53±0.14 

PD 176±1.73 680±8.08* 24.33±1.23* 

MTF+HFHC 172±1.22 501±5.06*α 17.34±0.86*α 

MTF+ND 177±0.98 443±3.90α 13.35±1.37α 

RU+HFHC 172±1.45 490±5.09*α 16.23±0.65*α 

RU+ND 175±1.67 435±2.61α 13.20±0.91α 

* p < 0.05 compared to non-prediabetic (NPD), α p < 0.05 compared to pre-diabetes (PD); Metformin and high fat high 

carbohydrate (MTF+HFHC); Metformin and normal diet (MTF+ND); Ruthenium(II) complex and high fat high 

carbohydrate (RU+HFHC); Ruthenium(II) complex and normal diet (RU+ND). 

3.3 Plasma liver function enzymes AST and ALT concentration 

The untreated pre-diabetic group showed a significant increase in plasma AST concentration when compared with the 

non-prediabetic group over the treatment period (p<0.05; Fig. 1A). However, when compared with the PD group, both 

the groups treated with the metal-based drug resulted in a significant decrease in AST concentration (p<0.05; Fig. 1(A)). 

The metformin-treated groups showed a restored AST concentration when compared with the PD group (p<0.05; Fig. 

1(A)). In addition, there were no significant changes in ALT concentration in the PD group when compared with the NPD 

group (p>0.05; Fig. 1(B)). Interestingly, administration of ruthenium complex in the presence and absence of dietary 

intervention showed a significant decrease in ALT concentration when compared to both the NPD and the PD groups, 

with the RU+ND group showing more effective results when compared to NPD group (p<0.05; Fig 1(B)). However, the 

metformin-treated groups showed a significant increase in ALT concentration when compared with both the NPD and the 

PD groups (p<0.05; Fig. 1(B)). 
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Fig. 1. The effects of the ruthenium(II) complex on (A) AST and (B) ALT concentration of pre-diabetic animals 

during the treatment period. Values are presented as means ± SEM (n = 6) in each group. * p < 0.05 compared to non-

prediabetic (NPD), α p < 0.05 compared to pre-diabetes (PD); Metformin and high fat high carbohydrate (MTF+HFHC); 

Metformin and normal diet (MTF+ND); Ruthenium(II) complex and high fat high carbohydrate (RU+HFHC); 

Ruthenium(II) complex and normal diet (RU+ND). 

3.4 Plasma total bilirubin concentration 

The pre-diabetic group showed a significantly decreased plasma total bilirubin concentration when compared with the 

non-prediabetic group after the treatment period (p<0.05; Fig. 2). Interestingly, both RU+HFHC and RU+ND treated 

groups resulted in a significant increase in plasma total bilirubin concentration when compared with PD group to within 

the NPD group (p<0.05; Fig. 2). Remarkably, the metformin-treated groups showed a significant increase in plasma total 

bilirubin concentration when compared with both the NPD and the PD groups (p<0.05; Fig. 2). 
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Fig. 2. The effects of the ruthenium(II) complex on total bilirubin concentration of pre-diabetic animals during the 

treatment period. Values are presented as means ± SEM (n = 6) in each group. * p < 0.05 compared to non-prediabetic 

(NPD), α p < 0.05 compared to pre-diabetes (PD); Metformin and high fat high carbohydrate (MTF+HFHC); Metformin 

and normal diet (MTF+ND); Ruthenium(II) complex and high fat high carbohydrate (RU+HFHC); Ruthenium(II) 

complex and normal diet (RU+ND). 

3.5 Plasma SREBP-1c concentration 

The pre-diabetic group showed significantly increased plasma SREBP-1c concentration when compared with the non-

prediabetic group after the treatment period (p<0.05; Fig. 3). The RU+HFHC group had significant high  plasma SREBP-

1c concentration when compared with the NPD group (p<0.05; Fig. 3). Interestingly, when compared with the PD group, 

the administration of RU+ND reduced plasma SREBP-1c concentration to within that of NPD group (p<0.05; Fig. 3). 

The metformin-treated groups showed significant decrease in plasma SREBP-1c concentration when compared with the 

PD group (p<0.05; Fig. 3). 
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Fig. 3. The effects of the ruthenium(II) complex on SREBP-1c concentration of pre-diabetic animals during the 

treatment period. Values are presented as means ± SEM (n = 6) in each group. * p < 0.05 compared to non-prediabetic 

(NPD), α p < 0.05 compared to pre-diabetes (PD); Metformin and high fat high carbohydrate (MTF+HFHC); Metformin 

and normal diet (MTF+ND); Ruthenium(II) complex and high fat high carbohydrate (RU+HFHC); Ruthenium(II) 

complex and normal diet (RU+ND). 

3.6 Histology of the liver 

Liver histology analysis revealed that there was increased lipid droplet (LD) accumulation, hepatocytes ballooning (H) 

and lobular disarray in PD group animals (Fig. 4(B)) as compared to NPD animals (Fig. 4(A)). The administration of 

ruthenium compound to the pre-diabetic animals (Fig. 4(E)-(F)) remarkably reduced lipid accumulation and restored 

hepatocytes size and shape in the pre-diabetic metal complex-treated animals as compared to PD control animals (Fig. 

4(B)). Results showed that there was no remarkable difference between RU+HFHC and RU+ND treated animals in liver 

histological sections (Fig. 4(E)-(F)). In addition, the metformin-treated animals showed similar observation (Fig. 4(C)-

(D)). 
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Fig. 4: The effects of the ruthenium(II) complex on liver histopathological analyses (A) NPD group, (B) PD group, 

(C) MFT+HFHC group, (D) MFT+ND group, (E) RU+HFHC group and (F) RU+ND group of pre-diabetes treated 

animals during the treatment period (H&E) stain. Magnification 20X (100 µm). CV=Central vein, H=Hepatocyte, 

LD=Lipid droplets. 
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4. Discussion 

In the current study, we investigated the effects of a ruthenium(II) Schiff base complex on diabetes-related hepatic 

complications in the presence and absence of dietary intervention. The liver plays a key role in regulating glucose 

metabolism and becomes compromised during derangements, such as NAFLD and pre-diabetes. 28-30 The results obtained 

in this study showed a significant increase in hepatic glycogen content in the PD group by comparison with the NPD 

control group. Studies show that the increased glycogen content in obese and pre-diabetic patients is associated with 

decreased peripheral insulin sensitivity. 31, 32 The administration of the ruthenium(II) complex in conjunction with dietary 

intervention showed effective effects in reducing hepatic glycogen concentration in the pre-diabetic treated animals. 

Although, we have not come up with a conclusive mechanism for this observation. At this point we can only speculate. 

We speculate that the observed results on hepatic glycogen concentration could, in part, be mediated via dietary 

carbohydrates. The decrease in dietary carbohydrates accompanied with improved peripheral insulin sensitivity, 

decreased hepatic glycogen concentration. 23 Excessive accumulation of glycogen and fatty acids in the hepatocytes have 

been reported to lead to hepatomegaly with steatosis being the major causative factor in diabetic patients. 33 This study 

has shown that the administration of this ruthenium(II) complex in both the presence and absence of dietary intervention 

ameliorated body weight gain in pre-diabetic rats. A reduction in body weight of as low as 8% is associated with reduced 

steatosis and improved insulin tolerance. 30 The results of the present study further revealed that administration of the 

ruthenium(II) complex resulted in a significant decrease in the liver weights as compared to pre-diabetic group. 

Ruthenium(II) Schiff base complex has been shown to ameliorate caloric intake through the reduction of plasma ghrelin 

levels in diet-induced pre-diabetes rats. 23 Furthermore, several studies suggest that increased liver weights in prediabetes 

and NAFLD are associated with increased hepatic lipid accumulation. 8-11 Indeed, histological analysis showed that there 

was increased hepatic lipid droplet accumulation in the untreated prediabetic rats. However, the administration of the 

ruthenium(II) complex in both the presence and absence of dietary intervention resulted in a decrease in lipid 

accumulation. Taken together, these results could suggest that the ability of this compound to restore insulin sensitivity 

in the pre-diabetic state restores body weights while reducing hepatic accumulation of glycogen and fats. This would then 

result in a reduction in liver weights and the prevention of hepatomegaly which is associated with NAFLD. 34  

Plasma AST and ALT are enzyme biomarkers used to monitor the liver’s structural integrity and aids in the clinical 

diagnosis of NAFLD and other liver toxicity conditions. 35 Generally, high caloric diets increase plasma concentration of 

these enzymes through the induction of oxidative stress in the liver. 35 Indeed, the results of the present study showed that 
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the PD group had significantly increased plasma levels of AST as compared to NPD control group. These results suggest 

that diet-induced pre-diabetes can has deleterious effects on the liver due to production of free radicals and reactive oxygen 

species (ROS) which further trigger the inflammatory response mechanism. 36  On the other hand, there was no significant 

change in plasma ALT levels in the PD group when compared to the NPD group. However, due to the age of the rats, 

which were 36 weeks old at the end of the experiment, we speculate that the observed result on ALT level may be due to 

age. Literature evidence has shown that oxidative stress increases with age which then trigger the inflammatory response 

mechanism and reduces cellular antioxidant capacity, thus leading to mutation and DNA damage that can be a 

predisposing factor to impair liver function. 37, 38 Furthermore, the ND has a considerable amount of carbohydrates. 

Ingested carbohydrates are a major stimulus for hepatic de novo lipogenesis and more likely to directly contribute to 

NAFLD and impair liver function enzymes than dietary fat intake. 39 However, we do acknowledge that further 

mechanisms are needed to elucidate the increase ALT levels in the non-prediabetic rats.  The administration of metal 

complexes is often associated with increased plasma AST and ALT levels suggesting liver toxicity. 40 Pharmacotherapy 

for diabetes-related liver disorders is often combined with dietary intervention which involves the consumption of low-

caloric diets. 30 However, there is reported low patient compliance in terms of dietary intervention as patients tend to 

heavily rely on the pharmacological treatments and thus reduce the efficacy of the drugs. 41  

However, the administration of the ruthenium(II) complex, in both the absence and presence of dietary intervention led 

to decreased plasma AST and ALT levels in the pre-diabetic treated rats. In addition, treatment with the metal compound 

with dietary intervention displayed more effective results in terms of lowering ALT levels in pre-diabetic rats.  A recent 

study by Hsia et al., has demonstrated the anti-inflammatory properties of a novel ruthenium compound, via inhibiting 

inflammatory mediators (nitric oxide and nitric oxide synthase) and pro-inflammatory cytokines (tumor necrosis factor-

α and interleukin-1β )in RAW 264.7 cells. 22 Additionally, the metal compound also displayed protective effect against 

Lipopolysaccharide-induced liver injury in mice, thus protecting progressive liver damage. 22 Moreover, the findings of 

the study could suggest that the integration of the Schiff base ligand within the coordination sphere of this ruthenium(II) 

complex could possibly protect the liver from toxic and proinflammatory effects as metal compounds complexed with 

organic ligands have been found to be less toxic. 25 Notably, the metformin-treated pre-diabetic animals showed decrease 

in AST levels in both the presence and absence of dietary intervention.  In contrast, there was an increase in plasma ALT 

levels in metformin-treated animals as compared to both NPD and PD control groups. Metformin has been reported to 

improve liver injury but could not prevent fibrosis in patients with steatosis. 42 As metformin is not metabolized via the 
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hepatic CYP450 system, its pharmacokinetic characteristics do not expose patients to drug–drug interactions. 43 However, 

there have only been a few reported cases of the hepatotoxic side effects of metformin, but there may be an increased risk 

of developing lactic acidosis in the setting of  diabetes-induced impaired liver function. 43-45 Therefore, the findings of the 

present study suggest that metformin treatment is not therapeutic in terms of reducing ALT levels in prediabetes related 

NAFLD complications. However, the relationship between these liver enzymes and pre-diabetes may be more complex 

than generally appreciated. Future studies are warranted to help provide insight into the nature of these processes and 

determine the joint role of these liver enzymes in the pathophysiology of pre-diabetes. 

Studies have reported that continuously low bilirubin levels are strongly correlated to the risk of development of diabetes-

related cardiovascular complications. 16, 46, 47 Additionally, bilirubin has been reported to be inversely associated with 

NAFLD and steatohepatitis. 48 In this study, the induction of prediabetes resulted in a significant reduction of plasma total 

bilirubin concentration. However, the administration of the ruthenium complex resulted in a significant increase in plasma 

bilirubin levels .  We speculate that these findings may be due to the metal complex activating several key reactions, in 

particular those catalyzed by heme oxygenase 1, biliverdin reductase and UDP- glucuronosyltransferase enzymes, which 

play an important role in bilirubin homeostasis. 47, 49 While we have not investigated these reactions in this study, this 

metal compound has been shown to have cardio-protective properties in diet-induced pre-diabetes rats and we speculate 

that these effects could be, in part, attributed to its effects on the synthesis of bilirubin in the liver. 24 Recent studies have 

identified bilirubin to be a major contributor to the total antioxidant capacity in blood. 47 Indeed, ruthenium(II) Schiff base 

complex has been shown to possess antioxidant ability as it reduced tissue lipid peroxidation and increased the 

concentration of antioxidant markers such as glutathione peroxidase and superoxide dismutase. 24 Interestingly, 

metformin-treated animals also showed increased plasma total bilirubin when compared with both the NPD and the PD 

control groups further explaining the reported cardio-protective effects of this compound. 

Studies show that insulin resistance plays a key role in hepatic lipid accumulation and the subsequent increase of adipose 

tissue lipolysis. 50 The resultant fatty acid accumulation disturbs the β-oxidation system in the hepatic mitochondria and 

leads to further infiltration of fats in the liver. 50 In the liver, the molecular basis for this mechanism was shown to involve 

SREBP-1c, an important lipogenic transcription factor. 4, 12, 13 In the present study, the plasma level of SREBP-1c in the 

PD control animals was significantly higher than that in the NPD control animals. The administration of the ruthenium(II) 

complex coupled with dietary intervention tended to reduce plasma SREBP-1c levels in pre-diabetic treated animals. 
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Suggesting a potent effect of the metal in conjunction with dietary modification. Numerous Schiff base ruthenium(II) 

complexes have been isolated and their structural diversity have culminated into a wide spectrum of structure-activity of 

relationships. 25, 51 For instance, the stereo-electronic features of the organic chelating ligands have been closely correlated 

to DNA binding studies and cytotoxicity while the redox properties of the metal centre typically dictate their radical 

scavenging capabilities. 25, 51, 52 We speculate that the insulin-sensitizing effect of this compound may relate to the 

decreased SREBP-1c levels in ruthenium-treatment group. It might be, therefore speculated that administration of the 

ruthenium(II) complex in the presence of dietary intervention ameliorated the lipid accumulation in liver. Furthermore, 

decrease SREBP-1c levels were observed in the metformin-treated pre-diabetic rats. Metformin has been shown to 

activate AMPK phosphorylation which inhibited SREBP-1c activity and attenuated hepatic steatosis and atherosclerosis 

in diet-induced insulin-resistant mice. 53 Indeed, histological analysis showed that the administration of the ruthenium(II) 

Schiff base complex resulted in reduced hepatic lipid droplet accumulation as well as reduced hepatocyte ballooning and 

lobular disarray by comparison to the PD group, with the metformin-treated pre-diabetic rats with similar observation.  

This possibly indicates that this compound restored the balance between hepatic lipid storage and removal thus resulting 

in a reduction in triacylglycerol accumulation. 50 Although more studies are needed to elucidate the mechanism by which 

this occurs, these results further suggest the ability of this compound to protect the liver against NAFLD. 

5. Conclusion 

The results of this study suggest that the administration of the ruthenium(II) Schiff base complex normalized the 

concentration of liver damage biomarker enzymes, significantly reduced hepatic lipid accumulation, decreased SREBP-

1c plasma levels and prevented the onset of hepatomegaly observed in pre-diabetic animals, although the underlying 

mechanisms are yet to be determined. This warrants further studies into this ruthenium(II) Schiff base complex as a 

potential therapeutic alternative for pre-diabetes associated NAFLD. 
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List of abbreviations 

ALT Alanine transaminase 

AST Aspartate transaminase 

CV Central vein 

FBG Fasting blood glucose 

FFA Free fatty acid 

H Hepatocyte  

H&E Haematoxylin and eosin 

HFHC High fat high carbohydrate 

LD Lipid droplets 

MTF Metformin 

NAFLD Non-alcoholic fatty liver disease 

NASH Non-alcoholic steatohepatitis 

ND Normal diet 

NPD Non-prediabetic 

OGTT Oral glucose tolerance test 

PD Pre-diabetes 

ROS Reactive oxygen species 

RU Ruthenium 

SREBP-1c Steroid regulatory elementary binding protein-1c 
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Tables 

Table 1: Effects of the ruthenium(II) complex on liver glycogen concentration of pre-diabetic animals for a 

treatment period of 12 weeks. Values are presented as means ± SEM (n=6) in each group. 

Groups Hepatic Glycogen (nmol/g protein) 

NPD 1.88±0.40 

PD 2.25±0.51* 

MTF+HFHC 2.38±1.12* 

MTF+ND 1.41±0.12α 

RU+HFHC 2.18±0.72* 

RU+ND 1.62±0.23α 

* p < 0.05 compared to non-prediabetic (NPD), α p < 0.05 compared to pre-diabetes (PD); Metformin and high fat high 

carbohydrate (MTF+HFHC); Metformin and normal diet (MTF+ND); Ruthenium(II) complex and high fat high 

carbohydrate (RU+HFHC); Ruthenium(II) complex and normal diet (RU+ND). 

Table 2: The influences of the ruthenium(II) complex on liver and body weight of pre-diabetic animals for a 

treatment period of 12 weeks. Values are presented as means ± SEM (n=6) in each group. 

Groups Initial body weight (g) Final body weight (g) Liver weight (g) 

NPD 173±1.45 384±6.30 11.53±0.14 

PD 176±1.73 680±8.08* 24.33±1.23* 

MTF+HFHC 172±1.22 501±5.06*α 17.34±0.86*α 

MTF+ND 177±0.98 443±3.90α 13.35±1.37α 

RU+HFHC 172±1.45 490±5.09*α 16.23±0.65*α 

RU+ND 175±1.67 435±2.61α 13.20±0.91α 
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* p < 0.05 compared to non-prediabetic (NPD), α p < 0.05 compared to pre-diabetes (PD); Metformin and high fat high 

carbohydrate (MTF+HFHC); Metformin and normal diet (MTF+ND); Ruthenium(II) complex and high fat high 

carbohydrate (RU+HFHC); Ruthenium(II) complex and normal diet (RU+ND). 
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Figure legends 

Fig. 1. The effects of the ruthenium(II) complex on (A) AST and (B) ALT concentration of pre-diabetic animals 

during the treatment period. Values are presented as means ± SEM (n = 6) in each group. * p < 0.05 compared to 

non-prediabetic (NPD), α p < 0.05 compared to pre-diabetes (PD); Metformin and high fat high carbohydrate 

(MTF+HFHC); Metformin and normal diet (MTF+ND); Ruthenium(II) complex and high fat high carbohydrate 

(RU+HFHC); Ruthenium(II) complex and normal diet (RU+ND). 

Fig. 2. The effects of the ruthenium(II) complex on total bilirubin concentration of pre-diabetic animals during 

the treatment period. Values are presented as means ± SEM (n = 6) in each group. * p < 0.05 compared to non-

prediabetic (NPD), α p < 0.05 compared to pre-diabetes (PD); Metformin and high fat high carbohydrate 

(MTF+HFHC); Metformin and normal diet (MTF+ND); Ruthenium(II) complex and high fat high carbohydrate 

(RU+HFHC); Ruthenium(II) complex and normal diet (RU+ND). 

Fig. 3. The effects of the ruthenium(II) complex on SREBP-1c concentration of pre-diabetic animals during the 

treatment period. Values are presented as means ± SEM (n = 6) in each group. * p < 0.05 compared to non-prediabetic 

(NPD), α p < 0.05 compared to pre-diabetes (PD); Metformin and high fat high carbohydrate (MTF+HFHC); 

Metformin and normal diet (MTF+ND); Ruthenium(II) complex and high fat high carbohydrate (RU+HFHC); 

Ruthenium(II) complex and normal diet (RU+ND). 

Fig. 4: The effects of the ruthenium(II) complex on liver histopathological analyses (A) NPD group, (B) PD 

group, (C) MFT+HFHC group, (D) MFT+ND group, (E) RU+HFHC group and (F) RU+ND group of pre-

diabetes treated animals during the treatment period (H&E) stain. Magnification 20X (100 µm). CV=Central vein, 

H=Hepatocyte, LD=Lipid droplets. 
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CHAPTER 3 

Prologue 2: Manuscript 2 

“Amelioration of risk factors associated with diabetic nephropathy in diet-induced pre-diabetic rats by an uracil-

derived diimine ruthenium(II) compound” 

There is a strong link between hyperglycaemia and the progression of kidney injury.  Pre-diabetes is a risk factor for 

chronic kidney disease and newly diagnosed pre-diabetic patients already have kidney damage. However, whether this 

prospective association is attributable to the effects of pre-diabetes itself, increased incidence of diabetes, or prediabetic-

related complications that contribute to both hyperglycaemia and kidney pathology is unclear. We have previously 

reported that treatment with ruthenium(II) complex improved glycaemic control as evidenced by observed decreased in 

HbA1c concentration and decreased body weights, whilst  in conjunction with dietary intervention there was reduced 

plasma ghrelin concentration in the ruthenium(II)-treated rats. In the previous manuscript, we further showed that the 

administration of this compound resulted in reduced liver weights as well. However, the effects of this compound on 

kidney-related ROS, impaired electrolytes balance, renal dysfunction biomarkers, mRNA of podocin expression  and 

histopathology analysis of the kidney remain unclear. Hence, manuscript 2, investigated the effects of a ruthenium(II) 

uracil-derived diimine complex on risk factors associated with DN in a diet-induced pre-diabetic rat model in both the 

presence and absence of dietary intervention.  

The current manuscript has been submitted for publication in the journal “Nutrients” and formatted according to journal’s 

guidelines to authors (Appendix 8).  

This work was authored by L.P Mabuza, M.W Gamede, S Maikoo, IN Booysen, P.S Ngubane and A Khathi.  
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Abstract 

Diabetic renal injury advances through different stages of structural and functional changes in the glomerulus, therefore 

treatment during the pre-diabetic state could be used as therapeutic target in the management and prevention of diabetic 

nephropathy (DN). Once diagnosed, dietary interventions and pharmacological therapy have been recommended to 

manage DN and pre-diabetic related complications. However, poor patient compliance still results, therefore newer 

alternative drugs are required. High fat high carbohydrates (HFHC) diet was used to induce pre-diabetes for 20 weeks. 

After the induction, pre-diabetic rats were randomly allocated to respective treatment groups. Subcutaneous ruthenium(II) 

Schiff base complex injection (15 mg/kg) was administered to pre-diabetic rats in both the presence and absence of dietary 

intervention once a day every third day for 12 weeks. The administration of ruthenium(II) complex resulted in reduced 

blood glucose, aldosterone, fluid intake and urinary output which correlated with a restoration in plasma and urinary 

electrolytes along with plasma antioxidants concentration. Furthermore, there was a decrease in kidney injury molecule-

1 (KIM-1) concentration, albumin excretion rate (AER) albumin creatinine ratio (ACR) and mRNA expression of podocin 

in urine in ruthenium-treated pre-diabetic rats. In addition, ruthenium-treated rats showed improved histological structure 

of renal glomerulus. Ruthenium(II) Schiff base complex ameliorated renal function while preventing the progression of 

DN in prediabetic-treated rats.  

Key words: antioxidants, diabetic nephropathy, dietary intervention, pre-diabetes, ruthenium(II) Schiff base complex 
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1. Introduction 

Several studies have reported that up to one-third of adults with newly diagnosed diabetes mellitus already have kidney 

damage [1, 2]. These research findings suggest that the onset of diabetic nephropathy (DN) may occur in the early stages 

of the disease progression [1]. Hyperglycaemia evokes the onset and progression of DN because of its role in causing 

hemodynamic dysregulation along with abnormal morphological and functional nephron changes, ranging from increased 

glomerular basement membrane (GBM) thickness, mesangial expansion, extracellular matrix deposition, 

glomerulosclerosis, overt proteinuria, and decreased glomerular function as well as filtration rate to eventual end-stage 

renal damage [3, 4]. A significant event that precedes renal injury is an increase in permeability of plasma proteins such 

as albumin through damage via the glomerular filtration barrier [3]. This leads to excessive urinary albumin excretion 

(UAE) through the nephron where elevated albumin excretion into urine is used as a prominent marker for diabetic kidney 

disease [5, 6]. Furthermore, the compromised function of the glomerular filtration barrier (GFB) typically escalates into 

early podocyte loss at the onset of diabetes and in the process initiates increased protein excretion in urine [7, 8]. Kidney 

injury molecule-1 (KIM-1) is another biomarker for renal proximal tubule injury and has been showed to be substantial 

in urine samples of diabetic patients [9, 10]. Prediabetes, which is a long lasting condition that precedes the onset of type 

2 diabetes (T2DM),  is linked to the onset and progression of DN through inappropriate activation of the renin–angiotensin 

system (RAS), elevated levels of proinflammatory cytokines and oxidative stress in the kidney [11, 12]. Subsequent 

pathology causes aldosterone excess which emantes in sodium and water retention leading to elevated blood pressure [11, 

13, 14]. Thus, beginning treatment during the prediabetic state could be used as therapeutic target in the management and 

prevention of DN as well as the associated complications. A combination of pharmacological and dietary intervention are 

recommended for the management of DN progression to result in increased peripheral insulin sensitivity and thus reduce 

the amount of glucose perfusing the kidney [15, 16]. Our recent studies reported that a ruthenium(II) complex with a 

diimine uracil chelating ligand exhibited optimal anti-diabetic properties through improvement of glycaemic control, 

insulin sensitivity and decreased risk of developing diabetes-related cardiovascular diseases in diet-induced pre-diabetic 

rats [17, 18]. However, the effects of this mononuclear metal-based complex on renal function in diet-induced pre-diabetes 

are yet to be investigated. Thus, the aim of this research study was to investigate the effects of this potential 

metallopharmaceutical on renal function in a diet-induced pre-diabetes rat model. 
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2. Materials and Methods 

2.1 Chemicals and drugs 

All chemicals and drugs were of analytical grade and purchased from standard commercial suppliers. Previous studies 

showed that the dose of the ruthenium complex used in this study was non-toxic [17-19]. 

2.2 Synthesis of ruthenium(II) Schiff base complex 

The synthesis of the ruthenium(II) Schiff base complex, [RuII(H3ucp)Cl(PPh3)] (H4ucp = 2,6-bis-((6-amino-1,3-

dimethyluracilimino)methylene)pyridine) was conducted according to experimental methods previously reported [20]. 

The purity of the metal complex was affirmed by nuclear magnetic spectroscopy and Time-Of-Flight (TOF) mass 

spectrometry. 

2.3 Animals and housing  

A sample set of 36 male Sprague-Dawley rats (2 weeks old;150-180 g) were used. These animals were housed in room 

with a 12 hours light/12 hours dark cycle and room temperature (25°C) for the duration of the study. The animals in each 

group had access to food and water ad libitum. All animal procedures and conditions were carried out according to the 

Animal Research Ethics Committee of the University of KwaZulu-Natal (ethics no: AREC/038/016M). 

2.3.1 Experimental design  

An established research protocol were used for the induction of pre-diabetes [18]. The study consisted of two main groups, 

the non-prediabetic animals (NPD, n = 6) and the pre-diabetic animals (PD,  n = 30). After the 20 weeks induction period, 

the pre-diabetic animals were divided into the following five groups (n = 6): the first group (PD) were fed on high fat 

high carbohydrate (HFHC) diet without treatment; the second group (Metformin [MTF]+HFHC) were fed on HFHC diet 

and treated with an oral dose of metformin (500 mg/ kg, Sigma-Aldrich, St Louis, Missouri, USA); the third group 

(MTF+ND) were fed on normal diet (ND) and treated with an oral dose of metformin (500 mg/ kg, Sigma-Aldrich, St 

Louis, Missouri, USA); the fourth group (Ruthenium [RU]+HFHC) were fed on HFHC diet and treated with subcutaneous 

injection of ruthenium complex (15 mg/ kg) while the fifth group (RU+ND) were fed on ND and treated with 

subcutaneous injection of ruthenium complex (15 mg/ kg). The animals were treated once a day every third day at 09:00 

am for 12 weeks. Once after 4 weeks, parameters such as body weight, food intake, fasting blood glucose, fluid intake 

and urinary output were monitored for 12 weeks treatment period.  
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2.3.2 Blood collection and tissue harvesting  

All animals were anaesthetised with Isofor (100 mg/ kg) (Safeline Pharmaceuticals (Pty) Ltd, Roodeport, South Africa) 

using a gas anaesthetic chamber (Biomedical Resource Unit, UKZN, Durban, South Africa) for 3 minutes. Blood was 

collected by cardiac puncture and then injected into individual pre-cooled heparinized containers. The blood was then 

centrifuged for plasma collection (Eppendorf centrifuge 5403, Germany) at 4 °C, 503 g for 15 minutes. Thereafter, kidney 

was removed, weighed and halved into two kidney tissue. One kidney tissue was snap frozen in liquid nitrogen before 

storage in a BioUltra freezer (Snijers Scientific, Tilburg, Netherlands) at -80 °C until biochemical analysis, and the othe 

kidney tissue was kept in 10 % formalin buffer for histolopathological examination. 

2.3.3 Biochemical analysis  

Plasma and urine sodium (Na+), potassium (K+), urea, creatinine and albumin concentrations were measured by Global 

Clinical and Viral Laboratory (Amanzimtoti, South Africa). Plasma aldosterone and KIM-1, kidney tissue superoxide 

dismutase (SOD) and glutathione peroxidase (GPx) (respectively) were analysed using separate, specific ELISA kits in 

accordance with the manufacturer’s instructions (Elabscience and Biotechnology, Wuhan, China). Kidney tissue 

malondialdehyde (MDA) levels were measured using a previously described protocol [17], whilst AER, creatinine 

clearance (CC) and were calculated according to the following: 

24 hr urine albumin excretion (mg/ 24 hr) = 24 hr urine volume × albumin 

AER (µg/min) = Urinary Albumin (mg/dl) × Urine Volume (dl) × 1000 / Period of urine collected (min) 

CC (ml/min) = [(Urinary Creatinine in mg/ dl) × (Urinary volume in ml)]/[(Serum Creatinine in mg/ dl) × 1440 mim] 

ACR (mg/g) = [Urinary Albumin (mg/dl)/Urinary Creatinine  (mg/dl)] × 1000 

2.3.4 Urine RNA isolation 

RNA was isolated from urine (4 ml) by using ZR Urine RNA Isolation KitTM (Zymo Research Corp, Irvine, USA) 

according to the manufacturer’s protocol. The purity of the RNA was confirmed by the relative absorbance of ratio 

260/280 nm via Nanodrop 1000 spectrophotometer (Thermo Scientific, USA). Urine RNA (100 ng) was reverse 

transcribed to complementary DNA (cDNA) by using iScriptTM cDNA Synthesis Kit (Bio Rad, California, USA) through 

incubation in a thermal cycler (SimpliAmp Thermal Cycler, Applied biosystems, Life technologies). 
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2.3.5 Urine complementary DNA (cDNA) synthesis 

For cDNA synthesis, urine RNA (2 µl) was mixed with 5X iScript reaction (4 µl), iScript reverse transcriptase enzyme 

(1µl) (Bio Rad, USA) and nuclease-free water to a final volume of 20 µl. The mixture was incubated in the thermal cycler 

(SimpliAmp Thermal Cycler, Applied biosystems, Life technologies) at 25 °C for 5 minutes, 42 °C for 30 minutes and 

finally at 85 °C for 5 minutes. Thereafter, the synthesized cDNA was stored at -80 °C until use for real-time PCR 

(Polymerase chain reaction). 

2.3.6 Real-time quantitative PCR 

The urinary mRNA level of podocin was quantified by real-time PCR lightcycler (Roche LightCycler 96, USA). cDNA 

template (2 µl), SYBR Green PCR master mix (5 µl) (Bio Rad, USA), podocin forward primer (1 µl), podocin reverse 

primer (1 µl) and nuclease-free water were mixed to a final volume of 10 µL. Thereafter, the sample mixtures were cycled 

40 times at 95 °C for 10 seconds, 60 °C for 20 seconds and 72 °C for 20 seconds in the lightcycler (Roche LightCycler 

96, USA). All the samples were run in duplicate and β-actin mRNA levels were used as a housekeeping gene to normalize 

the podocin mRNA level. The sequences of the used oligonucleotide primers (Metabion International AG, Planegg, 

Germany) were as followed: podocin forward 5`-TGG AAG CTG AGG CAC AAA GA-3`, podocin reverse 5`-AGA 

ATC TCA GCC GCC ATC CT-3`.  

2.3.7 Kidney histology examination 

Kidney histology was analysed using a previously described protocol [16].  Kidney tissues were immediately fixed in 

10% formalin buffer after removal from the animals. The tissue samples were embedded in paraffin wax after alcohol 

dehydration process. Using microtome, 5 μm longitudinally sections of kidney tissue were taken and were stained by 

hematoxylin and eosin (H&E) stain. The processed tissue sections were then visualized and captured using a Leica 

Scanner, SCN400 and Slide Path Gateway LAN software for analysis (Leica Microsystems CMS, Wetzlar, Germany). 

Two paraffin-embedded kidney samples from each group were sectioned (4 kidney sections per slide). Kidney tissue was 

evaluated for histopathological changes using a semi-quantitative assessment. Each kidney section was assessed for the 

presence of the following changes: Glomerular thickening, interstitial fibrosis and vacuolar degeneration. The observed 

changes were graded from zero to three, with zero indicating normal tissue, one indicating mild change, two indicating 

moderate change, and three indicating severe change. 
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2.4 Statistical Analysis 

Data were reported as mean ± standard error of mean (SEM). GraphPad Prism Software (version 5) was used to conduct 

statistical analysis. The differences between control and treated groups were analysed using One-way analysis of variance 

(ANOVA) followed by Tukey-Kramer. Values of p < 0.05 show statistical significance between the compared groups. 

3.  Results 

3.1 Effects of ruthenium complex on blood glucose level, 24 h fluid intake and 24 h urine output 

Induction of pre-diabetes resulted in a significant increase in blood glucose, fluid intake and urine output levels throughout 

the 12-week treatment period when compared to the NPD group (p < 0.05; Figure 1). However, the administration of the 

ruthenium complex significantly reduced blood glucose levels which correlated with a significant decreased fluid intake 

and urine output levels after the 12-week treatment period. Interestingly, the animal group treated with the established 

oral-administered drug, metformin showed analogous in vivo activities to the PD group (p < 0.05; Figure 1). 
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Figure 1: The effects of the metal-based drug on A) blood glucose, B) fluid intake and C) urine output levels of pre-

diabetic animals during the treatment period. Values are presented as means ± SEM (n = 6) in each group. * p < 0.05 

compared to non-prediabetic control (NPD), α p < 0.05 compared to pre-diabetic control (PD); Metformin and high fat 

high carbohydrate (MTF+HFHC); Metformin and normal diet (MTF+ND); Ruthenium complex and high fat high 

carbohydrate (RU+HFHC); Ruthenium complex and normal diet (RU+ND). 
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3.2  Effects of ruthenium complex on electrolyte handling, albumin, creatinine and urea levels 

Upon pre-diabetes, the PD group showed significant decreases in urinary Na+,  K+, creatinine and urea levels as well as 

increase urinary albumin levels when compared to the NPD group (p < 0.05; Table 1). When compared with the PD group, 

the RU+HFHC  group showed a  significant increased urinary Na+, K+ and creatinine concentrations whilst  significantly 

decreasing urinary albumin with no significant change in urea concentration (p < 0.05; Table 1). Appreciable increased 

concentrations of urinary Na+, K+, creatinine and urea concentrations whilst significantly decreasing urinary albumin 

levels for the animals that were treated with the ruthenium(II) complex and dietary intervention in comparison to the PD 

group (p < 0.05; Table 1). The observed effect was comparable to the results obtained from the metformin-treated group 

when compared to the PD group. In addition, the PD animal group revealed a significant increase in plasma Na+, creatinine 

and urea concentrations with a significant decrease in albumin levels when compared to the NPD group (p < 0.05; Table 

1). Notabely, there was no significant difference in plasma K+ levels amongst the treatment groups when compared to 

NPD group (p > 0.05; Table 1). However, the administration of the ruthenium complex restored plasma Na+, albumin and 

creatinine concentrations to within those found in the NPD control group, whilst treatment with ruthenium and  dietary 

intervention showed a significant decrease plasma urea levels when compared with the PD group (p < 0.05;Table 1). 

Furthermore, the animals treated with the established organopharmaceutical, metaformin exhibit data analogous when 

compared to the PD animal group (p < 0.05; Table 1). 
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Table 1: Influences of the ruthenium compound on electrolytes handling, albumin, creatinine and urea levels of pre-

diabetic animals for a treatment period of 12 weeks. Urine collected over 24h. Values are presented as means ± SEM (n 

= 6) in each group. 

 

Groups 

 

Urinary parameters 

Na+ (mmol/L) K+ (mmol/L) Albumin (mg/dl) Creatinine 

(mg/dl/) 

Urea (mmol/L) 

NPD 124.30±0.37 185.30±0.18 0.73±0.61 114.03±0.92 604.00±1.00 

PD 10.00±0.10* 13.33±0.38* 7.64±0.38* 28.62±0.12* 136.00±0.39* 

MTF+HFHC 6.50±0.98* 12.33±0.31* 2.06±0.82*α 25.45±0.15*α 140.00±0.54* 

MTF+ND 93.00±1.2*α 192.00±0.85α 0.63±0.81*α 141.96±1.44α 890.00±1.00*α 

RU+HFHC 28.67±0.53*α 30.67±0.55*α 0.56±0.55α 28.28±1.01*α 163.00±0.97* 

RU+ND 89.67±0.12*α 244.50±0.47*α 0.47±0.35*α 126.69±0.578α 802.00±0.35*α 

Plasma parameters 

NPD 128.00±0.21 6.40±0.46 1525.00±0.54 0.36±0.38 4.30±0.66 

PD 156.00±0.40* 5.00±0.58 1225.00±0.93* 0.44±0.44* 5.50±0.15* 

MTF+HFHC 134.00±0.79α 5.40±0.30 1650.00±0.78 0.38±0.18α 5.60±0.50* 

MTF+ND 126.0±0.99α 5.80±0.35 1500.00±0.15α 0.34±1.00α 3.10±0.55α 

RU+HFHC 129.70±0.55α 5.20±0.16 1500.00±1.00α 0.36±0.59α 5.20±0.20* 

RU+ND 128.0±0.67α 5.70±0.10 1567.00±0.98α 0.34±1.00α 3.40±0.65α 
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* p < 0.05 compared to non-prediabetic control (NPD), α p < 0.05 compared to pre-diabetic control (PD); Metformin and 

high fat high carbohydrate (MTF+HFHC); Metformin and normal diet (MTF+ND); Ruthenium complex and high fat high 

carbohydrate (RU+HFHC); Ruthenium complex and normal diet (RU+ND). 

3.3 Effects of ruthenium complex on aldosterone concentration 

The PD group illustrated a significant enhancement in averaged aldosterone concentration when compared to the NPD 

group (p < 0.05; Figure 2). Furthermore, a marked increase was observed in aldosterone levels in the MTF+HFHC group 

when compared to the NPD group (p < 0.05; Figure 2). Interestingly, there was a significant reduction in aldosterone 

concentrations in the ruthenium complex treated groups by comparison to the PD group (p < 0.05; Figure 2). The 

MTF+ND group showed decreased aldosterone concentration when compared with  the PD group (p < 0.05; Figure 2). 
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Figure 2: The effects of the metal complex on aldosterone concentration of pre-diabetic animals during the treatment 

period. Values are presented as means ± SEM (n = 6) in each group. * p < 0.05 compared to non-prediabetic control 

(NPD), α p < 0.05 compared to pre-diabetic control group (PD); Metformin and high fat high carbohydrate (MTF+HFHC); 

Metformin and normal diet (MTF+ND); Ruthenium complex and high fat high carbohydrate (RU+HFHC); Ruthenium 

complex and normal diet (RU+ND). 
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3.4 Effects of ruthenium complex on kidney function  

The PD group showed significantly increased AER and ACR  with a decreased CC and fractional excrection of K+ when 

compared to the NPD group (p<0.05; Table 2). There was no significant different in fractional excrection of Na+ (FENa+) 

amongst the treatment groups when compared to NPD group (p > 0.05; Table 2).  Administration of the ruthenium Schiff 

base complex resulted in significantly decreased AER and ACR whilst restoring fractional excrection of K+ (FEK+) when 

compared to the PD group (p<0.05; Table 2). Of note there was no significant change in CC level in both the treated 

groups when compared with the PD group (p>0.05; Table 2). The effects of MTF treated groups were similar to those of 

ruthenium-treated animals (Table 2). 

Table 2: Influences of the metallo-drug on measurements of kidney function in pre-diabetic animals for a treatment period 

of 12 weeks. Values are presented as means ± SEM (n = 6) in each group. 

Groups AER (µg/min) CC (mL/min) ACR (mg/g)  FENa+ (%)  FEK+ (%) 

NPD 0.10±0.021 4.40±0.10 6.40±0.21   0.30±0.0057  9.00±0.033 

PD 3.78±0.89* 3.20±0.54* 268.00±1.23*  0.10±0.57  4.00±0.050* 

MTF+HFHC 0.72±0.82α 2.30±0.10* α 80.90±0.15*α  0.10±0.13  3.00±0.20* 

MTF+ND 0.047±0.022α 3.10±0.12* 4.40±0.29*α  0.20±0.088  8.00±0.050α 

RU+HFHC 0.12±0.010α 1.60±0.22*α 19.80±0.058*α  0.30±0.52   7.00±0.050α 

RU+ND 0.036±0.012α 2.90±0.21* 3.70±0.050*α  0.20±0.35  11.00±0.70α 

* p < 0.05 compared to non-prediabetic control (NPD), α p < 0.05 compared to pre-diabetic control (PD); Metformin and 

high fat high carbohydrate (MTF+HFHC); Metformin and normal diet (MTF+ND); Ruthenium complex and high fat high 

carbohydrate (RU+HFHC); Ruthenium complex and normal diet (RU+ND).  

3.5 Effects of ruthenium complex on renal oxidative stress and antioxidant concentrations 

Diet-induced pre-diabetes led to a significant increase in renal MDA level whilst decreasing renal SOD and GPx levels 

as observed in the PD group relative to that of the NPD  control group (p < 0.05; Table 3). Treatment with the potential 

metallopharmaceutical considerably decreased MDA levels and increased renal concentrations of SOD and GPx when 
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compared to the PD group (p < 0.05; Table 3). The  MTF+HFHC group showed significant increased MDA levels when 

compared with the NPD group (p < 0.05; Table 3). However, treatment with metformin significantly decreased SOD and 

GPx levels when compared with the PD group (p < 0.05; Table 3).  

Table 3: Impacts of  the ruthenium complex on oxidative stress and antioxidants concentrations of pre-diabetic animals 

for a treatment period of 12 weeks. Values are presented as means ± SEM (n = 6) in each group. 

Groups MDA (nmol/ g kidney 

tissue) 

SOD (ng/mL) GPx (ng/mL) 

NPD 1.79±0.021 74.92±0.032 1744.13±0.021 

PD 2.31±0.089* 65.32±0.023* 1514.24±0.032* 

MTF+HFHC 2.01±0.024* 71.56±0.020α 1779.56±0.019α 

MTF+ND 1.44±0.037α 72.80±0.034α 1814.24±0.010α 

RU+HFHC 1.59±0.018α 70.40±0.02α 1621.74±0.010α 

RU+ND 1.34±0.026α 72.98±0.021α 1807.16±0.048α 

* p < 0.05 compared to non-prediabetic control (NPD), α p < 0.05 compared to pre-diabetic control group (PD); Metformin 

and high fat high carbohydrate (MTF+HFHC); Metformin and normal diet (MTF+ND); Ruthenium complex and high fat 

high carbohydrate (RU+HFHC); Ruthenium complex and normal diet (RU+ND). 

3.6 Consequences of metal-based drug administration on KIM-1 concentration 

The PD group showed a significant increase in plasma KIM-1 concentrations when compared to the NPD group (p < 0.05; 

Figure 3). However, there was a significant reduced in KIM-1 levels in the ruthenium complex treated groups when 

compared to the PD control group (p < 0.05; Figure 3). The MTF+ND group showed a similar trend of results (Figure 3). 
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Figure 3: The effects of the metal-based drug on KIM-1 concentration of pre-diabetic animals after the treatment period. 

Values are presented as means ± SEM (n = 6) in each group. * p < 0.05 compared to the non-prediabetic control (NPD), 

α p < 0.05 compared to the pre-diabetic control (PD); Metformin and high fat high carbohydrate (MTF+HFHC); 

Metformin and normal diet (MTF+ND); Ruthenium complex and high fat high carbohydrate (RU+HFHC); Ruthenium 

complex and normal diet (RU+ND). 

3.7 Real-time quantitative PCR 

The expression levels of podocin mRNA was significantly higher in the urine of the PD untreated rats compared with the 

NPD group (p < 0.05; Figure 4). However, treatment with the ruthenium complex in both the presence and absence of 

dietary intervention  significantly reduced mRNA expression of podocin by comparison with the untreated PD group (p 

< 0.05; Figure 4). Similar trends were observed in the metformin-treated groups (Figure 4). 
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Figure 4: The effects of the metal-based drug on relative mRNA expression of urinary podocin levels of pre-diabetic 

animals after the treatment period. Values are presented as means ± SEM (n = 6) in each group. * p < 0.05 compared to 

the non-prediabetic control (NPD), α p < 0.05 compared to the pre-diabetic control (PD); Metformin and high fat high 

carbohydrate (MTF+HFHC); Metformin and normal diet (MTF+ND); Ruthenium complex and high fat high carbohydrate 

(RU+HFHC); Ruthenium complex and normal diet (RU+ND). 

3.8 Histology of the kidney 

Kiney histology analysis revealed that there was glomerular thickening (black arrow) and moderate interstitial fibrosis 

(blue arrow) in PD group animals (Figure 5 (B)) as compared to NPD animals (Figure 5 (A)). The administration of 

ruthenium compound in conjunction with dietary intervention to the pre-diabetic animals (Figure 5 (C)-(D)) ameliorated  

interstitial fibrosis and glomerular thickening in the pre-diabetic metal complex-treated animals as compared to PD control  

animals (Figure  5 (B)). In addition, the metformin with dietary intervention treated animals showed similar observation 

(Figure 5 (E)-(F)). 
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Figure 5: The effects of the ruthenium(II) complex on kidney histopathological analyses (A) NPD group, (B) PD group, 

(C) RU+HFHC group, (D) RU+ND group, (E) MTF+HFHC group and (F) MTF+ND group of pre-diabetes treated 

animals during the treatment period (H&E) stain. Magnification 20X (100 µm). Black arrow = glomerular, Blue arrow = 

interstitial fibrosis. 
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4.  Discussion 

Chronic ingestion of a HFHC diet have been shown to lead to the development of pre-diabetes [17, 18, 21]. More 

specifically, chronic hyperglycaemia is known as a primary contributing factor in the pathogenesis of diabetic 

complications [22, 23]. In addition, previous studies have shown that hyperglycaemia triggers the excessive generation 

of reactive oxygen species (ROS) which causes an imbalance in the ability of the body to scavenge the ROS produced 

due to depletion in its antioxidant defense [24, 25]. The imbalance in ROS production and antioxidant defense status 

invariably leads to oxidative stress which is involved in several mechanistic pathways that contribute to the pathogenesis 

and severity of DN [23, 26]. Oxidative stress can also promote the formation of a variety of vasoactive mediators that can 

affect renal function directly by causing renal vasoconstriction or decreasing the glomerular capillary ultrafiltration 

coefficient and, thus, reduce GFR [23, 26]. Furthermore, hyperglycaemia-induced ROS and oxidative stress is associated 

with the accumulation of advanced glycation end-products (AGEs), activation of the polyol and protein kinase C pathways 

[27]. The results of this study revealed that the prediabetic rats demonstrated increased oxidative stress as indicated by 

increases in the level of lipid peroxidation marker (MDA) as well as a reduction of antioxidant enzymes SOD and GPx 

concentrations in the kidney. Administration of the ruthenium(II) Schiff base complex ameliorated oxidative stress by 

restoring the activities of the antioxidant enzymes SOD and GPx levels and suppressing lipid peroxidation in the treated 

pre-diabetic rats. We have already illustrated that our leading candidate anti-diabetic drug improved glycaemic control 

through decrease in glycated haemoglobin levels (HbA1c) and thus increasing insulin sensitivity in pre-diabetic treated 

rats [18]. 

The RAAS consists of a group of enzymes and peptides whose main function is to control blood pressure by regulating 

vasoconstriction, electrolyte balance, and body fluid homeostasis [28]. Activated RAAS has been linked with the 

development of insulin resistance and diabetes in humans [28]. Activation of the RAAS in pre-diabetic patients has been 

shown to lead to an increase in aldosterone secretion which results in sodium and water retention leading to elevated 

blood pressure [11, 13, 14]. Elevations in glucose levels increase plasma tonicity, creating an osmotic driving force that 

favours the movement of water from the intracellular space to the extracellular space, thereby diluting the extracellular 

concentration of sodium [28]. In the current study, decreased urinary and increased plasma sodium levels were observed 

in the pre-diabetic rats. However, administration of the ruthenium(II) Schiff base complex restored both urinary and 

plasma sodium levels in pre-diabetic rats. The significant increase in the excretion of sodium by ruthenium(II) Schiff base 

complex may suggest the inhibition of increased proximal reabsorption of sodium which is often seen in diabetes, thus 
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increasing the sodium-potassium pump activity [29]. The metformin-treated rats showed similar effects; however, this 

was only when used in conjunction with the normal diet. It has been suggested that the use of metformin as an antidiabetic 

agent requires dietary modification in order to achieve therapeutic effects [30]. However, patients still neglect lifestyle 

modification. Therefore, the ruthenium Schiff base complex showed beneficial effects even in the absence of dietary 

modification. 

Elevations in plasma glucose levels observed in pre-diabetes have been found to lead to RAAS activation which can lead 

to polyuria and polydipsia [16]. In this study, the untreated prediabetic group had increased 24h fluid intake with increased 

urinary output by comparison to the non-diabetic group. Treatments to delay the progression of DN progression involve 

adequate blood glucose lowering and control of hypertension [11, 13, 14]. The administration of the ruthenium(II) Schiff 

base complex, in both the presence and absence of dietary intervention decreased blood glucose, 24h fluid intake and 24h 

urinary output to within range of the non-prediabetic rats over the treatment period. The ruthenium(II) Schiff base complex 

has been shown to improve insulin sensitivity and restore glucose homeostasis in diet-induced pre-diabetes [18]. The 

research results observed in this study may therefore suggest that the renoprotective effect of this complex may, in part, 

be mediated by its beneficial effects on glucose homeostasis.  

In patients with T2DM, the insulin-mediated uptake of glucose is impaired, but the cellular uptake of potassium remains 

normal [31]. Hyperkalaemia can be caused by an increase in plasma tonicity that results from the redistribution of 

potassium from the intracellular space to the extracellular space [32]. The efflux of potassium from the cell is thought to 

be due to intracellular dehydration, which results from the osmotically-induced transcellular movement of water [33]. 

Potassium and angiotensin II are the major regulators of aldosterone secretion. Interestingly, the pre-diabetic rats showed 

decreased urinary potassium levels when compared to the NPD group. On the contrary, the administration of the 

ruthenium(II) Schiff base complex resulted in an increased urinary potassium levels in the pre-diabetes rats. In addition, 

the research trends obtained may be attributed to the restored sodium reabsorption in exchange with potassium in the 

proximal tubule [31]. Of note, there was no significant difference in the treated groups in plasma potassium levels when 

compared to both the NPD and PD groups. However, because redistribution between extracellular and intracellular spaces 

also influences serum potassium, hypokalaemia should be considered to coexist with normal body potassium levels, 

therefore further research is required. 
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Diabetes mellitus is associated with profound changes in protein metabolism and by loss of nitrogen from most organs 

[34]. Hyperglycaemia triggers elevated levels of urea and creatinine, which are considered as significant markers of renal 

dysfunction and alter GFR [34]. The HFHC diet-induced pre-diabetic rats markedly decreased urinary creatinine and urea 

levels with an increased urinary albumin level. Additionally, these correlated with increased plasma urea and creatine 

levels with decreased plasma albumin levels. Elevated levels in urinary albumin is used as the marker of protein leakage, 

which is an indicator of kidney damage [35].  The elevated levels of serum creatinine and urea show diminished ability 

of the kidneys to filter these waste products from the blood and excrete them in the urine [36]. Interestingly, administration 

of the diamagnetic ruthenium complex in present or absent of dietary intervention resulted in increased urinary creatinine 

levels with decreased urinary albumin leves in ruthenium-treated pre-diabetic rats. There results were further evidenced 

by decreased plasma creatinine levels with increased plasma albumin levels in pre-diabetes treated rats. However, 

treatment with ruthenium complex with dietary intervention resulted in increased urinary urea with decrease plasma urea 

levels in the pre-diabetes treated rats. The results obtained could be attributed to the metal complex to attenuate the ability 

of the kidneys to filter these waste products from the blood and excrete them in the urine possibly via the amelioration of 

hyperglycaemia. Studies have shown that improved glycaemic control is beneficial in improving kidney function [36]. 

Furthermore, KIM-1 a transmembrane protein serves as a useful biomarker for renal proximal tubule injury facilitating 

the early diagnosis of the disease [9, 10]. Renal tubular damage, as evidenced by increased levels of KIM-1, is evident 

even prior to the development of pre-diabetes and overt kidney disease [9, 10]. The plasma levels of KIM-1 were found 

significantly increased in pre-diabetic animals in comparison with non-prediabetic animals, demonstrating the existence 

of diabetic tubular damage at the early stage of DN. The administration of the ruthenium(II) Schiff base complex resulted 

in reduced plasma KIM-1 levels in pre-diabetic treated animals when compared to pre-diabetic animals. Notably, the 

ruthenium(II) Schiff base complex coupled with dietary intervention showed a significant decreased in plasma KIM-1 

levels to within the non-prediabetic KIM-1 levels. The results obtained suggest that the use of ruthenium(II) Schiff base 

complex is effective in alleviation renal injury in pre-diabetic animals. These observations can be attributed to the 

influence of the metal complex which improves glucose uptake [18].  

The current study showed that pre-diabetes was associated with the subsequent development of glomerular hyperfiltration 

and abnormal albuminuria. Albuminuria or microalbuminuria, albumin excretion rate ≥30 mg/ 24 hours or 

albumin/creatinine ratio (ACR) ≥30 mg/ g (≥3 mg/mmol), is used as a marker of renal damage and is used to define 
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chronic kidney disease along with low estimated glomerular filtration rate (eGFR) [37]. Literature trends have shown that 

high glomerular plasma flow increases intracapillary pressure; there is a relative constriction of the efferent glomerular 

arteriole resulting in a flux of plasma proteins into the mesangial [37]. Interestingly, treatment with the  metallo-drug in 

the present or absent of dietary intervention showed decreased AER and ACR in the ruthenium-treated rats. The protective 

effect of ruthenium complex against DN is also thought to be mediated through its anti-hyperglycaemic action. Of note 

treatment with both metformin and ruthenium were not able to improve CC levels in the pre-diabetic rats. Podocytes are 

specialized glomerular epithelial cells that are responsible for preserving the glomerular filtration barrier [38, 39]. In 

diabetes-induced kidney injury, podocytes loss and injury are associated with marked proteinuria [39]. Previous studies 

have demonstrated that down regulation in podocin, a key podocyte slit diaphragm protein, is involved in the development 

of proteinuria in DN [40, 41]. The results obtained showed that podocyte injuries in diabetic kidney could be reversed 

after treatment with ruthenium complex, through the reduction of mRNA expression of podocin. In addition, the 

restoration of urinary mRNA expression levels of podocin observed agreed with the decreased in proteinuria in the 

ruthenium-treated rats. These results show that ruthenium complex protected the rats against podocyte injury by 

decreasing the expression of podocin in the ruthenium-treated rats. The protective effects of ruthenium(II) complex were 

further demonstrated by the histopathological analysis of the kidney. The renal tissues of the positive control diabetic rats 

showed the symptoms of DN illustrated in the hypertrophy of glomerular and tubular elements and increase in the 

thickness of glomerular basement membranes [3, 4]. These histopathological alterations in the positive control group rats 

together with the other tests achieved to diagnose diabetes and DN emphasized that DN was onset as one of the diabetic 

complications [5, 6].  Ameliorated the levels of all these parameters approaching the negative control and restored the 

normal histology of kidney. Ruthenium complex treatment counteracted the hyperglycaemia-induced oxidative stress as 

well as renal dysfunction [17, 18]. The renoprotective effects of ruthenium complex seem to result from its inhibitory 

effect on ROS and lipid peroxidation, which play a role in improving renal dysfunction in diabetes and observed 

antioxidant effect [17, 18]. 

5. Conclusion 

The candidate anti-diabetic drug, [RuII(H3ucp)Cl(PPh3)] (H4ucp = 2,6-bis-((6-amino-1,3-

dimethyluracilimino)methylene)pyridine) exhibited renoprotective effects in HFHC diet-induced pre-diabetic rats by 

reducing blood glucose, fluid intake and urinary output while ameliorating oxidative stress and antioxidant defence 
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enzymes, reducing aldosterone and KIM-1 concentrations. These was further evidenced by a decrease in AER, ACR  with 

restoration of electrolytes handling, expression of mRNA podocin levels in urine and histological structure of the renal 

glomerulus. These results were more potent in conjunction with dietary intervention. Therefore, these research findings 

substantiate that this mononuclear ruthenium(II) Schiff base complex could be beneficial in the management of DN and 

prediabetic-related complications. Therefore, this research study warrants further investigations into the mechanism of 

anti-diabetic activity of the aforementioned compound on renal function. 
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Table captions 

Table 1: Influences of the ruthenium compound on electrolytes handling, albumin, creatinine and urea levels of pre-

diabetic animals for a treatment period of 12 weeks. Values are presented as means ± SEM (n = 6) in each group. 

Table 2: Influences of the metallo-drug on measurements of kidney function in pre-diabetic animals for a treatment period 

of 12 weeks. Values are presented as means ± SEM (n = 6) in each group. 

Table 3: Impacts of  the ruthenium complex on oxidative stress and antioxidants concentrations of pre-diabetic animals 

for a treatment period of 12 weeks. Values are presented as means ± SEM (n = 6) in each group. 
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Figure legends 

Figure 1: The effects of the metal-based drug on A) blood glucose, B) fluid intake and C) urine output levels of pre-

diabetic animals during the treatment period . Values are presented as means ± SEM (n = 6) in each group. * p < 0.05 

compared to non-prediabetic control (NPD), α p < 0.05 compared to pre-diabetic control (PD); Metformin and high fat 

high carbohydrate (MTF+HFHC); Metformin and normal diet (MTF+ND); Ruthenium complex and high fat high 

carbohydrate (RU+HFHC); Ruthenium complex and normal diet (RU+ND). 

Figure 2: The effects of the metal complex on aldosterone concentration of pre-diabetic animals during the treatment 

period. Values are presented as means ± SEM (n = 6) in each group. * p < 0.05 compared to non-prediabetic control 

(NPD), α p < 0.05 compared to pre-diabetic control group (PD); Metformin and high fat high carbohydrate (MTF+HFHC); 

Metformin and normal diet (MTF+ND); Ruthenium complex and high fat high carbohydrate (RU+HFHC); Ruthenium 

complex and normal diet (RU+ND). 

Figure 3: The effects of the metal-based drug on KIM-1 concentration of pre-diabetic animals during the treatment period. 

Values are presented as means ± SEM (n = 6) in each group. * p < 0.05 compared to the non-prediabetic control (NPD), 

α p < 0.05 compared to the pre-diabetic control (PD); Metformin and high fat high carbohydrate (MTF+HFHC); 

Metformin and normal diet (MTF+ND); Ruthenium complex and high fat high carbohydrate (RU+HFHC); Ruthenium 

complex and normal diet (RU+ND). 

Figure 4: The effects of the metal-based drug on relative mRNA expression of urinary podocin levels of pre-diabetic 

animals after the treatment period. Values are presented as means ± SEM (n = 6) in each group. * p < 0.05 compared to 

the non-prediabetic control (NPD), α p < 0.05 compared to the pre-diabetic control (PD); Metformin and high fat high 

carbohydrate (MTF+HFHC); Metformin and normal diet (MTF+ND); Ruthenium complex and high fat high carbohydrate 

(RU+HFHC); Ruthenium complex and normal diet (RU+ND). 

Figure 5: The effects of the ruthenium(II) complex on kidney histopathological analyses (A) NPD group, (B) PD group, 

(C) RU+HFHC group, (D) RU+ND group, (E) MTF+HFHC group and (F) MTF+ND group of pre-diabetes treated 

animals during the treatment period (H&E) stain. Magnification 20X (100 µm). Black arrow = glomerular, Blue arrow = 

interstitial fibrosis. 
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Tables 

 

Groups 

 

Urinary parameters 

Na+ (mmol/L) K+ (mmol/L) Albumin (mg/dl) Creatinine 

(mg/dl/) 

Urea (mmol/L) 

NPD 124.30±0.37 185.30±0.18 0.73±0.61 114.03±0.92 604.00±1.00 

PD 10.00±0.10* 13.33±0.38* 7.64±0.38* 28.62±0.12* 136.00±0.39* 

MTF+HFHC 6.50±0.98* 12.33±0.31* 2.06±0.82*α 25.45±0.15*α 140.00±0.54* 

MTF+ND 93.00±1.2*α 192.00±0.85α 0.63±0.81*α 141.96±1.44α 890.00±1.00*α 

RU+HFHC 28.67±0.53*α 30.67±0.55*α 0.56±0.55α 28.28±1.01*α 163.00±0.97* 

RU+ND 89.67±0.12*α 244.50±0.47*α 0.47±0.35*α 126.69±0.578α 802.00±0.35*α 

Plasma parameters 

NPD 128.00±0.21 6.40±0.46 1525.00±0.54 0.36±0.38 4.30±0.66 

PD 156.00±0.40* 5.00±0.58 1225.00±0.93* 0.44±0.44* 5.50±0.15* 

MTF+HFHC 134.00±0.79α 5.40±0.30 1650.00±0.78 0.38±0.18α 5.60±0.50* 

MTF+ND 126.0±0.99α 5.80±0.35 1500.00±0.15α 0.34±1.00α 3.10±0.55α 

RU+HFHC 129.70±0.55α 5.20±0.16 1500.00±1.00α 0.36±0.59α 5.20±0.20* 

RU+ND 128.0±0.67α 5.70±0.10 1567.00±0.98α 0.34±1.00α 3.40±0.65α 

* p < 0.05 compared to non-prediabetic control (NPD), α p < 0.05 compared to pre-diabetic control (PD); Metformin and 

high fat high carbohydrate (MTF+HFHC); Metformin and normal diet (MTF+ND); Ruthenium complex and high fat high 

carbohydrate (RU+HFHC); Ruthenium complex and normal diet (RU+ND). 
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Groups AER (µg/min) CC (mL/min) ACR (mg/g)  FENa+ (%)  FEK+ (%) 

NPD 0.10±0.021 4.40±0.10 6.40±0.21   0.30±0.0057  9.00±0.033 

PD 3.78±0.89* 3.20±0.54* 268.00±1.23*  0.10±0.57  4.00±0.050* 

MTF+HFHC 0.72±0.82α 2.30±0.10* α 80.90±0.15*α  0.10±0.13  3.00±0.20* 

MTF+ND 0.047±0.022α 3.10±0.12* 4.40±0.29*α  0.20±0.088  8.00±0.050α 

RU+HFHC 0.12±0.010α 1.60±0.22*α 19.80±0.058*α  0.30±0.52   7.00±0.050α 

RU+ND 0.036±0.012α 2.90±0.21* 3.70±0.050*α  0.20±0.35  11.00±0.70α 

* p < 0.05 compared to non-prediabetic control (NPD), α p < 0.05 compared to pre-diabetic control (PD); Metformin and 

high fat high carbohydrate (MTF+HFHC); Metformin and normal diet (MTF+ND); Ruthenium complex and high fat high 

carbohydrate (RU+HFHC); Ruthenium complex and normal diet (RU+ND).  

Groups MDA (nmol/ g kidney 

tissue) 

SOD (ng/mL) GPx (ng/mL) 

NPD 1.79±0.021 74.92±0.032 1744.13±0.021 

PD 2.31±0.089* 65.32±0.023* 1514.24±0.032* 

MTF+HFHC 2.01±0.024* 71.56±0.020α 1779.56±0.019α 

MTF+ND 1.44±0.037α 72.80±0.034α 1814.24±0.010α 

RU+HFHC 1.59±0.018α 70.40±0.02α 1621.74±0.010α 

RU+ND 1.34±0.026α 72.98±0.021α 1807.16±0.048α 

* p < 0.05 compared to non-prediabetic control (NPD), α p < 0.05 compared to pre-diabetic control group (PD); Metformin 

and high fat high carbohydrate (MTF+HFHC); Metformin and normal diet (MTF+ND); Ruthenium complex and high fat 

high carbohydrate (RU+HFHC); Ruthenium complex and normal diet (RU+ND). 
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CHAPTER 4 

Prologue 3: Manuscript 3 

“Ruthenium(II) Schiff base complex administration ameliorated inflammatory-induced immune response 

biomarkers in a diet-induced pre-diabetic rat model” 

The progression of pre-diabetes to overt T2DM encompasses a complex interaction between metabolism and immunity. 

This response has been shown to be a precipitating factor sustaining insulin resistance, preceding T2DM progression. 

Metabolism and immune system are commonly regarded as two distinctive mechanisms regulating nutrient disposal and 

body defense, respectively. Typically, little is known about the coordination and interplay between these two systems in 

pre-diabetes progression. Nevertheless, the current study has led to  the combination of these distinct entities as studies 

observe pathological activation of the immune system underlying the pre-diabetic state. We have previously reported that 

treatment with ruthenium(II) complex improve insulin sensitivity and glycaemic control in a diet-induced pre-diabetic rat 

model. However, the effects of this compound on pre-diabetes-induced immune dysregulation remain unknown. Hence, 

manuscript 3, investigated the effects of a ruthenium(II) Schiff base complex on inflammatory-induced immune 

dysregulation in a diet-induced pre-diabetic rat model in the presence and absence of dietary intervention. 

The current manuscript has been submitted for publication in the journal “Immune Network” and has been formatted 

according to journal’s guidelines to authors (Appendix 9).  

This work was authored by L.P Mabuza, M.W Gamede, S Maikoo, IN Booysen, P.S Ngubane and A Khathi.  
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Abstract 

The coordination and interplay between metabolism and immune response during the progression of pre-diabetes remain 

unclear. The current study has led to combination of these distinct entities as pathological activation of the immune system 

and targeting the pre-diabetic state as a therapeutic target in the management of inflammatory-induced immune 

dysregulation underlying pre-diabetes. Hence, the current study aims to investigate the effects of ruthenium(II) complex 

on inflammatory-induced immune dysregulation in a diet-induced pre-diabetic rat model. A high fat high carbohydrates 

(HFHC) diet was given to male Sprague-Dawley rats for 20 weeks to induce pre-diabetes. After the induction, pre-diabetic 

rats were randomly allocated to respective treatment groups. Subcutaneous injection of ruthenium(II) complex (15 mg/ 

kg) was administered to pre-diabetic rats in both the presence and absence of dietary intervention once a day every third 

day for 12 weeks. Treatment with ruthenium(II) complex resulted in reduction of platelet activation markers mean platelet 

volume (MPV) and CD40 Ligand (CD40L) concentrations, which correlated with decreased plasma triglycerides (TG), 

very low-density lipoproteins (VLDL) and fibrinogen concentrations, these were further evidenced by normalization of 

immune cell counts. Furthermore, there was a decrease in pro-inflammatory cytokines, tumor necrosis factor α (TNF- α) 

and interleukin-1β (IL-1β)  concentrations in the ruthenium(II)-treated rats. Ruthenium(II) complex exhibited an anti-

inflammatory activity and inhibited platelet aggregation thus preventing the progression of immune dysregulation 

underlying pre-diabetes. 
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1. Introduction 

The progression of pre-diabetes to overt type 2 diabetes mellitus (T2DM) involves a complex interaction between 

metabolism and immunity response [1]. Metabolic inflammation is regulated by both the innate and adaptive immune cell 

interactions and has been shown to be a precipitating factor sustaining insulin resistance, preceding T2DM [2]. The 

initiation events of a proinflammatory response involve synergistic contributions of various mechanisms, which include 

an increase in nuclear factor κB (NF-κB) and c-Jun NH2-terminal kinase (JNK) activity [3-5]. Adipocytes are an important 

initiator of inflammatory response and when stressed, they produce various cytokines and chemokines promoting immune 

cell activation and accumulation in adipose tissue [5]. Increase in adiposity is associated with upregulation of genes 

encoding pro-inflammatory molecules and accumulation of immune cells [3-5]. The sustained accumulation of lipids in 

adipose tissues results in switching of macrophages from an anti-inflammatory to a pro-inflammatory phenotype [6]. 

Elevated concentrations of biomarkers such as C-reactive protein (CRP), TNF- α, white blood cell (WBC) count, IL-1β, 

interleukin-6 (IL-6) and fibrinogen point to a chronic, often subclinical degree of inflammation and are increased already 

before the onset of T2DM [7].  The progression of T2DM has been shown to be linked to various immune cells types but 

the primary sources of inflammatory effectors contributing to insulin resistance are macrophages [8, 9]. Besides 

macrophages, the representation of several other immune cell populations is also altered in diabetes. These include 

eosinophils and neutrophils which serve as a negative regulator of adipose tissue inflammation [10, 11]. In addition, 

various metabolic abnormalities caused by diabetes lead to increased platelet activation and reactivity, evidenced by 

elevated levels of surface P-selectin and CD40L markers as well as an increased count and MPV [12-14]. Since, T2DM 

is preceded by an extensive period of disease development and the activation of inflammatory-induced immune response 

is activated before the onset of the disease, therefore beginning treatment during the pre-diabetic state could be used as 

therapeutic target in the management and prevention of pre-diabetes inflammatory-induced immune response as well as 

the associated complications.  

A combination of pharmacological and dietary intervention is recommended for the management of pre-diabetes 

progression to result in increased peripheral insulin sensitivity and improving glycaemic control [15, 16]. Recent studies 

have reported that a ruthenium(II) Schiff base complex with a diimine uracil chelating ligand possesses anti-diabetic 

properties as evidence by improved glycaemic control, insulin sensitivity and decreased risk of developing diabetes-

related CVDsin diet-induced pre-diabetic rats [17, 18]. In addition, a study by Mzimela et al., has shown the changes in 

immune cell concentration during the progression of pre-diabetes to T2DM in a high fat high carbohydrate diet-induced 
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prediabetic rat model [9].  However, the effects of this mononuclear metal-based complex in inflammatory-induced 

immunity response in diet-induced pre-diabetes are yet to be investigated. Thus, the aim of this study was to investigate 

the effects of a ruthenium(II) Schiff base complex in inflammatory-induced immune response in the presence and absence 

of dietary intervention in diet-induced pre-diabetes rat model.  

2. Materials and methods 

2.1 Chemicals and drugs 

All chemicals and drugs were of analytical grade and purchased from standard commercial suppliers. Previous studies 

showed that the dose of the ruthenium complex used in this study was non-toxic [17-19]. 

2.2 Synthesis of ruthenium(II) Schiff base complex 

The resynthesis of the ruthenium(II) Schiff base complex, [RuII(H3ucp)Cl(PPh3)] (H4ucp = 2,6-bis-((6-amino-1,3-

dimethyluracilimino)methylene)pyridine) was conducted according to experimental methods previously reported [20]. 

The purity of the metal complex was affirmed by nuclear magnetic spectroscopy and Time-Of-Flight (TOF) mass 

spectrometry. 

2.3 Animals and housing  

In this study, 36 male Sprague-Dawley rats (150-180 g) were used. The animals were housed in room with a 12 hours 

light/12 hours dark cycle and room temperature (25°C) for the duration of the study. The animals in each group had access 

to food and water ad libitum. All animal procedures and housing conditions were approved by the Animal Research Ethics 

Committee of the University of KwaZulu-Natal (ethical clearance number: AREC/038/016M). 

2.3.1 Induction of pre-diabetes 

The animals were randomly assigned to the following diet groups; Normal diet with drinking water (ND) and high-fat 

high-carbohydrate diet with drinking water supplemented with 15% fructose (HFHC) (AVI Products (Pty) Ltd, Waterfall, 

South Africa). Pre-diabetes was induced by allowing the animals to feed on the HFHC diet for 20 weeks as previously 

described [21]. Glucose tolerance was evaluated 5 days after 20 weeks of induction with oral glucose tolerance test 

(OGTT) to determine pre-diabetes according to the American Diabetes Association criteria. The rats with fasting blood 

glucose (FBG) of more than 5.6 mmol/L were considered pre-diabetic and grouped further for pharmacological studies. 
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The animals that were fed the normal diet were also tested and were found to be normoglycemic and without pre-diabetes. 

The treatment started on the subsequent day and this was considered as the first day of treatment. 

2.3.2 Experimental design  

The study consisted of two main groups, the non-prediabetic animals (NPD, n=6) and the pre-diabetic animals (PD, n=30). 

After 20 weeks of induction, the pre-diabetic animals were divided into the following groups (n=6): Pre-diabetic (PD) 

group were fed on high fat high carbohydrate (HFHC) diet without treatment. The second group (metformin [MTF] + 

HFHC) were fed on high fat high carbohydrate diet and treated with oral dose of metformin (500 mg/kg, Sigma-Aldrich, 

St Louis, Missouri, USA). The third group (MTF + ND) were fed on normal diet (ND) and treated with oral dose of 

metformin (500 mg/kg, Sigma-Aldrich, St Louis, Missouri, USA). The fourth group (ruthenium [RU] + HFHC) were fed 

on high fat high carbohydrate diet and treated with subcutaneous injection of ruthenium complex (15 mg/kg) while the 

fifth group (RU + ND) were fed on normal diet and treated with subcutaneous injection of ruthenium complex (15 mg/kg). 

The animals were treated once a day every third day at 09:00 am for 12 weeks.  

2.3.3 Blood collection and tissue harvesting  

All animals were anaesthetised with Isofor (100 mg/kg)) (Safeline Pharmaceuticals (Pty) Ltd, Roodeport, South Africa) 

using a gas anaesthetic chamber (Biomedical Resource Unit, UKZN, Durban, South Africa) and allowed to inhale for 3 

minutes. Blood was collected by cardiac puncture and then injected into individual pre-cooled heparinized containers. 

The blood was then centrifuged for plasma collection (Eppendorf centrifuge 5403, Germany) at 4 °C, 503 g for 15 minutes. 

Thereafter, adipose tissue was removed, rinsed with saline and snap frozen in liquid nitrogen before storage in a BioUltra 

freezer (Snijers Scientific, Tilburg, Netherlands) at -80 °C until biochemical analysis.  

2.4 Inflammatory marker measurements 

The concentration of adipose tissue TNF-α,  plasma IL-1β, fibrinogen and CD40L were analysed using specific ELISA 

kits (Respectively) in accordance with the manufacturer’s instructions (Elabscience and Biotechnology, Wuhan, China). 

Optical density was determined using a Spectrostar nanoplate spectrophotometer (BMG Labtech, Ortenburg, Baden-

W€urtternberg, Germany) at 450 nm. 
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2.5 Immune cell measurements 

Monocytes, neutrophils, eosinophils, basophils, lymphocytes, white blood cell and platelets cell count, and MPV were 

counted using a hemocytometer (COULTER® Ac.T diff™ Analyzer, Beckman Coulter, United State). 

2.6 Plasma lipid analysis 

Plasma TGs levels were analysed by Global Clinical and Viral laboratories (Amanzimtoti, South Africa). Plasma VLDL 

concentrations were calculated using the friedewald formula: 

VLDL =
𝑷𝒍𝒂𝒔𝒎𝒂 𝑻𝑮𝒔

𝟐.𝟐
 

2.7 Statistical Analysis 

Data is reported as mean ± standard error of mean (SEM). GraphPad Prism Software (version 5) was used to conduct 

statistical analysis. The differences between control and treated groups were analysed using One-way analysis of variance 

(ANOVA) followed by Tukey-Kramer. Values of p< 0.05 show statistical significance between the compared groups. 

3.  Results 

3.1 Effects of ruthenium complex on platelet activation markers 

Induction of diet-induced pre-diabetes resulted in a significant increase in platelet count, MPV and CD40L concentration 

in the untreated PD group when compared to the NPD group (p < 0.05; Table 1). Furthermore, the MTF+HFHC and 

RU+HFHC treated groups displayed higher platelets count and  plasma CD40Llevels after the 12-week treatment period 

when compared with the NPD group (p < 0.05; Table 1). Interestingly, when compared with the PD group, administration 

of the metal-based drug reduced platelets count which correlated with reduced MPV and plasma CD40L concentration to 

within that of NPD group after the 12-week treatment period (p < 0.05; Table 1). There was no significant difference in 

CD40L concentration in the MTF+HFHC group when compared with the PD group (p > 0.05; Table 1). However, the 

MTF+ND group displayed reduced platelets count, MPV and CD40L concentration when compared to the PD group (p 

< 0.05; Table 1). 

 



108 
 

Table 1: Effects of ruthenium complex on platelet count, mean platelet volume and CD40L concentration of pre-diabetic 

treated animals for 12 weeks period. Values are presented as means ± SEM (n = 6) in each group. 

* p < 0.05 compared to non-prediabetic control (NPD), α p < 0.05 compared to pre-diabetic control (PD); Metformin and 

high fat high carbohydrate (MTF+HFHC); Metformin and normal diet (MTF+ND); Ruthenium complex and high fat high 

carbohydrate (RU+HFHC); Ruthenium complex and normal diet (RU+ND). 

3.2 Effects of ruthenium complex on plasma TGs and VLDL concentrations 

Increased plasma TGs and VLDL concentration were observed for the PD control group when compared to the NPD 

group (p < 0.05; Table 2). Furthermore, the MTF+HFHC treated group had displayed higher plasma TGs and VLDL 

levels after the 12-week treatment period when compared with the NPD group (p < 0.05; Table 2).  Interestingly, when 

compared with the PD group, administration of the metal-based drug accompanied with and without dietary modification 

reduced plasma TGs and VLDL concentrations to within that of NPD group (p < 0.05; Table 2). The metformin-treated 

groups in the presence of dietary intervention showed significant decrease in plasma TGs which correlated with decreased 

VLDL concentration when compared with the PD group (p < 0.05; Table 2). 

 

 

Groups Platelet Count (103/µL) Mean Platelet Volume 

(fL) 

CD40L (ng/ml) 

NPD 360.30±4.20 7.28±0.43 1.94±0.17 

PD 1279.00±8.00* 12.90±0.10* 5.90±0.20* 

MTF+HFHC 735.50±4.90*α 7.35±0.15α 4.25±0.38* 

MTF+ND 190.00±3.00α 6.55±0.050α 1.70±0.35α 

RU+HFHC 641.50±3.40*α 7.32±0.18α 3.40±0.15*α 

RU+ND 150.70±3.70α 7.40±0.28α 1.61±0.26α 
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Table 2: Effects of ruthenium complex on plasma TGs and VLDL concentration of pre-diabetic treated animals for 12 

weeks period. Values are presented as means ± SEM (n = 6) in each group. 

Groups Plasma TGs (mmol/L) VLDL (mmol/L) 

NPD 1.22±0.31 0.55±0.090 

PD 3.34±0.21* 1.52±0.81* 

MTF+HFHC 5.62±0.27* 2.55±0.98* 

MTF+ND 0.91±0.042α 0.41±0.043α 

RU+HFHC 1.87±0.14α 0.85±0.032α 

RU+ND 1.17±0.012α 0.53±0.012α 

* p < 0.05 compared to non-prediabetic control (NPD), α p < 0.05 compared to pre-diabetic control (PD); Metformin and 

high fat high carbohydrate (MTF+HFHC); Metformin and normal diet (MTF+ND); Ruthenium complex and high fat high 

carbohydrate (RU+HFHC); Ruthenium complex and normal diet (RU+ND). 

3.3 Effects of ruthenium complex on plasma fibrinogen concentration 

Upon pre-diabetes, the PD group showed significant increase in plasma fibrinogen concentration after the 12-week 

treatment period when compared to the NPD group (p < 0.05; Figure 1).  Of note, treatment with either metformin or 

ruthenium supplemented with the high fat high carbohydrate diet resulted in higher plasma fibrinogen levels relative to 

that of the NPD control group (p < 0.05; Figure 1).  Interestingly, administration of the potential metallopharmaceutical 

in the presence of dietary intervention considerably decreased plasma fibrinogen levels in pre-diabetic treated rats when 

compared to the PD group (p < 0.05; Figure 1). The MTF+ND group had comparable experimental trends to the PD group 

(p < 0.05; Figure 1). 
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Figure 1: The effects of the ruthenium Schiff-base complex on plasma fibrinogen concentration of pre-diabetic animals 

after the treatment period. Values are presented as means ± SEM (n = 6) in each group. * p < 0.05 compared to non-

prediabetic control (NPD), α p < 0.05 compared to pre-diabetic control group (PD); Metformin and high fat high 

carbohydrate (MTF+HFHC); Metformin and normal diet (MTF+ND); Ruthenium complex and high fat high carbohydrate 

(RU+HFHC); Ruthenium complex and normal diet (RU+ND). 

3.4 Effects of ruthenium complex on immune cell count 

Diet-induced pre-diabetes led to a significant decrease in neutrophils and eosinophils cell count with an increase in WBC, 

lymphocytes, monocytes and basophils cell count as observed in the PD group in relation to that of the NPD group (p < 

0.05; Figure 2). In addition, the MTF+HFHC showed significant increased WBC when compared to the NPD group (p < 

0.05; Figure 2). Interestingly, treatment with ruthenium complex in the presence of dietary intervention considerably 

increase neutrophils and eosinophils cell count whilst in the presence and absence of dietary intervention the metal-based 

drug was able to reduce WBC, lymphocytes, monocytes and basophils cell count over the 12-week treatment period when 

compared to the PD group (p < 0.05; Figure 2). Furthermore, the metformin-treated groups showed similar observations 

when compared to the PD group (p < 0.05; Figure 2). 
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Figure 2: The effects of the ruthenium Schiff-base complex on A) White blood cell B) neutrophils, C) lymphocytes, D) 

monocytes, E) eosinophils and F) basophils immune cell count of pre-diabetic animals after the treatment period. Values 

are presented as means ± SEM (n = 6) in each group. * p < 0.05 compared to non-prediabetic control (NPD), α p < 0.05 

compared to pre-diabetic control (PD); Metformin and high fat high carbohydrate (MTF+HFHC); Metformin and normal 

diet (MTF+ND); Ruthenium complex and high fat high carbohydrate (RU+HFHC); Ruthenium complex and normal diet 

(RU+ND). 

3.5 Effects of ruthenium complex on adipose tissue tumor necrosis factor-α (TNF-α) concentration 

The PD group demonstrated a significant enhancement in averaged adipose tissue TNF-α concentration when compared 

to the NPD group (p < 0.05; Figure 3). Furthermore, a marked increase was observed in adipose tissue TNF-α levels in 

the MTF+HFHC group when compared to the NPD group (p < 0.05; Figure 3). Interestingly, there was a significant 

reduction in adipose tissue TNF-α concentrations in the ruthenium complex treated groups by comparison to the PD group 
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(p < 0.05; Figure 3). However, the MTF+ND group displayed reduced adipose tissue TNF-α level when compared with 

the PD group (p < 0.05; Figure 3). 
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Figure 3: The effects of the metal complex on adipose tissue TNF-α concentration of pre-diabetic animals after the 

treatment period. Values are presented as means ± SEM (n = 6) in each group. * p < 0.05 compared to non-prediabetic 

control (NPD), α p < 0.05 compared to pre-diabetic control group (PD); Metformin and high fat high carbohydrate 

(MTF+HFHC); Metformin and normal diet (MTF+ND); Ruthenium complex and high fat high carbohydrate 

(RU+HFHC); Ruthenium complex and normal diet (RU+ND). 

3.6 Effects of ruthenium complex on plasma interleukin-1β (IL-1β) concentration 

The PD group showed a significant increase in plasma IL-1β concentrations when compared to the NPD group (p < 0.05; 

Figure 4). Furthermore, the MTF+HFHC and RU+HFHC groups had higher IL-1β concentrations when compared to the 

NPD group (p < 0.05; Figure 4).  However, there was a significant reduced in IL-1β levels in the ruthenium complex 

treated groups coupled with dietary intervention when compared to the PD group (p < 0.05; Figure 4). The MTF+ND 

group showed a similar trend of results when compared to the PD group (p < 0.05; Figure 4). 
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Figure 4: The effects of the ruthenium Schiff-base complex on plasma IL-1β concentration of pre-diabetic animals after 

the treatment period. Values are presented as means ± SEM (n = 6) in each group. * p < 0.05 compared to non-prediabetic 

control (NPD), α p < 0.05 compared to pre-diabetic control group (PD); Metformin and high fat high carbohydrate 

(MTF+HFHC); Metformin and normal diet (MTF+ND); Ruthenium complex and high fat high carbohydrate 

(RU+HFHC); Ruthenium complex and normal diet (RU+ND). 

4.  Discussion  

Metabolism and immune system are commonly regarded as two distinctive mechanisms regulating nutrient disposal and 

body defense, respectively. Typically, little is known about the coordination and interplay between these two systems in 

pre-diabetes. However, the current study has led to combination of these distinct entities as studies observe pathological 

activation of the immune system underlying pre-diabetic [22]. The HFHC  diet-induced pre-diabetic rat model was used 

to assess the effects of a ruthenium(II) Schiff base complex in inflammatory-induced immune response in the presence 

and absence of dietary intervention. 

Platelet functions are directly controlled by insulin through a functional insulin receptor (IR) present on platelet surface 

[23]. Impaired insulin action is a leading factor for the development of pre-diabetes and has been shown to lead to platelet 

hyperactivity [24, 25]. Platelet activation is characterized by increased platelets count and MPV [26]. The MPV value is 

an important marker of platelet activation which gives an indication of platelet size and thus activation of larger platelets 

represent more activity [13]. Certainly, the results of the current study showed an increased platelet count and MPV in 

the untreated pre-diabetic rats. These observations were significantly decreased in ruthenium-treated rats. The 
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ruthenium(II) Schiff base complex has been shown to improve insulin sensitivity and restore glucose homeostasis as 

evidenced by  decrease in glycated haemoglobin levels (HbA1c) in diet-induced pre-diabetes [18]. The research results 

observed in this study may therefore suggest that the enhanced immune response effect of this complex may, in part, be 

mediated by its beneficial effects on glucose homeostasis.  

Circulatory CD40L (about 95%) is stored in platelets and expressed rapidly on platelet surfaces after activation and 

thereafter released into the circulation [27]. Expressed CD40L on platelets interacts with cells that constitutively display 

its receptor CD40 [28]. These cells include endothelial cells, monocytes and macrophages which further provokes a 

cascade of inflammatory responses, including expression of adhesion factors, expression of tissue factor and release of 

chemokines and cytokines [28-30]. The pre-diabetic untreated rats had increased plasma CD40L levels compared to the 

non-prediabetic rats. These findings provide strong evidence of in vivo platelet activation and is a major contributor to 

atherogenesis in diabetic patients [28-30]. The upregulation of CD40L in platelets in our studies could also possibly 

suggested a mechanism for the increased monocyte tissue factor expression which in turn stimulates thrombosis and 

platelet release of CD40L, thereby sustaining a vicious cycle of inflammation and thrombosis [30]. Interestingly, treatment 

with the metallo-drug in the presence or absence of dietary intervention showed decreased plasma CD40L levels in the 

ruthenium-treated rats. Ruthenium (II)-derived organometallic compound has been reported to potently inhibits platelet 

aggregation in mice [31]. Therefore, the research results obtained may be attributed to the ameliorated proinflammatory 

response [17]. The metformin-treated rats displayed similar effects. 

Pre-diabetic patients are very susceptible to dyslipidaemia which comprises of increased TGs, elevated low-density 

lipoprotein cholesterol (LDL-C) and reduced high-density lipoprotein cholesterol (HDL-C) [24, 32]. 

Hypertriglyceridemia has been reported to increase platelet activation mediated by apolipoprotein E, a content of 

triglyceride rich very low-density lipoproteins (VLDL) particles [33]. Along with platelet activation, VLDL particles also 

impair fibrinolysis and disturbs the coagulation cascade, thus resulting in atherothrombotic risk [33]. Taken together, an 

increase in VLDL concentration was observed in untreated pre-diabetic rats which correlated with an increase in 

fibrinogen level. Interestingly, the administration of mononuclear complex in the presence and absence of dietary 

intervention reduced VLDL and TGs levels, whilst in conjunction with dietary intervention there was  reduced fibrinogen 

levels in the ruthenium-treated pre-diabetic rats. Ruthenium complex has been shown to have cardioprotective effects 

through improved lipid profile in diet-induced prediabetic rats [17]. These results could also possibly suggest that this 
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metal complex maybe suppressing hormone sensitive lipase which inhibit adipose tissue lipolysis thus reducing 

circulating TGs and VLDL levels. 

White blood cells including granulocytes (neutrophils, eosinophils and basophils), lymphocytes (B and T cells) and 

monocytes are essential in the innate and adaptive immune response [7]. Monocytes are antigen-presenting cells that 

possess phagocytic capabilities and play a crucial role in maintaining immune homeostasis and mounting an immune 

response against infection [34]. The untreated pre-diabetic rats showed increased monocyte count by comparison to the 

non-prediabetic rats. Monocytes are recruited to adipose tissue where they subsequently mature into adipose tissue 

macrophages [34]. Once recruited proinflammatory macrophages contribute to secretion of additional chemokines and 

cytokines thereby initiating a feed-forward loop and potentiating the inflammatory response [34]. Interestingly, treatment 

with the ruthenium complex in both the presence and absence of dietary intervention resulted in decreased monocyte 

count. Metal-based complexes have been reported to have an insulin mimic effects [35] Furthermore, we have reported 

that our ruthenium(II) Schiff base complex improves insulin sensitivity in diet-induced pre-diabetic rats [18]. Insulin 

influences metabolism of monocytes by increasing oxidized LDL phagocytosis, which causes an increase in glucose 

utilization  and expression of glucose transporters in the plasma membrane [36]. Insulin also regulates monocytes 

chemokine and cytokine secretion [37]. In addition, insulin also regulates other monocytes activity including superoxide 

production and expression of tissue factor, thus influencing hypercoagulability [37]. 

Other immune cell populations in the regulation of inflammatory response in pre-diabetes,  includes the granulocytes 

(neutrophils, eosinophils and basophils) and the lymphocytes (T and B cells) [37]. More than 90% of the granulocytes are 

neutrophils, which play an important role in the early stages of inflammatory responses [10, 11] . A recent study has 

provided evidence that neutrophils are involved in insulin resistance through a secreted elastase, which cause reduced 

insulin signalling, enhanced glucose production and impaired lipid metabolism, thus contributing to insulin resistance 

[11]. Neutrophils are the first leukocytes to be recruited to the inflammatory site and can eliminate pathogens by multiple 

mechanisms. Furthermore, stressed adipocytes secrete pro-inflammatory adipokines and cytokines, which attract B cells, 

T cells and macrophages [3-5]. Both T cells and activated macrophages secrete pro-inflammatory cytokines and 

chemokines, contributing to the persistence of inflammatory reactions within the tissue and subsequently the underlying 

potential for autoimmune-mediated β-cell destruction [3-5]. Lymphocytic infiltration in target organs such as the pancreas 

have been shown to underlines the impression of autoimmune participation in T2DM pathogenesis [3-5]. Furthermore, B 
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cells promote insulin resistance through modulation of T cells and production of pathogenic IgG antibodies [37]. Diet-

induced pre-diabetic rats displayed decreased count of neutrophils and eosinophils with an increased basophils and 

lymphocytes cell count. Ruthenium complex attenuated the immune response of the granulocyte cells and lymphocytes 

cell count. The results observed could be attributed to the anti-hypoglycaemic effect of the metal complex [18].  

Both clinical and experimental studies have shown that adipose tissue serves as a site of inflammation [1, 3]. Stressed 

adipocytes produce various cytokines and chemokines promoting immune-cell activation and accumulation in adipose 

tissue [38]. Continued accumulation of lipids in adipose tissues leads to switching of macrophages from an anti-

inflammatory to a pro-inflammatory phenotype [39, 40]. The skew in balance results in an increased secretion of 

inflammatory molecules that subsequently stimulate the hypertrophied adipocytes resulting into a proinflammatory 

response [41]. Furthermore, innate immune cells have been reported to secrete chemokines and cytokines such as TNF-

α, IL-1β, and IL-6 and further exaggerate the proinflammatory response [7].  Indeed, results of the current  study showed 

a significant increase in adipose tissue TNF-α level in untreated pre-diabetic rats inducing an adipose tissue inflammatory 

response. However, administration of the ruthenium(II) Schiff base complex in the presence and absence of dietary 

intervention resulted in reduced adipose tissue TNF-α level in the treated pre-diabetic rats. The metal-base complex has 

been reported to decrease proinflammatory cytokines such plasma TNF-α, CRP and IL-6 level in diet-induced pre-diabetic 

rats [17].  Furthermore, ruthenium compounds have been also shown to exhibits effective anti-inflammatory properties 

via inhibiting inflammatory mediators (NO and iNOS) and pro-inflammatory cytokines (TNF-α and IL-1β) and blocking 

lipopolysaccharides (LPS)-induced p38 MAPK/p65 phosphorylation, IκBα degradation and p65 nuclear translocation in 

RAW 264.7 cells [42]. Therefore, these  results obtained further correlate with the anti-inflammatory effects of the metal-

base complex and its reported antioxidant activity [17, 43].  

 IL-1β is another proinflammatory cytokines which mediates auto-inflammatory process resulting in pancreatic β-cell 

death [44]. Upregulation of IL-1β plays a predominant role as a major cytokine regulating other chemokines and cytokines 

in islets of T2DM patients [45]. This master cytokine elicits a broader response by recruitment of various immune cells 

and by induction of IL-1β in β-cells, provoking a vicious inflammatory cycle [46]. Furthermore, several mechanisms like 

amyloid deposition in islets, presence of long-chain FFAs, and chronic hyperglycaemia have been implicated in β-cell 

apoptosis [47]. The underlying mechanism for hyperglycaemia-induced β-cell apoptosis is attributed to the glucose-

induced IL-1β production that upregulates the Fas receptor [22, 48]. Consequently, induction of pre-diabetes by the HFHC 
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diet characterised by abundant saturated FFAs that have direct lipotoxic effects on β-cells by inducing ER stress and ROS, 

resulted in high plasma IL-1β levels in the pre-diabetic rats [22, 48]. The increased plasma IL-1β levels were stabilized 

in ruthenium-treated pre-diabetic rats in the presence of dietary intervention. These findings can be ascribed to the metal-

complex along with dietary intervention enhancing β-cell function thus improving glycaemic control. In addition, studies 

have shown that blockade of IL-1 has been associated with reduced hyperglycaemia, improved β-cell function and reduced 

expression of inflammatory markers [49, 50]. Furthermore, ruthenium complexes have been shown to inhibit human islet 

amyloid polypeptide (hIAPP) aggregation  which cause dysfunction and death of pancreatic β-cells thus preventing β-cell 

apoptosis in vitro [51]. 

5.  Conclusion 

In this study, it has been demonstrated that the ruthenium(II) diimine uracil complex exhibits effective anti-inflammatory 

properties via the reduction of pro-inflammatory cytokines (TNF-α and IL-1β), platelet activation markers (MPV and 

CD40L) and fibrinogen. There was also a reduction in TG and VLDL levels as well as improved immune cell counts in 

HFHC diet-induced pre-diabetic rats. The findings of the current study further demonstrated the potential of this metal-

based compound in both the presence and absence of dietary modification. Therefore, ruthenium(II) diimine uracil 

complex may be a potential therapeutic agent for treating pre-diabetic inflammatory-induced immune dysregulation. 

However, further studies are still required to find out the exact mechanism behind potential effect of this metal-based 

compound. 
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Tables 

Table 1: Effects of ruthenium complex on platelet count, mean platelet volume and CD40L concentration of pre-diabetic 

treated animals for 12 weeks period. Values are presented as means ± SEM (n = 6) in each group. 

* p < 0.05 compared to non-prediabetic control (NPD), α p < 0.05 compared to pre-diabetic control (PD); Metformin and 

high fat high carbohydrate (MTF+HFHC); Metformin and normal diet (MTF+ND); Ruthenium complex and high fat high 

carbohydrate (RU+HFHC); Ruthenium complex and normal diet (RU+ND). 

 

 

 

 

 

 

 

Groups Platelet Count (103/µL) Mean Platelet Volume 

(fL) 

CD40L (ng/ml) 

NPD 360.30±4.20 7.28±0.43 1.94±0.17 

PD 1279.00±8.00* 12.90±0.10* 5.90±0.20* 

MTF+HFHC 735.50±4.90*α 7.35±0.15α 4.25±0.38* 

MTF+ND 190.00±3.00α 6.55±0.050α 1.70±0.35α 

RU+HFHC 641.50±3.40*α 7.32±0.18α 3.40±0.15*α 

RU+ND 150.70±3.70α 7.40±0.28α 1.61±0.26α 
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Table 2: Effects of ruthenium complex on plasma TGs and VLDL concentration of pre-diabetic treated animals for 12 

weeks period. Values are presented as means ± SEM (n = 6) in each group. 

Groups Plasma TGs (mmol/L) VLDL (mmol/L) 

NPD 1.22±0.31 0.55±0.090 

PD 3.34±0.21* 1.52±0.81* 

MTF+HFHC 5.62±0.27* 2.55±0.98* 

MTF+ND 0.91±0.042α 0.41±0.043α 

RU+HFHC 1.87±0.14α 0.85±0.032α 

RU+ND 1.17±0.012α 0.53±0.012α 

* p < 0.05 compared to non-prediabetic control (NPD), α p < 0.05 compared to pre-diabetic control (PD); Metformin and 

high fat high carbohydrate (MTF+HFHC); Metformin and normal diet (MTF+ND); Ruthenium complex and high fat high 

carbohydrate (RU+HFHC); Ruthenium complex and normal diet (RU+ND). 
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Figure legends 

Figure 1: The effects of the ruthenium Schiff-base complex on plasma fibrinogen concentration of pre-diabetic animals 

after the treatment period. Values are presented as means ± SEM (n = 6) in each group. * p < 0.05 compared to non-

prediabetic control (NPD), α p < 0.05 compared to pre-diabetic control group (PD); Metformin and high fat high 

carbohydrate (MTF+HFHC); Metformin and normal diet (MTF+ND); Ruthenium complex and high fat high carbohydrate 

(RU+HFHC); Ruthenium complex and normal diet (RU+ND). 

Figure 2: The effects of the ruthenium Schiff-base complex on A) White blood cell B) neutrophils, C) lymphocytes, D) 

monocytes, E) eosinophils and F) basophils immune cell count of pre-diabetic animals after the treatment period. Values 

are presented as means ± SEM (n = 6) in each group. * p < 0.05 compared to non-prediabetic control (NPD), α p < 0.05 

compared to pre-diabetic control (PD); Metformin and high fat high carbohydrate (MTF+HFHC); Metformin and normal 

diet (MTF+ND); Ruthenium complex and high fat high carbohydrate (RU+HFHC); Ruthenium complex and normal diet 

(RU+ND). 

Figure 3: The effects of the metal complex on adipose tissue TNF-α concentration of pre-diabetic animals after the 

treatment period. Values are presented as means ± SEM (n = 6) in each group. * p < 0.05 compared to non-prediabetic 

control (NPD), α p < 0.05 compared to pre-diabetic control group (PD); Metformin and high fat high carbohydrate 

(MTF+HFHC); Metformin and normal diet (MTF+ND); Ruthenium complex and high fat high carbohydrate 

(RU+HFHC); Ruthenium complex and normal diet (RU+ND). 

Figure 4: The effects of the ruthenium Schiff-base complex on plasma IL-1β concentration of pre-diabetic animals after 

the treatment period. Values are presented as means ± SEM (n = 6) in each group. * p < 0.05 compared to non-prediabetic 

control (NPD), α p < 0.05 compared to pre-diabetic control group (PD); Metformin and high fat high carbohydrate 

(MTF+HFHC); Metformin and normal diet (MTF+ND); Ruthenium complex and high fat high carbohydrate 

(RU+HFHC); Ruthenium complex and normal diet (RU+ND). 
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CHAPTER 5: SYNTHESIS 

For every onset of T2DM there is a precedence of pre-diabetes, an intermediate hyperglycaemic state where blood glucose 

levels are above the upper threshold for normal but below the threshold for a diagnosis for diabetes mellitus (Tabák et al., 

2012; Hostalek, 2019). When faced with the hyperglycaemia due to insulin resistance as observed in pre-diabetes 

(Maschio et al., 2016; Shirakawa and Kulkarni, 2016). The pancreatic pancreatic β cell try to compensate the increased 

glucose levels by producing increase insulin secretion (hyperinsulinaemia). The increased insulin secretion and expansion 

of pancreatic β cell mass work together to maintain normal glucose levels under the developed insulin resistance (Maschio 

et al., 2016; Shirakawa and Kulkarni, 2016).  Changes in glucose concentration have long been known to have profound 

effects upon the rates of insulin secretion and β cell mass. Therefore, these changes eventually lead to β cell exhaustion, 

causing  decreased insulin secretion. Hence, developing T2DM (Maschio et al., 2016; Shirakawa and Kulkarni, 2016). 

As the disease progresses, tissues or vascular damage ensues leading to severe diabetic macrovascular and microvascular 

complications (Tabák et al., 2012; Hostalek, 2019). Thus, pre-diabetes covers a wide range of heterogeneous diseases 

(Laaksonen et al., 2005; Giacco et al., 2013; Evert et al., 2014). Once diagnosed with pre-diabetes, preventative strategies 

include dietary and lifestyle modification (Giacco et al., 2013). Nevertheless, patients tend to rely on the pharmacotherapy 

and neglect lifestyle modification and thus reduce the efficacy of the drugs (Bailey and Kodack, 2011; Ahmad et al., 

2013). Therefore, there is a necessity to develop novel drugs that can be therapeutic even in the absence of dietary 

intervention. Current studies have reported that ruthenium(II) uracil-derived diimine complex with a change in dietary 

intervention had beneficial effects as it restored plasma ghrelin concentrations, leading to a reduction in caloric intake 

and body weight gain when administered to the diet-induced pre-diabetic rats. Furthermore, these previous findings were 

accompanied by restored glucose tolerance as well as HbA1c concentration, indicating that the metal complex restores 

insulin sensitivity in a diet-induced pre-diabetic rat model and delays the onset of T2DM in the presence and absence of 

dietary intervention (Mabuza et al., 2018). In addition, this metal complex has previously been shown to possess 

cardioprotective effects through restored lipid profile derangement and cardiac inflammatory cytokines in diet-induced 

pre-diabetic rats (Mabuza et al., 2019).  

In the current study, we investigated the therapeutic properties of  a novel ruthenium(II) uracil-derived diimine complex 

on hepatic, renal and immune dysregulation prediabetic-related complications in both the presence and absence of dietary 

intervention. We evaluated whether the improved insulin sensitivity following administration of this compound will 

further ameliorate these prediabetic-related complications in a diet-induced pre-diabetic rat model. 
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The liver plays a major role in the regulation of glucose and lipid metabolism. During derangements such as NAFLD, the 

liver becomes compromised (Speliotes et al., 2010; Hsieh and Hsieh, 2011; Hamed et al., 2015). The induction of pre-

diabetes by HFHC diet resulted in increased blood glucose levels in the pre-diabetic rats. This in turn resulted in increased 

hepatic glycogen concentration. Treatment with the ruthenium (II) complex in conjunction with dietary intervention 

restored hepatic glycogen concentration through the reduction in blood glucose in the ruthenium-treated rats. This metal 

complex has been previously reported to improve glycaemic control (Antonyan et al., 2014; Mabuza et al., 2018). 

Increased consumption of the high-fat high carbohydrate (HFHC) diet is known to increase plasma AST and ALT liver 

enzymes through the induction of ROS which further triggers the inflammatory response mechanism (Mohamed et al., 

2016). However, with the results obtained, there was no significant change in ALT levels between the NPD and PD rats. 

For the first time, the current study shows that age influences liver enzyme ALT. These observations were in line with 

other research studies who demonstrated that oxidative stress increases with age and induced the inflammatory response 

mechanism (Hamden et al., 2009; Kim et al., 2015). Moreover, metformin treatment resulted in increased plasma ALT 

levels inducing liver injury.  Administration of ruthenium(II) complex in both the presence and absence of dietary 

intervention maintained a steady weight gain which resulted in reduced liver weight in the ruthenium-treated rats. These 

results in turn restored plasma AST and ALT levels in the ruthenium-treated rats. The hepatoprotective effects of the 

ruthenium(II) uracil-derived diimine complex was further evidenced by a significant increased total bilirubin 

concentration in the ruthenium-treated rats.  

Insulin resistance is a prime factor in the development of pre-diabetes related complications and plays a key role in hepatic 

lipid accumulation and increased adipose tissue lipolysis (Bugianesi et al., 2010). The induction of pre-diabetes by the 

HFHC diet resulted in activation of de novo lipogenesis and the molecular basis of this mechanism has been shown to 

involve SREBP-1c (Regnell and Lernmark, 2011; Mavrogiannaki and Migdalis, 2013). The findings of the study showed 

that the PD group had increased SREBP-1c concentration which was associated with an increase in plasma TGs and 

VLDL concentrations in the untreated rats. However, administration of the metal complex coupled with dietary 

intervention decreased SREBP-1c, TGs and VLDL concentrations in the ruthenium-treated rats. These results were further 

evidenced by histological analysis, showing reduced hepatic lipid droplet accumulation, hepatocyte ballooning and locular 

disarray in the ruthenium-treated rats, proposing a hepatoprotective effect of ruthenium(II) complex in the treatment of 

NAFLD complication as seen in manuscript 1, chapter 2 of the study. In contrast, metformin treatment displayed similar 

results but only when used in conjunction with dietary intervention. 
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Chronic, low-grade adipose tissue inflammation is a key etiological mechanism linking the increasing incidence of T2DM 

and pre-diabetes and is found to be activated before the onset of diabetes (Makki et al., 2013). Recent studies have reported 

the integration between the immune system and metabolism in pre-diabetic state (Makki et al., 2013; Grossmann et al., 

2015). The macrophages, in particular, have been identified as critical effector cells in the initiation of inflammation and 

insulin resistance (Donath and Shoelson, 2011; Hameed et al., 2015). The continuous elevation of lipids accumulation in 

the adipose tissues, macrophage recruitment and retention to adipose tissue and the participation of other immune cell 

populations have been shown to lead to the progression of an inflammatory response mechanism indicated by cytokines 

secretion (Donath and Shoelson, 2011; Hameed et al., 2015). Indeed, the current findings showed that the PD group had 

significantly increased adipose tissue TNF-α and plasma IL-1β cytokines concentrations. Ruthenium complex ameliorated 

the increased adipose tissue TNF-α concentration while showing a decreased plasma IL-1β cytokines released in the 

prediabetic-treated rats in conjunction with a change in the diet. These findings were in line with other research studies, 

which reported the anti-inflammatory properties of ruthenium  via  inhibiting these aforementioned cytokines (Hsia et al., 

2018; Mabuza et al., 2019). Furthermore, stressed adipocytes have been shown to recruit immune cells to the liver which 

further secrete chemokines and cytokines, thereby contributing to the development of insulin resistance (Fang et al., 

2015). Certainly, diet-induced pre-diabetic rats displayed immune cell count dysregulation and platelet hyperactivity, 

characterised by increased platelets count, MPV and CD40L concentrations (Ferreiro et al., 2010; Gaiz et al., 2017). 

Interestingly, ruthenium(II) uracil-derived diimine complex in both the presence and absence of dietary intervention 

attenuated immune cell count dysregulation and platelet activation markers. A study by Hsia et al reported that a 

ruthenium(II)-derived organometallic compound potently inhibits platelet aggregation in mice (Hsia et al., 2017). Our 

findings correlated with their findings. In addition, treatment with metformin showed similar results. Furthermore, the 

observed hypertriglyceridemia and platelet activation in the pre-diabetic rats impaired fibrinolysis and disturbed the 

coagulation cascade. These observations were demonstrated by the increased fibrinogen concentration in the untreated 

pre-diabetic rats. Interestingly, the administration of ruthenium(II) uracil-derived diimine complex only with dietary 

intervention reduced fibrinogen concentration and platelet activation, suggesting that ruthenium complex is effective in 

reducing fibrinogen level with a change in diet. A comparable trend was observed with metformin treatment. Taken 

together, administration of the ruthenium(II) complex exhibited an anti-inflammatory activity and inhibited platelet 

aggregation thus preventing the progression of immune dysregulation underlying pre-diabetes as seen in manuscript 3, in 

chapter 4 of the study. 
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Pre-diabetes is a progressive disease to overt T2DM and studies have shown that newly diagnosed pre-diabetic patients 

already have kidney damage (Tabák et al., 2012; Pecoits-Filho et al., 2016). This suggests that the onset of DN may occur 

during the early stages of the disease progression. Therefore, the key to prevention of diabetes development and its 

vascular complications is early detection and treatment of pre-diabetes. The prolonged moderate hyperglycaemia 

observed in pre-diabetic patients evoked the progression of DN and found to lead to the activation of RAAS and 

aldosterone secretion which results in sodium and water retention (Yilmaz et al., 2015; Saravanan and Pari, 2016). Indeed, 

untreated PD group displayed impaired kidney function markers evidenced by increased 24 h fluid intake, urine output 

and aldosterone levels which correlated with impaired electrolytes balance and fractional excretion of both Na+ and K+ 

throughout the 12 weeks treatment period. However, the increased fluid intake, urine output and aldosterone together with 

impaired electrolytes balance in the pre-diabetic rats were attenuated by administration of ruthenium(II) complex in both 

the presence and absence of dietary intervention. In contrast, metformin treatment was effective in reducing aldosterone 

concentration only in conjunction with dietary intervention. The sustained hyperglycaemia further induced oxidative 

stress and resulted in decreased antioxidant enzymes activity (Fiorentino et al., 2013). Interestingly, administration of 

ruthenium(II) complex coupled with dietary intervention afforded to attenuate the induced oxidative stress evidenced by 

decreased MDA concentration with increased antioxidants enzymes (SOD and GPx) concentrations in the ruthenium-

treated rats, protecting the kidneys from oxidative stress. In addition, administration of metformin exhibited comparable 

results. We further evaluated the AER, ACR, CC as they are used as markers of renal function and used to define kidney 

disease. As expected, the PD group had increased urinary albumin with decreased urinary creatinine and urea 

concentrations which correlated with decreased plasma albumin and increased plasma creatinine and urea concentrations. 

These observations were further demonstrated by the increased AER and ACR levels with decreased CC level, indicating 

renal injury in the untreated pre-diabetic rats. Interestingly, the metal complex ameliorated this pre-diabetes associated 

derangements exhibiting a renoprotective effect. Furthermore, the observed renal injury was further evaluated by 

measuring KIM-1, a useful biomarker for renal proximal tubule injury, histopathological analysis of the kidney and at the 

expression of mRNA podocin levels in urine as they facilitating the early diagnosis of the disease  (Carlsson et al., 2014; 

El-Ashmawy et al., 2015). Podocyte loss and injury are involved in the development of proteinuria in DN marked with 

increased urinary albumin (Zheng et al., 2011; Fukuda et al., 2012). Indeed, the observed increased urinary albumin in 

the untreated prediabetic rats was related to the increased KIM-1 and expression of mRNA podocin levels indicating the 

impaired function of the glomerular filtration barrier (Zheng et al., 2011; Fukuda et al., 2012). However, the current study 
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showed for the first time that the attenuation of the pre-diabetic associated increased KIM-1 concentration by the 

administration of ruthenium(II) complex in both the presence and absence of dietary intervention interrelated with the 

decreased expression of mRNA podocin level in urine and improved histological structure of the glomerulus in the 

ruthenium-treated rats.  This could be, in part, mediated by the improved insulin sensitivity brought about by the metal 

complex (Mabuza et al., 2018). Furthermore, metformin treatment showed comparable observation in conjunction of 

dietary intervention in terms of decreasing KIM-1 concentration in the pre-diabetic treated rats.  

CONCLUSION 

In conclusion, the administration of ruthenium(II) uracil-derived diimine complex showed beneficial effects as it 

ameliorated and prevented the progression of diabetes-related liver derangements while eliminating the hepatotoxicity 

associated with the use of metal compounds, as seen in manuscript 1, ameliorated renal function while preventing the 

progression of DN in prediabetic-treated rats as seen in manuscript 2 and  exhibited an anti-inflammatory activity and 

inhibited platelet aggregation thus preventing the progression of immune dysregulation underlying pre-diabetes, as seen 

in manuscript 3. Taken together, the observations of the current study further demonstrated the potential of this metal-

based compound in both the presence and absence of dietary modification. Therefore, ruthenium(II) diimine uracil 

complex may be a potential therapeutic agent for treating pre-diabetic related complication. However, further studies are 

still required to find out the exact mechanism behind potential effect of this metal-based compound. 

SHORTFALLS AND FUTURE STUDIES 

Lifestyle modification is not limited to dietary intervention, but it also involves increased physical activity such as 

exercise. However, the current study only evaluated dietary intervention as one of pre-diabetic preventative strategies. 

Therefore, we recommend that in the future, we should investigate the effect of physical activity as a strategy in the 

prevention and management of pre-diabetes progression and link it with dietary intervention. In addition, for future 

studies, we recommend that we evaluate the gene and molecular protein level behind the therapeutic potential effect of 

this metal-based compound, ruthenium(II) uracil-derived diimine complex. 
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Commentaries 

Brief Reports 

Research Letters 

Letters to the Editor 
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All manuscripts are peer reviewed by independent reviewers for clinical relevance, technical accuracy, 

methodological rigor, clarity, and objectivity using a double-blind review process. A double-blind peer 

review process means that neither the author nor the reviewers are aware of each other's identity. 

After a technical check by the Managing Editor, new submissions are sent to the Editor-in-Chief to 

manage the peer review process. Upon receipt of the reviews, the Editor-in-Chief makes a decision 

to accept, reject, or request revision. The decision is passed to the Managing Editor who sends 

notification to the corresponding author. 

BEFORE YOU BEGIN 

Ethics in publishing 

Please see our information pages on Ethics in publishing and Ethical guidelines for journal publication. 

The work described in your article must have been carried out in accordance with The Code of 

Ethics of the World Medical Association (Declaration of Helsinki) for experiments involving humans 

https://www.wma.net/policies-post/wma-declaration-of-helsinki-ethical-principles-for-medical-research-involving-

human-subjects/; 

EC Directive 86/609/EEC for animal experiments 

AUTHOR INFORMATION PACK 26 Nov 2019 www.elsevier.com/locate/curtheres 4 

http://ec.europa.eu/environment/chemicals/lab_animals/legislation_en.htm; and Uniform 

Requirements for manuscripts submitted to Biomedical journals http://www.icmje.org. This must be 

stated at an appropriate point in the article. 

Prospective, Observational, or Interventional Pre- and Post-marketing Studies 

Pre- or post-marketing studies must undergo review by an institutional review board (IRB) or ethics 

committee (EC). Patients must give written informed consent unless a waiver of consent is allowed 

by the IRB/EC. Patients must be informed of any real or potential conflicts of interest, including 

compensation of the investigator and potential costs to the patient that may result from their 

participation in the study. The amount of the remuneration of the investigators for their participation 

in pre- or post-marketing studies must be approved by the IRB/EC. If the design of a prospective 

pre- or post-marketing study calls for a treatment intervention such as a switch or withdrawal, then 

criteria must be established a priori for patient selection, the implementation of the intervention, 

and assessment of success/failure of such intervention. Such criteria must be scientifically justified, 

documented, uniformly applied and enforced, and clearly reported in the study report. Additionally, 

the patient or his/her insurance provider will not be required to pay for costs related to prospective 

interventions, such as those that may result from a drug switch or withdrawal. 

All other studies that involve identifiable human subjects, including retrospective studies, chart 
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reviews, post-marketing surveillance studies, or government mandated phase IV trials require IRB/ 

EC approval or waiver. 

In each case, detailed IRB/EC information should be clearly stated in the Methods section. 

Studies that only utilize pre-existing, de-identified (according to HIPAA standards) patient data are 

not required to seek IRB approval. 

Declaration of Interest 

All authors must disclose any financial or other relationships with other people or organizations that 

could inappropriately influence (bias) their work. Examples of potential competing interests include 

employment, consultancies, stock ownership, honoraria, paid expert testimony, patent applications/ 

registrations, and grants or other funding. Authors must disclose any interests in two places: 1. A 

summary declaration of interest statement in the title page file (if double-blind) or the manuscript file 

(if single-blind). If there are no interests to declare then please state this: 'Declarations of interest: 

none'. This summary statement will be ultimately published if the article is accepted. 2. Detailed 

disclosures as part of a separate Declaration of Interest form, which forms part of the journal's official 

records. It is important for potential interests to be declared in both places and that the information 

matches.  
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Appendix 8: Nutrients Journal author guidelines 

Manuscript Preparation 

General Considerations 

Research manuscripts should comprise: 

Front matter: Title, Author list, Affiliations, Abstract, Keywords 

Research manuscript sections: Introduction, Materials and Methods, Results, Discussion, Conclusions (optional). 

Back matter: Supplementary Materials, Acknowledgments, Author Contributions, Conflicts of Interest, References. 

Review manuscripts should comprise the front matter, literature review sections and the back matter. The template file 

can also be used to prepare the front and back matter of your review manuscript. It is not necessary to follow the remaining 

structure. Structured reviews and meta-analyses should use the same structure as research articles and ensure they conform 

to the PRISMA guidelines. 

Case reports should include a succinct introduction about the general medical condition or relevant symptoms that will 

be discussed in the case report; the case presentation including all of the relevant de-identified demographic and 

descriptive information about the patient(s), and a description of the symptoms, diagnosis, treatment, and outcome; a 

discussion providing context and any necessary explanation of specific treatment decisions; a conclusion briefly outlining 

the take-home message and the lessons learned. 

Graphical abstract: Authors are encouraged to provide a graphical abstract as a self-explanatory image to appear alongside 

with the text abstract in the Table of Contents. Figures should be a high quality image in any common image format. Note 

that images displayed online will be up to 11 by 9 cm on screen and the figure should be clear at this size. 

Abbreviations should be defined in parentheses the first time they appear in the abstract, main text, and in figure or table 

captions and used consistently thereafter. 

SI Units (International System of Units) should be used. Imperial, US customary and other units should be converted to 

SI units whenever possible 

Accession numbers of RNA, DNA and protein sequences used in the manuscript should be provided in the Materials and 

Methods section. Also see the section on Deposition of Sequences and of Expression Data. 

Equations: If you are using Word, please use either the Microsoft Equation Editor or the MathType add-on. Equations 

should be editable by the editorial office and not appear in a picture format. 

Research Data and supplementary materials: Note that publication of your manuscript implies that you must make all 

materials, data, and protocols associated with the publication available to readers. Disclose at the submission stage any 

restrictions on the availability of materials or information. Read the information about Supplementary Materials and Data 

Deposit for additional guidelines. 

Preregistration: Where authors have preregistered studies or analysis plans, links to the preregistration must be provided 

in the manuscript. 

Guidelines and standards: MDPI follows standards and guidelines for certain types of research. See 

https://www.mdpi.com/editorial_process for further information. 

[Return to top] 

Front Matter 

These sections should appear in all manuscript types 

Title: The title of your manuscript should be concise, specific and relevant. It should identify if the study reports (human 

or animal) trial data, or is a systematic review, meta-analysis or replication study. When gene or protein names are 

included, the abbreviated name rather than full name should be used. 
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Author List and Affiliations: Authors' full first and last names must be provided. The initials of any middle names can be 

added. The PubMed/MEDLINE standard format is used for affiliations: complete address information including city, zip 

code, state/province, and country. At least one author should be designated as corresponding author, and his or her email 

address and other details should be included at the end of the affiliation section. Please read the criteria to qualify for 

authorship. 

Abstract: The abstract should be a total of about 200 words maximum. The abstract should be a single paragraph and 

should follow the style of structured abstracts, but without headings: 1) Background: Place the question addressed in a 

broad context and highlight the purpose of the study; 2) Methods: Describe briefly the main methods or treatments applied. 

Include any relevant preregistration numbers, and species and strains of any animals used. 3) Results: Summarize the 

article's main findings; and 4) Conclusion: Indicate the main conclusions or interpretations. The abstract should be an 

objective representation of the article: it must not contain results which are not presented and substantiated in the main 

text and should not exaggerate the main conclusions. 

Keywords: Three to ten pertinent keywords need to be added after the abstract. We recommend that the keywords are 

specific to the article, yet reasonably common within the subject discipline. 

Research Manuscript Sections 

Introduction: The introduction should briefly place the study in a broad context and highlight why it is important. It should 

define the purpose of the work and its significance, including specific hypotheses being tested. The current state of the 

research field should be reviewed carefully and key publications cited. Please highlight controversial and diverging 

hypotheses when necessary. Finally, briefly mention the main aim of the workand highlight the main conclusions. Keep 

the introduction comprehensible to scientists working outside the topic of the paper. 

Materials and Methods: They should be described with sufficient detail to allow others to replicate and build on published 

results. New methods and protocols should be described in detail while well-established methods can be briefly described 

and appropriately cited. Give the name and version of any software used and make clear whether computer code used is 

available. Include any pre-registration codes. 

Results: Provide a concise and precise description of the experimental results, their interpretation as well as the 

experimental conclusions that can be drawn. 

Discussion: Authors should discuss the results and how they can be interpreted in perspective of previous studies and of 

the working hypotheses. The findings and their implications should be discussed in the broadest context possible and 

limitations of the work highlighted. Future research directions may also be mentioned. This section may be combined 

with Results. 

Conclusions: This section is not mandatory, but can be added to the manuscript if the discussion is unusually long or 

complex. 

Patents: This section is not mandatory, but may be added if there are patents resulting from the work reported in this 

manuscript. 

[Return to top] 

Back Matter 

Supplementary Materials: Describe any supplementary material published online alongside the manuscript (figure, tables, 

video, spreadsheets, etc.). Please indicate the name and title of each element as follows Figure S1: title, Table S1: title, 

etc. 

Acknowledgments: All sources of funding of the study should be disclosed. Clearly indicate grants that you have received 

in support of your research work and if you received funds to cover publication costs. Note that some funders will not 

refund article processing charges (APC) if the funder and grant number are not clearly and correctly identified in the 

paper. Funding information can be entered separately into the submission system by the authors during submission of 

their manuscript. Such funding information, if available, will be deposited to FundRef if the manuscript is finally 

published. 
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Author Contributions: Each author is expected to have made substantial contributions to the conception or design of the 

work; or the acquisition, analysis, or interpretation of data; or the creation of new software used in the work; or have 

drafted the work or substantively revised it; AND has approved the submitted version (and version substantially edited 

by journal staff that involves the author’s contribution to the study); AND agrees to be personally accountable for the 

author’s own contributions and for ensuring that questions related to the accuracy or integrity of any part of the work, 

even ones in which the author was not personally involved, are appropriately investigated, resolved, and documented in 

the literature. 

For research articles with several authors, a short paragraph specifying their individual contributions must be provided. 

The following statements should be used "Conceptualization, X.X. and Y.Y.; Methodology, X.X.; Software, X.X.; 

Validation, X.X., Y.Y. and Z.Z.; Formal Analysis, X.X.; Investigation, X.X.; Resources, X.X.; Data Curation, X.X.; 

Writing – Original Draft Preparation, X.X.; Writing – Review & Editing, X.X.; Visualization, X.X.; Supervision, X.X.; 

Project Administration, X.X.; Funding Acquisition, Y.Y.”, please turn to the CRediT taxonomy for the term explanation. 

For more background on CRediT, see here. "Authorship must include and be limited to those who have contributed 

substantially to the work. Please read the section concerning the criteria to qualify for authorship carefully". 

Conflicts of Interest: Authors must identify and declare any personal circumstances or interest that may be perceived as 

inappropriately influencing the representation or interpretation of reported research results. If there is no conflict of 

interest, please state "The authors declare no conflict of interest." Any role of the funding sponsors in the choice of 

research project; design of the study; in the collection, analyses or interpretation of data; in the writing of the manuscript; 

or in the decision to publish the results must be declared in this section. Nutrients does not publish studies funded by the 

tobacco industry. Any projects funded by pharmaceutical or food industries must pay special attention to the full 

declaration of funder involvement. If there is no role, please state “The sponsors had no role in the design, execution, 

interpretation, or writing of the study”. 

References: References must be numbered in order of appearance in the text (including table captions and figure legends) 

and listed individually at the end of the manuscript. We recommend preparing the references with a bibliography software 

package, such as EndNote, ReferenceManager or Zotero to avoid typing mistakes and duplicated references. We 

encourage citations to data, computer code and other citable research material. If available online, you may use reference 

style 9. below. 

Citations and References in Supplementary files are permitted provided that they also appear in the main text and in the 

reference list. 

In the text, reference numbers should be placed in square brackets [ ], and placed before the punctuation; for example [1], 

[1–3] or [1,3]. For embedded citations in the text with pagination, use both parentheses and brackets to indicate the 

reference number and page numbers; for example [5] (p. 10). or [6] (pp. 101–105). 

The reference list should include the full title, as recommended by the ACS style guide. Style files for Endnote and Zotero 

are available. 

References should be described as follows, depending on the type of work: 

Journal Articles: 

1. Author 1, A.B.; Author 2, C.D. Title of the article. Abbreviated Journal Name Year, Volume, page range. 

Books and Book Chapters: 

2. Author 1, A.; Author 2, B. Book Title, 3rd ed.; Publisher: Publisher Location, Country, Year; pp. 154–196. 

3. Author 1, A.; Author 2, B. Title of the chapter. In Book Title, 2nd ed.; Editor 1, A., Editor 2, B., Eds.; Publisher: 

Publisher Location, Country, Year; Volume 3, pp. 154–196. 

Unpublished work, submitted work, personal communication: 

4. Author 1, A.B.; Author 2, C. Title of Unpublished Work. status (unpublished; manuscript in preparation). 

5. Author 1, A.B.; Author 2, C. Title of Unpublished Work. Abbreviated Journal Name stage of publication (under review; 

accepted; in press). 
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6. Author 1, A.B. (University, City, State, Country); Author 2, C. (Institute, City, State, Country). Personal 

communication, Year. 

Conference Proceedings: 

7. Author 1, A.B.; Author 2, C.D.; Author 3, E.F. Title of Presentation. In Title of the Collected Work (if available), 

Proceedings of the Name of the Conference, Location of Conference, Country, Date of Conference; Editor 1, Editor 2, 

Eds. (if available); Publisher: City, Country, Year (if available); Abstract Number (optional), Pagination (optional). 

Thesis: 

8. Author 1, A.B. Title of Thesis. Level of Thesis, Degree-Granting University, Location of University, Date of 

Completion. 

Websites: 

9. Title of Site. Available online: URL (accessed on Day Month Year). 

Unlike published works, websites may change over time or disappear, so we encourage you create an archive of the cited 

website using a service such as WebCite. Archived websites should be cited using the link provided as follows: 

10. Title of Site. URL (archived on Day Month Year). 

See the Reference List and Citations Guide for more detailed information. 

[Return to top] 

Preparing Figures, Schemes and Tables 

File for Figures and Schemes must be provided during submission in a single zip archive and at a sufficiently high 

resolution (minimum 1000 pixels width/height, or a resolution of 300 dpi or higher). Common formats are accepted, 

however, TIFF, JPEG, EPS and PDF are preferred. 

Nutrients can publish multimedia files in articles or as supplementary materials. Please contact the editorial office for 

further information. 

All Figures, Schemes and Tables should be inserted into the main text close to their first citation and must be numbered 

following their number of appearance (Figure 1, Scheme I, Figure 2, Scheme II, Table 1, etc.). 

All Figures, Schemes and Tables should have a short explanatory title and caption. 

All table columns should have an explanatory heading. To facilitate the copy-editing of larger tables, smaller fonts may 

be used, but no less than 8 pt. in size. Authors should use the Table option of Microsoft Word to create tables. 

Authors are encouraged to prepare figures and schemes in color (RGB at 8-bit per channel). There is no additional cost 

for publishing full color graphics. 

Research and Publication Ethics 

Research Ethics 

Ethical Guidelines for the Use of Animals in Research 

The editors will require that the benefits potentially derived from any research causing harm to animals are significant in 

relation to any cost endured by animals, and that procedures followed are unlikely to cause offense to the majority of 

readers. Authors should particularly ensure that their research complies with the commonly-accepted '3Rs': 

Replacement of animals by alternatives wherever possible, 

Reduction in number of animals used, and 

Refinement of experimental conditions and procedures to minimize the harm to animals. 
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Any experimental work must also have been conducted in accordance with relevant national legislation on the use of 

animals for research. For further guidance authors should refer to the Code of Practice for the Housing and Care of 

Animals Used in Scientific Procedures [1]. 

Manuscripts containing original descriptions of research conducted in experimental animals must contain details of 

approval by a properly constituted research ethics committee. As a minimum, the project identification code, date of 

approval and name of the ethics committee or institutional review board should be cited in the Methods section. 

Nutrients endorses the ARRIVE guidelines (www.nc3rs.org.uk/ARRIVE) for reporting experiments using live animals. 

Authors and reviewers can use the ARRIVE guidelines as a checklist, which can be found at 

www.nc3rs.org.uk/ARRIVEchecklist. 

Manuscripts containing original research on animal subjects must have been approved by an ethical review committee. 

The project identification code, date of approval and name of the ethics committee or institutional review board must be 

cited in the Methods section. 

For research involving animals, any potentially derived benefits must be significant in relation to harm suffered by 

participating animals. Authors should particularly ensure that their research complies with the commonly-accepted '3Rs': 

Replacement of animals by alternatives wherever possible, 

Reduction in number of animals used, and 

Refinement of experimental conditions and procedures to minimize the harm to animals. 
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Appendix 9: Immune Network Journal author guidelines 

 Information for Authors  

 

Manuscript Preparation  

1. General Guidelines  

Immune Network publishes Full-length manuscripts, 

Brief  

communications, Review articles, and Technical 

reports. The manuscript should be prepared according 

to the Recommendations for the Conduct, Reporting, 

Editing, and Publication of Scholarly Work in Medical 

Journals established by ICMJE, 2013 

(http://www.icmje.org). In general, manuscripts 

submitted to Immune Network follow these guidelines:  

• Use a 12-point serif font, preferably Times New 

Roman  

• Use a double-space format for the entire manuscript  

• Prepare the manuscript in the following order: Title 

page, Abstract, Introduction, Materials and Methods, 

Results, Discussion, Acknowledgements, Conflicts of 

Interest, Author Contributions, References, Tables, 

Figure Legends, Figures. If necessary, Supplemental 

Data should be prepared in separate files.  

• Begin each section component on a separate page  

1) Full-length Manuscripts  

(1) Title Page  

The title page must include:  

• The full title  

• A running title (not to exceed 60 characters)  

• Each author's full name as it should be published 

(first name, middle initial, last name)  

• The affiliations of all authors and their institutions, 

departments, or organizations  

• Superscript Arabic numbers to designate authors' 

affiliations  

• Email address of the corresponding author with a 

separate number on the title page  

• Up to six key words (the MeSH key words are 

recommended, but not obligatory, 

http://www.nlm.nih.gov/mesh/ MBrowser.html)  

• Abbreviations: Nonstandard abbreviations used three 

or more times must be defined on the title page  

• Word count is limited to 6,000 words (excluding 

references)  

(2) Abstract  

The Abstract must be 250 words or less for full-length 

type manuscripts. Reference citations should not be 

included in the Abstract. The species of animals or 

species of origin of cells used in the manuscript must 

be clearly stated in the Abstract.  

(3) Introduction, Materials and Methods, Results, and 

Discussion  

The Introduction, Materials and Methods, Results, and 

Discussion sections should begin on separate pages in 

this order. Use unit names and symbols of 

measurement according to International System of 

Units (SI Units based on the meter-kilogram- second 

[MKS] system).  

(4) Acknowledgements  

The Acknowledgements section appears immediately 

after the Discussion section. Grant support must be 

included in the Acknowledgements. Immune Network 

allows inclusion of contributors who helped conduct 

the research.  

(5) Conflicts of Interest  

Conflicts of Interest should be disclosed following the 

Acknowledgements section. Disclosure of Conflicts of 

Interest follows the guidelines described in Ethical 

Consideration.  

(6) Author Contributions  

Enter all author contributions in the submission system 

during submission. The contributions of all authors 

must be described using the CRediT Taxonomy of 

author roles.  

[Author Contributions (Attachment 2)]  

To qualify for authorship, all contributors must meet at 

least one of the seven core contributions 

(conceptualization, methodology, software, validation, 

formal analysis, investigation, data curation), as well as 
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at least one of the writing contributions (original draft 

preparation, review and editing).  

Contributions will be published with the final article, 

and they should accurately reflect contributions to the 

work. The submitting author is responsible for 

completing this information at submission, and it is 

expected that all authors will have reviewed, discussed, 

and agreed to their individual contributions ahead of 

this time.  

An example:  

Conceptualization: Hong GD (for Gil Dong Hong); 

Data curation: Kim Y, Kim GD (for Younghee Kim 

and Gil-Dong Kim); Formal analysis: Kim CS (for 

Chul-Soo Kim); ...  

(7) References  

References must be numbered as they appear in the 

text. If there are ten or less authors in a reference, then 

all the names of the authors should be listed. If the 

number of authors is more than ten, list the initial ten 

authors and then abbreviate the rest of the authors with 

‘et al’. If citations are included in tables or in figure 

legends, they must be numbered according to the 

citation position of the table or figure in the text. Only 

published papers and papers in press may be included 

in the references. In press articles, i.e., papers not yet 

published, must be submitted as online attachments in 

a PDF format at the time of article submission. The 

format for references is as follows:  

• Periodicals: Antoni MH, Lehman JM, Kilbourn KM, 

Boyers AE, Culver JL, Alferi SM, Yount SE, 

McGregor BA, Arena PL, Harris SD, et al. Cognitive-

behavioral stress management intervention decreases 

the prevalence of depression and enhances benefit 

finding among women under treatment for early-stage 

breast cancer. Health Psychol 2001;20:20–32.  

• Books: McIntyre TM, Strober W. Gut-associated 

lymphoid tissue: regulation of IgA B-cell development. 

In: Mucosal Immunology, 2nd ed. Ogra PL, Mestecky 

J, Lamm E, Strober W, Bienenstock J, McGhee JR, 

eds. San Diego, CA; Academic Press; 1999. 
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Appendix 10 List of authors contributions 

Author Contributions 

 

LP Mabuza 

 

Conceptualized and design of the study, 

execution of animal studies, conducted all 

animal and laboratory experimental work, 

analysis of data, drafting and writing of the 

thesis. 

 

MW Gamede 

 

Assisted in data analysis of the thesis. 

 

S Maikoo 

 

Synthesised and spectroscopically characterized 

the free-ligand and its ruthenium complex which 

was utilised as the metal-based drug.  

 

IN Booysen 

 

Synthesised and spectroscopically characterized 

the free-ligand and its ruthenium complex which 

was utilised as the metal-based drug.  

 

PS Ngubane 

 

Co-supervisor, provided funding and assisted in 

reviewing and editing of the thesis. 

 

A Khathi 

 

Supervisor, provided funding and assisted in 

reviewing and editing of the thesis. 
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Appendix 11: Sumpplementary materials 
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Figure 1: The effects of the ruthenium Schiff-base complex on OGT response of pre-diabetic animals 

before the treatment period. Values are presented as means ± SEM (n = 6) in each group. * p < 0.05 

compared to non-prediabetic control (NPD), α p < 0.05 compared to pre-diabetic control group 

(PD);Dietary intervention (DI); Metformin and high fat high carbohydrate (MTF+HFHC); Metformin 

and normal diet (MTF+ND); Ruthenium complex and high fat high carbohydrate (RU+HFHC); 

Ruthenium complex and normal diet (RU+ND). 
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Figure 2: The effects of the ruthenium Schiff-base complex on OGT response of pre-diabetic animals 

after the treatment period. Values are presented as means ± SEM (n = 6) in each group. * p < 0.05 

compared to non-prediabetic control (NPD), α p < 0.05 compared to pre-diabetic control group (PD); 

Dietary intervention (DI); Metformin and high fat high carbohydrate (MTF+HFHC); Metformin and 

normal diet (MTF+ND); Ruthenium complex and high fat high carbohydrate (RU+HFHC); Ruthenium 

complex and normal diet (RU+ND). 
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Table 1: Effects of the ruthenium complex on HOMA-IR index of pre-diabetic animals during 

treatment period. Values are presented as means (n=6) in each group. 

Groups Plasma Glucose 

(mmol/L) 

Plasma Insulin 

(mlU/L) 

HOMA-IR Values 

NPD 4.60 ± 0.09 5.89 ± 0.90 1.20 ± 0.61 

PD 5.60 ± 0.32* 20.92 ± 3.45* 5.20 ± 2.98* 

DI 5.80 ± 1.04* 18.98±2.03* 4.90±1.23* 

MTF+HFHC 6.60 ± 0.81*α 18.00 ±3.12* 5.30 ± 1.02* 

MTF+ND 4.30 ± 0.90α 7.57 ±1.32α 1.30±1.15α                        

RU+HFHC 5.60 ±1.02* 16.17± 1.88*α 4.00 ±1.05*  

RU+ND 4.70 ± 0.82α 8.29 ± 2.00α 1.70 ± 0.99α 

* p < 0.05 compared to non-prediabetic control (NPD), α p < 0.05 compared to pre-diabetic control 

group (PD); Dietary intervention (DI); Metformin and high fat high carbohydrate (MTF+HFHC); 

Metformin and normal diet (MTF+ND); Ruthenium complex and high fat high carbohydrate 

(RU+HFHC); Ruthenium complex and normal diet (RU+ND). 

 


