



Protective effects of ascorbic acid on gentamicin-induced nephrotoxicity and associated cardiovascular dysfunctions in type 1 diabetic rats

Abstract
Diabetes mellitus is a major risk factor for chronic kidney disease, and the clinical use of effective antibiotics like gentamicin is often limited by its severe nephrotoxicity. This study evaluated the protective effects of ascorbic acid against gentamicin-induced nephrotoxicity and associated cardiovascular dysfunctions in a type 1 diabetic rat model. Twenty-four male Wistar rats were equally divided into four groups (n=6) as follows: Group 1 (control); group 2 (diabetic); group 3 (diabetic plus gentamicin); and Group 4 (diabetic plus gentamicin treated with ascorbic acid). Markers of renal function (urea and creatinine), primary hemodynamic parameters (blood pressure and heart rate), serum nitric oxide (NO), markers of oxidative stress [Malondialdehyde (MDA), hydrogen peroxide (H2O2),] and endogenous antioxidants (GSH, SOD, GPx, GST) were assessed. The heart and kidney tissues were fixed in 10% neutral-buffered formalin for histology and immunohistochemical expressions of cystatin C and angiotensin converting enzyme (ACE) in renal tissues, and cardiac troponin1 (cTnI), matrix metalloproteinase-2 (MMP-2) in cardiac tissues.  The diabetic plus gentamicin group had significant (p<0.05) elevation in urea, creatinine, MDA, H2O2, blood pressure, and heart rate, but GSH, SOD, GPx, GST and NO decreased significantly(p<0.05), when compared with ascorbic acid treated rats.  Histopathological lesions of moderate congestion of the kidney and severe inflammation in the cardiac tissues observed in diabetic plus gentamicin group were absent in ascorbic acid group. The expressions of ACE and cystatin C in renal tissues, and cTnI and MMP-2 in cardiac tissues were lower in ascorbic acid group.   In conclusion, ascorbic acid protected against gentamicin-induced nephrotoxicity and cardiovascular dysfunction in diabetic rats; its inclusion in therapeutic regimen for the management of drug-induced organ damage in diabetic patients is therefore recommended.
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Introduction 

Diabetes, one of the leading causes of death globally, is a metabolic disorder characterized by relative or absolute deficiency of insulin secretion by the pancreatic beta cells [1]. Earlier projections indicate that the number of individuals living with diabetes is expected to reach approximately 35 million by 2035. Among this population, it is estimated that nearly 40% will subsequently develop chronic kidney disease [2]. The occurrence of kidney disease as a comorbidity of diabetes has been reported to complicate diabetic treatment [3]. Clinically, diabetic nephropathy is a significant cause of chronic kidney disease and end-stage renal failure [4]. Likewise, diabetic cardiomyopathy is associated with structural and morphologic changes to the heart [5], left ventricular hypertrophy, diastolic dysfunction, and overt heart failure in chronic diseased state [6]. 
Elevated levels of circulating fatty acids in diabetic patients impairs endothelial function through several pathways, including increased production of free radicals and exacerbation of dyslipidemia, thereby worsening the pathogenesis of cardiac and renal dysfunctions in diabetic patients [7]. Notably, dyslipidaemia represents a major risk factor for cardiovascular disease in both the onset and progression of diabetic kidney disease. It may also contribute to the development of nephrotic syndrome or renal insufficiency among patients with diabetes [8]. In normal and diabetic patients, the kidney is especially susceptible to nephrotoxic drugs because it receives as much as 20% of the stroke volume and more importantly, concentrates hydrosoluble toxic molecules which are capable of inducing direct damage to the glomerulus and renal tubules [9]. 
Gentamicin, an aminoglycoside antibiotic, is commonly used clinically against Gram-negative infection, but its therapeutic application is often limited by nephrotoxicity [10]. The manifestation of nephrotoxicity associated with gentamicin usage is often seen clinically as elevated serum urea, creatinine, and non-protein nitrogen levels [11]. Furthermore, histopathological alterations, including glomerular atrophy, tubular necrosis, tubular fibrosis, and inflammatory infiltration, have been reported in experimental models of gentamicin-induced nephrotoxicity [12]. Oxidative stress, caused by production of reactive oxygen and nitrogen species, has been implicated in pathogenic mechanisms associated with gentamicin-induced nephrotoxicity with consequent manifestation of renal structural and functional deterioration [13]. Gentamicin directly alters mitochondrial activities and induces apoptosis through the activation of caspases and other factors released from mitochondria [14]. 
Ascorbic acid, also known as vitamin C, is a powerful hydrophilic, chain-breaking antioxidant with innate ability to scavenge free radicals [15]. Furthermore, ascorbic acid contributes to total systemic antioxidant defense system by salvaging other antioxidants such as vitamin E, urate, and β-carotene from their oxidized forms, and potently preventing lipid peroxidation in combination with the tocopherols [16]. 

Since many medically useful medications for disease management in diabetic and non-diabetic patients are nephrotoxic [17], the prevention and/or amelioration of drug-induced nephrotoxicity with potent antioxidants, such as ascorbic acid which are readily available and accessible, may prove advantageous and particularly life-saving in human and animals with comorbidities of renal and cardiac dysfunctions, and diabetes. This postulated the purpose of the study, which was to evaluate the antioxidant, and nephroprotective properties of ascorbic acid.
Materials and Methods

Animals

Twenty-four male Wistar rats with weights ranging from 120 g to 150 g were used for this study. The animals were kept at the experimental animal house of the Department of Veterinary Physiology and Biochemistry, University of Ibadan.  They were housed in rat cages, supplied liberally with rat cubes, and given free access to clean water.
Drugs and Chemicals
The chemicals and reagents utilised in the present study included gentamicin, ascorbic acid, hydrogen peroxide (H₂O₂), hydrochloric acid, sulphuric acid, xylenol orange, sodium hydroxide, potassium iodide, reduced glutathione (GSH), potassium dichromate, O-dianisidine, sodium potassium tartrate, copper sulphate, glacial acetic acid, ethanol, sodium azide, 2-dichloro-4-nitrobenzene (CDNB), thiobarbituric acid (TBA), trichloroacetic acid, Ellman’s reagent (DTNB), ammonium ferrous sulphate, and sorbitol. All chemicals and reagents were procured from Sigma, St Louis, MO, USA.
Experimental Design

The experimental rats were divided into four groups of six rats each as follows: The first group was the non-diabetic group (control, administered 0.05 M citrate buffer intraperitoneally); the second group was the diabetic group (administered an intraperitoneal injection of 55 mg/kg of streptozotocin (STZ) dissolved in 0.05 M citrate buffer, as described by Gobinath et al., [18]); the third group was administered STZ and gentamicin; the fourth group was administered STZ, gentamicin and ascorbic acid. Gentamicin was administered at 100 mg/kg body weight intraperitoneally for seven consecutive days, as described by Abdelrahman [19]. Ascorbic acid was administered orally at 100 mg/kg body weight daily for seven consecutive days based on previous report [20]. Thereafter, fasting blood glucose level and body weight were measured. The determination of the diabetic state was done by placing a drop of blood on the strip of a glucometer (Accu-Chek® Active by Roche Diagnostics GmbH, Mannheim, Germany). The experimental rats having glucose levels >11 mmol/L were categorized as diabetic. After the dosing period, six rats were humanely sacrificed per group. 
Determination of blood pressure and heart rate 
Systolic, diastolic, and mean arterial blood pressures, as well as heart rate, were measured in conscious, well-restrained, non-anaesthetised rats using the tail plethysmography technique with an electrosphygmomanometer (CODA, Kent Scientific, USA). For each animal, the average of at least nine measurements obtained during a quiescent state after an acclimatisation period was recorded, in accordance with the procedure previously described by Ajibade et al. [21].
Blood collection and post mitochondrial fraction preparation 

Approximately 3 mL of blood was collected from the retro-orbital venous plexus of rats anaesthetised with xylazine/ketamine into heparinised tubes prior to euthanasia by cervical dislocation. The collected blood samples were centrifuged at 4,000 rpm for 15 min to obtain plasma. Subsequently, the heart and kidneys were excised, rinsed, and homogenised in aqueous potassium buffer (0.1 M, pH 7.4). The resulting homogenates were centrifuged at 10,000 rpm at 4 °C for 10 min to obtain the post-mitochondrial fraction.
Biochemical assays
Protein concentration in the post-mitochondrial fractions of the heart and kidneys was determined using the Biuret method, following the procedure described by Gornall et al. [22]. Reduced glutathione (GSH) levels were estimated according to the method of Beutler et al. [23]. Glutathione S-transferase (GST) activity was assessed using the protocol of Habig et al. [24], while glutathione peroxidase (GPx) activity was measured as outlined by Rotruck et al. [25]. Superoxide dismutase (SOD) activity was determined following the method of Misra and Fridovich [26], with minor modifications described by Oyagbemi et al. [27]. Hydrogen peroxide (H₂O₂) generation was quantified according to Wolff [28], and malondialdehyde (MDA) levels were calculated as per Varshney and Kale [29]. Nitric oxide concentrations were measured using the method of Aluko et al. [30]. Plasma creatinine and urea levels were determined using Randox assay kits (Randox Laboratories Ltd, Crumlin, UK) in accordance with the manufacturer’s instructions.

Histopathology 

The heart and kidney tissues were fixed in 10% neutral-buffered formalin. The tissues were processed and embedded in paraffin wax. Sections (5µm thick) were made and stained with Haematoxylin and Eosin for histopathology as described by Drury et al. [31]. Briefly, the harvested renal and cardiac tissues were rinsed in normal saline, and sectioned into small pieces. Thereafter, The excised tissue samples were fixed in 10% formalin, followed by stepwise dehydration using ethanol solutions of increasing concentration (50% to 100%), cleared in xylene, and embedded in paraffin wax. Sections of 5–6 µm thickness were prepared using a microtome (Leica RM2125) and mounted on slides overnight. The sections were then stained with haematoxylin and eosin (H&E) and examined under a light microscope (Olympus BX41, Japan).
Immunohistochemistry 

Immunohistochemical analysis of angiotensin-converting enzyme (ACE) and cystatin C was performed in kidney tissues, while matrix metalloproteinase-2 (MMP-2) and cardiac troponin were assessed in heart tissues using the 2-step Poly-HRP Anti-Mouse/Rabbit IgG Detection System with DAB solution (Catalogue number: E-IR-R217, Elabscience Biotechnology®, China). Heart and kidney specimens were fixed in 10% paraformaldehyde, embedded in paraffin, and sectioned at 5 µm thickness. The sections were dewaxed in 100% xylene for 2 minutes, followed by hydration through a graded series of ethanol solutions (100%, 90%, 80%, and 70%) for 2 minutes each. Hydrated slides were rinsed and placed in phosphate-buffered saline (PBS) for 5 minutes. Antigen retrieval was conducted using citrate buffer solution (2.1 g citric acid monohydrate and 14.75 g trisodium citrate dihydrate, pH 6.0) in a microwave oven. Endogenous peroxidase activity was blocked in accordance with the manufacturer’s instructions provided with the kit (E-IR-217C). Sections were covered with drops of H₂O₂ and incubated in a humidified chamber at room temperature for 10 minutes. The slides were then rinsed and returned to a PBS tank for 5 minutes. To block non-specific binding, goat serum (E-1R-R217A) was applied to the sections and incubated in a humidified chamber at room temperature for 30 minutes. Following this, the tissues were incubated with primary antibodies. Specifically, kidney sections were probed with Angiotensin-Converting Enzyme 1 Polyclonal Antibody (E-AB-16159, 1:500 dilution) and Cystatin C Antibody (E-AB-16657, 1:100 dilution), while cardiac tissues were incubated with antibodies against matrix metalloproteinase-2 (MMP-2) and cardiac troponin. The tissue sections were incubated with the primary antibodies for 2 hours at room temperature. Following incubation, the slides were rinsed with PBS and incubated with the secondary antibody (E-1R-R217B) in a humidified chamber at room temperature for 20 minutes. The slides were then rinsed and placed in a PBS tank for 5 minutes. Subsequently, a few drops of the substrate diaminobenzidine (DAB) were applied at room temperature for 10 seconds, using a mixture of 50 µL DAB concentrate (E-1R-R217D) and 1 mL DAB solution (E-1R-R217E) in the dark. The reaction was terminated with deionised water, and the slides were briefly counterstained with haematoxylin for 3 seconds before rinsing in PBS. The sections were dehydrated sequentially through 70%, 80%, 90%, and 100% ethanol, followed by immersion in 100% xylene for 2 minutes each. After drying, a DPX mountant was applied, and the sections were examined under a light microscope (Olympus BX41, Japan).
Statistical analysis

All data are presented as mean ± standard deviation (SD). Differences between two groups were assessed using Student’s t-test, while comparisons among multiple groups were conducted by one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. A p value of less than 0.05 was considered statistically significant.

Results 

Effects of ascorbic acid on markers of kidney function in diabetic rats

The results of the modulatory effects of ascorbic acid on the markers of renal function, creatinine and urea, are presented in Figures 1a and 1b, respectively. Creatinine level increased significantly (p<0.05) in rats administered streptozotocin (STZ) and gentamicin (13.2±0.2) compared with the control group (7.8±0.2), but treatment with ascorbic acid (AA) significantly (p<0.05) reduced serum creatinine level (8.0±0.5). Furthermore, serum urea level increased significantly (p<0.05) in rats exposed to STZ alone (290.0±4.0) and diabetic rats exposed to gentamicin (298.0±4.0) without AA treatment with the level of serum urea being significantly higher in STZ plus gentamicin, than STZ alone. However, the coadministration of AA with gentamicin prevented alteration of serum urea level (169.2±2.0).

Effects of ascorbic acid on markers of oxidative stress in renal and cardiac tissues
The results of the effects of ascorbic acid on the markers of oxidative stress, malondialdehyde (MDA), and hydrogen peroxide (H2O2), in the renal and cardiac tissues are presented in figures 2a to 2d. Ascorbic acid caused significant (p<0.05) decrease in MDA of renal (2.1±0.2) and cardiac tissues (2.4±0.1) compared with the gentamicin exposed group of rats (8.7±0.2 and 4.6±0.2). Also, the level of H2O2 was reduced significantly by AA in renal (62.1±2.2) and cardiac tissues (54.2±2.5), compared with the gentamicin (69.3±2.0 and 76.1±2.2) exposed group of rats. 
Effects of ascorbic acid on renal and cardiac antioxidants in diabetic rats

The results of the effect of ascorbic acid (AA) on the level of reduced glutathione (GSH) in renal and cardiac tissues are presented in figures 3a and 3b, respectively, whereas the effects on glutathione peroxidase (GPx), is presented in figures 3c and 3d, respectively. Also, the result of the effect of AA on the activities of glutathione S-transferase (GST) in cardiac and renal tissues is presented in figures 4a and 4b, respectively, while the effect on superoxide dismutase (SOD) in renal and cardiac tissues is presented in figures 4c and 4d, respectively. A significantly (p<0.05) reduced level of GSH was obtained in rats administered STZ and gentamicin (80.1±2.5 and 38.7±2.44), compared with the control (88.3±2.7 and 62.0±2.2). Similarly, a significant (p<0.05) decrease in the activities of renal and cardiac GPx, GST, and SOD of rats administered STZ alone and rats administered STZ and GENT were recorded, compared with the control. The administration of AA to rats prevented GENT-induced alteration of the systemic antioxidants (GSH, GPx, GST and SOD) in the renal and cardiac tissues of diabetic rats. 

Effects of ascorbic acid on blood pressure parameters in diabetic rats

The effects of ascorbic acid (AA) on the systolic (SBP), diastolic (DBP) and mean arterial blood pressure (MAP) are presented in figures 5a, 5b and 5c, respectively. The values of SBP, DBP, and MAP were significantly (p<0.05) increased in rats administered STZ alone (152.3±1.8, 114.2±1.8, and 117.2±1.9, respectively), or in combination with GENT (156.4±1.5, 113.7±1,8 and 126.3±2.0, respectively) compared with the control (122.2±1.0, 74.0±1.4, and 94.1±2.1, respectively). However, treatment with AA (123.4±2.4, 79.2±2.0, and 90.2±2.1, respectively) caused a significant (p<0.05) decrease compared with STZ alone, or STZ plus GENT. 
Effects of ascorbic acid on serum nitric oxide in diabetic rats

The effect of AA on serum nitric oxide (NO) is presented in figure 5d. The serum level of NO decreased significantly (p<0.05) in rats administered STZ alone (3.3±0.2) or in combination with GENT (2.7±0.2) compared with the control (3.7±0.2). However, treatment with AA (4.0±0.3) caused a significant (p<0.05) increase in NO compared with STZ alone or STZ plus GENT (Figure 5d).

Histopathology

The result of the effect of AA on gentamicin-induced histopathology in renal and cardiac tissues is presented in figures 6a and 6b. The renal tissues of rats administered STZ and GENT showed lesions of moderate congestion (Figure 6a), whereas the cardiac tissues showed severe infiltration with inflammatory cells (Figure 6b). These histopathological lesions were absent in the control group and in rats treated with AA. 

Immunohistochemical expressions of ACE, cystatin C, cTnI , and MMP-2

The result of the effect of AA on gentamicin-induced immunohistochemical expression of angiotensin converting enzyme and cystatin c in renal tissues of diabetic rats is presented in figures 7a and 7b, respectively, whereas those of cardiac troponin I and matrix metalloproteinase-2 (MMP-2) in cardiac tissues of diabetic rats are presented in figures 8a and 8b, respectively. Gentamicin increased the expressions of ACE (Figure 7a) and cystatin c (Figure 7b) in renal tissues of rats, while these expressions were reversed in rats treated with AA. Also, gentamicin increased the expressions of cardiac troponin I (Figure 8a) and MMP-2 (Figure 8b) in cardiac tissues of rats, but attenuated expression was seen in rats treated with AA.    
Discussion

In this study, the protective effects of ascorbic acid on nephrotoxicity and cardiovascular disturbances associated with the use of gentamicin in a murine model of diabetes mellitus was evaluated. From the results obtained, ascorbic acid protected against gentamicin-induced nephrotoxicity by preventing oxidative processes, as highlighted by significantly lowered level of oxidative stress markers: hydrogen peroxide (H2O2) and malondialdehyde (MDA) in the kidney and heart of rats treated with the antioxidant. Increased H2O2 concentration beyond normal physiological levels often precipitates oxidative stress via the fenton reaction that generates highly reactive hydroxyl radicals that potentiates DNA damage and renal cellular injury [32]. Likewise, the observed increased level of MDA, in this study, in renal tissues of diabetic rats exposed to the nephrotoxic effects of gentamicin without ascorbic acid treatment, suggests an induction of oxidative stress and heightened lipid peroxidation in the kidney [33]. The observed increased lipid peroxidation may result in the induction of endothelial dysfunction, and pathologies to renal functional units, with consequent abnormal glomerular filtration, altered tubular absorption and secretion, poor excretion of waste products, vascular dysfunction, and cardiovascular complications, including hypertension [34, 35]. The cardiovascular complications secondary to gentamicin-induced renal damage may result from the activation of the renin angiotensin-aldosterone system (RAAS) and stimulation of the erythropoietic pathway with consequent increased blood pressure and thrombus formation [36]. Remarkably, in this study, the immunohistochemical expression of angiotensin converting enzyme was significantly increased, thereby suggesting an acceleration of angiotensin II production. Angiotensin II is an endogenous vasoconstrictor that modulates cellular senescence, organismal ageing, constriction of vascular networks, and cardiovascular diseases [37].  Furthermore, immunohistochemical evaluation showed higher expression of cystatin C in diabetic rats exposed to the toxic effects of gentamicin without AA treatment. Cystatin C is an accurate biomarker of acute kidney injury; as glomerular filtration rate decreases, the blood levels of cystatin C rises [38]. Paradoxically, increased loss of cystatin C in the urine due to failure of reabsorption associated with tubular damage is a common occurrence in kidney disease [39]. 
Reduced glutathione (GSH), glutathione peroxidase (GPx), and glutathione-S-transferase (GST) are systemic antioxidants that are actively involved in the removal of free radicals in mammalian tissues [40]. In this study, a significant decrease was observed in the level of GSH and the activities of GPx and GST in the renal and cardiac tissues of diabetic rats exposed to the nephrotoxic effects of gentamicin without AA treatment. This observation suggests a depletion of the antioxidants, in response to elevated oxidative stress (OS) following gentamicin exposure, and may be responsible for the gentamicin-induced nephrotoxicity seen in this study. Gentamicin-induced nephrotoxicity has been primarily attributed to renal inflammatory cascades and increased OS [41]. Remarkably, the group of diabetic rats administered AA concomitantly with gentamicin had a conservation of the markers of antioxidant defense status (GSH, GPx, SOD, and GST), in their renal and cardiac tissues.  This observation suggests a prevention of the OS-mediated adverse effects of gentamicin on the endogenous antioxidants in renal and cardiac tissues of rats according to Abed et al. [42]. Ascorbic acid reportedly interacts with small molecule antioxidants such as GSH, and stimulates the biosynthesis and activation of antioxidant enzymes, such as SOD and GPx, while promoting the activities of several transcription factors which enables the expression of genes encoding antioxidant proteins [15].  
Furthermore, the increase in blood urea nitrogen (BUN) and creatinine levels in rats exposed to gentamicin, in this study, suggests damage to the kidney and altered physiological functioning of the renal system. Creatinine, a non-protein nitrogenous waste product produced from the breakdown of creatine and phosphocreatine is an indicator of renal function [43]. Significantly (p< 0.05) increased serum creatinine level observed in this study, lends support to Teixido-Trujillo et al. [44] report that in most mammals, decreases in glomerular filtration rate inhibits the excretion of creatinine into urine, with consequent elevation of this metabolite in the blood. Also, the observed increased BUN in the gentamicin administered diabetic rats that were not treated with ascorbic acid suggests decreased renal function, as reported by Nadeem et al. [45].

The serum level of NO, that is the bioavailability of NO, was shown to decrease significantly in diabetic rats exposed to gentamicin, in this study. The decreased NO bioavailability may trigger increased systemic vasomotor tone and elevate blood pressure, since NO is an endogenous vasodilator that is physiologically involved in the maintenance of the normotensive state. Observation in this study corroborates an earlier report of Bryan [46], who suggests that the deficiency of NO is the primary driver of hypertension in mammals. The increased blood pressure parameters (systolic, diastolic, and mean arterial blood pressure) observed in this study in the rats not treated with AA, compared with those treated with the antioxidant, are consistent with decreased NO bioavailability. This observation thus, strongly suggests an inhibition of the pathogenic mechanisms leading to the induction of OS by AA, with accompanying increased level of the vasodilator NO, thereby preventing the development of hypertension following report of Amponsah-Offeh et al. [47]. 
The histopathological evaluation, in this study, showed moderate congestion in kidney tissues of rats exposed to gentamicin without AA treatment. This observation is consistent with intertubular blood dilatation, which indicates a compromise of renal tubular structure and function, and corroborates earlier report of Kamel and Mohammed [48] on gentamicin-induced nephrotoxicity. Similarly, the observation of severe infiltration with inflammatory cells in cardiac tissues of rats exposed to gentamicin without AA treatment gives credence to the report of Elgazzar et al. [49] on the ability of gentamicin to potentiate cardiotoxicity and cardiomyopathy, with OS, inflammatory response, and apoptosis implicated in the pathogenic processes. Furthermore, the observed increased expression of matrix metalloproteinases-2 (MMP-2) in the cardiac tissues of gentamicin administered diabetic rats, in this study supports the histopathologic finding of cardiomyopathy and cardiotoxicity as comorbidities of gentamicin-induced nephrotoxicity in diabetic rats. However, the expression of MMP-2 in the AA treated group is significantly reduced, thus suggesting a cardioprotective role for ascorbic acid in this study. Metalloproteinases-2 is a proteolytic enzyme that regulates cardiac remodeling by facilitating extracellular matrix degradation via inflammatory signaling [50]. Likewise, cardiac troponin 1 (cTn1) a cardiac regulatory protein that controls the calcium mediated interaction between actin and myosin is a highly specific marker of myocardial damage used clinically in the diagnosis of acute myocardial infarction. Therefore, the attenuated immunohistochemical expression of this biomarker further strengthens the popular advocation of AA as a cardioprotective agent. The observation in this study corroborates earlier report of Nsairat et al. [51], who reports the cardioprotective effect of vitamin C against doxorubicin-induced cardiotoxicity.

Conclusion 

The result of this study showed that the protective effects of ascorbic acid on gentamicin-induced renal toxicity and associated cardiovascular dysfunction in diabetic rats, is mediated via its potent antioxidant and reno-protective properties. Therefore, ascorbic acid may be supplemented as a protective natural product for diabetic humans and animals at risk of drug-induced nephrotoxicity and associated cardiovascular disturbances to improve treatment outcomes and reduce mortalities in clinical settings.
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Figure 1a: Serum Creatinine level
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Fig.1b: Urea (mmol/L)
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Figure 1: Effects of ascorbic acid on markers of kidney function in diabetic rats. streptozotocin, GENT = gentamicin, AA = Ascorbic acid.
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Fig.2a: Malondialdehyde (MDA) in renal tissues
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Fig.2b:Malondialdehyde (MDA) in cardiac tissues
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Fig.2c: Hydrogen peroxide H
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 in renal tissues

H

2

O

2

 

(

µ

m

o

l

/

m

g

p

r

o

t

e

i

n

)

Control

STZ

STZ,GENT

STZ,GENT,AA

P<0.0001

P=0.0155

P= 0.0001

0

20

40

60

80

Fig.2d:  Hydrogen peroxide (H

2

O

2

) in cardiac tissues

H

2

O

2

 

(

µ

m

o

l

/

m

g

p

r

o

t

e

i

n

)

Control

STZ

STZ,GENT

STZ,GENT,AA

P=0.0434

P<0.0001

P<0.0001


Figure 2: Effects of ascorbic acid on markers of oxidative stress in renal and cardiac tissues. STZ= streptozotocin, GENT = gentamicin, AA = Ascorbic acid.
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Fig.3a:Reduced glutathione (GSH) in renal tissues
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Fig.3b:Reduced glutathione (GSH) in cardiac tissues
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Fig.3c:Glutathione peroxidase (GPx) in renal tissues
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Fig.3d:Glutathione peroxidase (GPx) in cardiac tissues

G

P

x

 

(

U

n

i

t

s

/

m

g

p

r

o

t

e

i

n

)

Control

STZ

STZ,GENT

STZ,GENT,AA

P=0.0038

P<0.0001

P=0.0001


Figure 3: Effects of ascorbic acid on renal and cardiac reduced glutathione (GSH) and glutathione peroxidase (GPx) in diabetic rats. streptozotocin, GENT = gentamicin, AA = Ascorbic acid.
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Fig 4a. Glutathione S-transferase (GST) in renal tissues
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Fig 4b. Glutathione S-transferase (GST) in cardiac tissues
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Fig.4c: Superoxide dismutase (SOD) in renal tissues
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Fig.4d: Superoxide dismutase (SOD) in cardiac tissues
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Figure 4: Effects of ascorbic acid on renal and cardiac glutathione S-transferase (GST) and superoxide dismutase (GPx) in diabetic rats. streptozotocin, GENT = gentamicin, AA = Ascorbic acid.
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Fig.5a:Sysolic blood pressure (SBP) of rats
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Fig.5b:Diastolic blood pressure (DBP) of rats
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Fig.5c:Mean arterial blood pressure (MAP) of rats
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Fig.5d:Serum nitric oxide (NO) of rats
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Figure 5: Effect of ascorbic acid on blood pressure parameters in diabetic rats. SBP = systolic blood pressure, DBP = diastolic blood pressure, MAP = mean arterial blood pressure. streptozotocin, GENT = gentamicin, AA = Ascorbic acid.
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Figure 6b: Histopathology of cardiac tissues. Black arrows show severe infiltration with inflammatory cells. Haematoxylin and Eosin. Magnification x 100.





Figure 6a: Histopathology of renal tissues. Black arrows indicate moderate area of congestion. Haematoxylin and Eosin. Magnification x 100.








Figure 7b: The immunohistochemistry of renal Cystatin C. Control, Streptozotocin (STZ), STZ+Gentamicin (GENT), STZ+GENT+ Ascorbic acid (AA). Slides stained with high-definition Haematoxylin. Magnification at x 400.








Figure 7a: The immunohistochemistry of renal angiontensin converting enzyme. Control, Streptozotocin (STZ), STZ+Gentamicin (GENT), STZ+GENT+ Ascorbic acid (AA). Slides stained with high-definition Haematoxylin. Magnification at x 400.








Figure 8b: The immunohistochemistry of Matrix metalloproteinase-2 (MMP2). Control, Streptozotocin (STZ), STZ+Gentamicin (GENT), STZ+GENT+ Ascorbic acid (AA). Slides stained with high-definition Haematoxylin. Magnification at x 400.








Figure 8a: The immunohistochemistry of Cardiac troponin I. Group A - Control, Streptozotocin (STZ), STZ+Gentamicin (GENT), STZ+GENT+ Ascorbic acid (AA). Slides stained with high-definition Haematoxylin. Magnification at x 400.
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