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Effects of oxidative stress on the microanatomy of testes of streptozotocin-treated diabetic rats.
ABSTRACT
      A considerable amount of clinical and experimental evidence now exists suggesting that many biochemical pathways strictly associated with diabetes increase the production of reactive oxygen species (ROS). Diabetes mellitus is the most common endocrine disease. The incidence of diabetes among men attending infertility clinics was estimated to be 0.3%, and about 1% of subfertility male patients may have diabetes. Diabetes, therefore, has a significant effect on male reproductive function. There is little evidence to suggest that endocrinopathy and/or spermatogenic disorders are the primary cause of infertility in diabetic men. The use of streptozotocin rat model for diabetes has been questioned by the appearance of extra-pancreatic cytotoxicity, notably testicular, renal and hepatic. Trace minerals such as selenium (Se), zinc (Zn) and chromium (Cr), are also known to enhance fertility, promote normal body growth and serve as potent antioxidants that naturally reduce the retention of toxic metals in the body. In view of these, we studied streptozotocin (STZ)-induced diabetic rats on the concentration of Se, Zn and Cr; testicular lipid peroxidation (MDA), superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), catalase (CAT), serum insulin and microanatomy of testes. Diabetes was induced in adult male Wistar rats by a single intraperitoneal injection of STZ (75 mg/kg body weight). Diabetes was allowed to stabilize for at least 15 days; thereafter the testes were removed at varying time intervals and prepared for biochemical and histological studies. Grossly, there was a significant reduction (p<0.05) in testicular weights and this continued throughout the study period. Histologically, seminiferous tubules appeared normal at day 15 after the induction of diabetes. At day 60, there was an extensive shrinkage of seminiferous tubules, massive sloughing of primary spermatocytes and premature spermatids were observed. Peritubular connective tissue appeared intact, and leydig cells were normal but reduced in number. The concentration of Se, Zn and Cr in the testes of the diabetic rats studied were significantly (p<0.05) lower than those of the controls. STZ significantly decreased SOD, GSH-Px, CAT activity and serum insulin concentration. It also, increased blood glucose concentration and MDA. These findings emphasize the detrimental effects of diabetic oxidative stress on the cellular integrity of testes. The morphologic alterations observed in the testes of STZ-diabetic rats are not caused by direct effects of STZ, but oxidative stress from hyperglycemia that equally decreases oxidative defense system of testes. On the basis of our results, we conclude that, in insulin-dependent diabetes mellitus, a change in hormone levels, interferes with the accumulation of some trace minerals both in the testes and in the subcellular fractions of rats. It also decreased leydig cell structure as well as other biochemical parameters, which are makers of oxidative stress. 
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INTRODUCTION
      Male reproductive organ alterations have been widely reported in individuals with diabetes. Administration of high doses of streptozotocin (STZ) to male rats induces a decrease in testicular testosterone production (Sanguinetti et al; 1995). This decrease may be the result of both decrease in the total number of Leydig cells and in the rhythm of androgen biosynthesis by the remaining functional cells (Orth et al; 1979; Paz and Homonnai, 1979; Hurtado de Catlfo et al; 1998). Other models of diabetes, such as the spontaneously diabetic BB rat (Murray et al; 1983), also show similar pattern of Leydig cell alterations, indicating that this process is inherent to this disease. Moreover, this alteration is responsible for the diabetes-related effects on libido (Hassan et al; 1993), it also affects spermatogenesis. However, these disturbances are less consistent than those that affect Leydig cell function. Morphometric studies have shown significant differences in the diameter of the seminiferous tubules in diabetic individuals, although a constant (20% - 25%) total or subtotal block of spermatogenesis at spermatocyte stages II and III occurs in the small tubules of all animals (Rossi and Aeschlimann, 1982). Other stages of spermatogenesis, including stages IX-XI, are also affected in STZ-diabetic animals (Anderson and Thliveris, 1986) and after 4 weeks of STZ treatment, a significant increase in degenerated germ cells at various stages of development is observed (Benitez and Perez Diaz 1985).
      Diabetes-related effects on testicular function have been attributed to the lack of insulin. The regulatory action of this hormone is known, and observations of a direct effect on both Leydig cells (Khan et al; 1992) and Sertoli cells (Borland et al; 1984; Mita et al; 1985) have been reported. The exact role that insulin plays in the regulation of the male reproductive function is still unclear (Weiss, 1982). The morphologic alterations observed in the testes of STZ-diabetic rats are not caused by a direct effect of the drug, but rather by oxidative stress induced by hyperglycemia (Oksanen, 1975). Testicular function is primarily controlled by pituitary hormones. The follicle-stimulating hormone (FSH) regulates spermatogenesis, whereas the luteinizing hormone (LH) controls Leydig cell function (Ward et al; 1991). Decreases in the serum levels of FSH, LH, prolactin, and growth hormone have been reported in diabetes (Huston et al; 1983). Moreover, the hypophysis of diabetic rats has blunted response, with a diminished stimuli-induced secretion of FSH and LH (Seethalakshmi et al; 1987). These observations probably indicate that there is a relationship between insulin/glucose and LH/FSH levels in the serum.
       Several reports indicate, production of oxygen radicals from glycated proteins under physiological conditions (Sakurai and Tsuchiya, 1998; Hunt et al; 1990). Free radicals are known to stimulate advanced glycation end products (AGEs) production by autoxidation of sugars (Baynes, 1991). Oxidative stress has been linked to diabetic complications and it has also been reported to be associated with severe changes in the structure and function of the testes, 2 weeks after the onset of diabetes (Maiorino and Ursini, 2002; Foresta et al; 2002). Some degree of correlation has been found between glucose level and testicular damage (Sudha et al; 1999). Oxidative stress is the excess formation and/or insufficient removal of highly reactive molecules such as reactive oxygen species (ROS) and reactive nitrogen species (RNS) (Turko et al; 2001; Maritim et al; 2003). ROS include free radicals such as superoxide (O2-), hydroxyl (OH-), peroxyl RO2), hydroperoxyl (HRO2-), as well as non-radical species such as hydrogen peroxide (H2O2), and hydrochlorous acid (HOCl) (Evans et al; 2003). RNS include free radicals like nitric oxide (NO) and nitrogen dioxide (NO2), as well as non-radicals such as peroxynitrite (ONOO-), nitrous oxide (HNO2) and alkyl peroxynitrates (RONOO) (Liu et al; 2002). Of these reactive molecules, O2-, NO and ONOO- are the most widely studied species, and they play important roles in diabetic cardiovascular complications. Oxidative stress in diabetes, sources from (i) nonenzymatic resulting from biochemistry oxidative of glucose, glucose reacts with protein in nonenzymatic manner, leading to the development of advanced glycation end-product (AGE) (Taniyama and Griendling, 2003). (ii) enzymatic sources which includes nitric oxide synthetase (NOS), NAD(P)H oxidase and xanthine oxidase (Guzik et al; 2002; Etoh et al; 2003). (iii) mitochondria respiratory chain, during oxidative phosphorylation process, electrons are transferred from electron carriers NADH and FADH2 to oxygen, thus generating ATP in the process (Green et al; 2004).  
      The major endogenous antioxidant enzyme-systems in mammalian body include superoxide dismutase (SOD), catalase (CAT), selenium-dependent glutathione peroxidase (GSHPx-Se), glutathione peroxidase (GSH-Px), and glutathione reductase (GSHR). The major non-enzymatic endogenous antioxidants include glutathione (GSH) and vitamin E (Nadler and Winter, 1996). Reduced antioxidant levels, as a result of increased free radical production in experimental diabetes, have been reported by Grankvist et al., (1981), and Kanter et al., (2003a). 

      Trace minerals are essential nutrients for humans and other animals. Deficiency of selenium, zinc and chromium have been linked to reproductive problems in rats, mice, pigs, sheep and cattle (Combs and Combs, 1986), and supplementation of any of them, especially selenium, has been reported to improve reproductive performance in sheep and mice (Tang et al; 1991; Van Ryssen et al; 1992). Selenium is required for normal testicular development and spermatogenesis in rats (Behne et al; 1996). Serum selenium is reported to be lower in men with oligospermia and azoospermia than in normal individuals (Krsnjavi et al; 1992). Generally, trace minerals are necessary for the formation of blood and bone, body fluids, cellular growth and healing, energy, muscle tone, and nerve function. Minerals are often vital in the absorption, function and effectiveness of certain vitamins. If minerals are not present in the proper proportion, then vitamins are not sufficiently absorbed (Bradford, 1976).
      The main objectives of this study were (a) to determine the effects of STZ-induced diabetes mellitus on testicular structure and function in adult male rats (b) to elucidate the involvement of oxidative stress in diabetes-induced structural alterations in the testes, by investigating antioxidant enzymes and (c) to evaluate the effects of oxidative stress on the trace minerals on the testicular tissue.
MATERIALS AND METHODS
Animals

      Fifty healthy, male, Wistar rats weighing 200–250 g (averaging 12 weeks old) were used in this study. They were housed under standard laboratory conditions of light, temperature (21±2oC) and relative humidity (55±5%). The animals were given standard rat pellets and tap water ad libitum. The rats were randomly divided into 2 experimental groups: A (control), B (diabetic). All the animals were fasted for 16 hours, but still allowed free access to water, before the commencement of our experiments. The control group animals (A) consisted of ten rats, while the treated group consisted of forty rats. Maintenance and treatment of animals were in accordance with the principles of the “Guide for care and use of laboratory animals in research and teaching” prepared by the National Institutes of Health (NIH) publication 86-23 revised 1985.

Induction of experimental diabetes 

      Diabetes mellitus was induced (in group B ‘test’ rats) by single intraperitoneal injections of STZ (75 mg/kg, freshly dissolved in 0.1mol/l citrate buffer (Rossini et al; 1978). Control rats were injected with only citrate buffer solution (pH 6.3) intraperitoneally. The ‘test’ animals in group B became diabetic within 48 hours after STZ administration. Diabetic state was confirmed by measuring basal blood glucose concentration 48 hours after STZ injection. At the end of the 16-hour fasting period – taken as zero time (i.e., 0 hour), blood glucose levels (initial glycaemia – Go) of the fasted normal (normoglycemic) and STZ-treated, diabetic (hyperglycemic) rats were determined and recorded. 
 Histological procedures

     Testicular tissues were excised from sacrificed animals, weighed, and fixed in aqueous Bouin’s solution for 48 h and were sequentially embedded in paraffin wax blocks according to the standard procedure, sectioned at 5 μ thickness. They were further deparaffined with xylol, and histologic observations were performed after staining for functional testicular tissues by hematoxylin and eosin method described by Stevens (1982). The slides were examined using light microscope. 

Biochemical assays:

Blood Glucose and serum insulin estimations 
      Blood samples were obtained by repeated needle puncture of the same tail tip vein.   Samples were obtained 1 day before STZ-treatment, and on various days after induction of diabetes mellitus. Diabetes was allowed to develop and stabilize in these STZ-treated rats over a period 5 days. Blood glucose concentrations were determined by means of Bayer Elite® Glucometer, and compatible blood glucose test strips (Henry, 1984). 
The mean fasting blood glucose levels for normal, nondiabetic rats were found to vary between 4.01±0.04 and 4.20±0.13 mmol/L. Fasted STZ–treated rats with blood glucose concentrations ≥18 mmol/L were considered to be diabetic, and used in this study. Serum insulin concentrations were determined by an enzyme-linked immunosorbent assay (ELISA) using a commercial kit (Crystal Chem, Chicago, III). 

Preparation of testes homogenates

    The rats were sacrificed by cervical dislocation and testes were quickly excised, weighed and placed in ice-cold physiological saline. Testes were decapsulated and homogenized with Potter Elvehjem homogenizer. 10% homogenates were prepared in 6.7 mM phosphate buffer, pH 7.4, and centrifuged at 10,000 rpm for 10 min at 4oC, and the supernatant was used for antioxidant enzyme assays. For the determination of lipid peroxidation, testicular tissues were homogenized in 1.15% KCl solution to obtain a 10% (w/v) homogenate. Protein content of testes homogenates was determined by using bicinchoninic acid (BCA) protein assay reagent (Pierce Chemical Company, Rockford, IL) (Levinie et al; 1990).
Catalase Activity (CAT)

The activity of catalase (CAT) was measured using its perioxidatic function according to the method of Johansson and Borg (1988). 50 µL potassium phosphate buffer (250 mM, pH 7.0) was incubated with 50 µl methanol and 10 µL hydrogen peroxide (0.27%). The reaction was initiated by addition of 100 µL of enzyme sample with continuous shaking at room temperature (20oC). After 20 minutes, reaction was terminated by addition of 50 µL of 7.8 M potassium hydroxide. 100 µL of purpald (4-Amino-3-hydrazino-5-mercapto-1,2,4-triazole, 34.2 mM in 480 mM HCl) was immediately added, and the mixture was again incubated for 10 minutes at 20oC with continuous shaking. Potassium peroxidate (50 µL 65.2 mM) was added to obtain a coloured compound. The absorbance was read at 550 nm in a spectrophotometer. Results are expressed as micromoles of formaldehyde produced/mg protein.

Superoxide Dismutase Activity (SOD)

Superoxide dismutase (SOD) activity was determined by inhibition of cytochrome C reduction by the method of Flohe and Otting (1984). The reduction of cytochrome C was mediated by superoxide anions generated by xanthine/xanthine oxidase system, and monitored at 550 nm. One unit of SOD was defined as the amount of enzyme required to inhibit the rate of cytochrome C reduction by 50%. Results are expressed as units/mg protein.

Glutathione Peroxidase Activity (GSH-Px)

Glutathione peroxidase (GSH-Px) activity was measured by NADPH oxidation, using a coupled reaction system consisting of glutathione, glutathione reductase, and cumene hydroperoxide (Tappel, 1978). 100 µL of enzyme sample was incubated for five minutes with 1.55 ml stock solution (prepared in 50 mM Tris buffer, pH 7.6 with 0.1 mM EDTA) containing 0.25 mM GSH, 0.12 mM NADPH and 1 unit glutathione reductase. The reaction was initiated by adding 50 µL of cumene hydroperoxide (1 mg/ml), and the rate of disappearance of NADPH with time was determined by monitoring absorbance at 340 nm. One unit of enzyme activity is defined as the amount of enzyme that transforms 1 µmol of NADPH to NADP per minute. Results are expressed as units/mg protein.

Lipid Peroxidation contents (LPO)

The product of the reaction between malondialdehyde (MDA) and thiobarbituric acid reactive substances (TBARS) were measured by a modified method of Ohkawa et al., (1979). For each sample to be assayed, four tubes were set up containing 100, 150, 200 and 250 µL of tissue homogenate, 100 µL of 8.1% SDS, 750 µL of 20% acetic acid, and 750 µL of 0.8% aqueous solution of TBA. The volume was made up to 4 ml with distilled water, mixed thoroughly and heated at 95oC for 60 minutes. After cooling, 4 ml of n-butanol was added to each tube, the contents mixed thoroughly, and then centrifuged at 3000 rpm for 10 minutes. The absorption of the clear upper (n-butanol) layer was read at 532 nm. 1, 1, 3, 3 tetraethoxy propane (97%) was used as the external standard. Results are expressed as nmoles TBARS/mg tissue.

Mineral analysis
Trace minerals concentrations of the testes were determined by flame atomic absorption spectrophotomery (model 551; Thermo Jarrel Ash. Wilmington, MA), using the method of Oteiza et al; (1995). Testes samples were lyophilized to constant weight and dry ashed in a furnace at 450oC, and weighed. The ash was reconstituted in 5 ml of 16 mol/L nitric acid (Baker’s Intra-analyzed: J. T. Baker, Philipsburg, NJ) and 10% H2O2, in other to digest organic material. The digested solutions were quantitatively transferred to volumetric flasks (concentration of selenium zinc and chromium were determined) and diluted to 10 ml with ultrapure water (Milli-Q OM-140 deionization system). The Se, Zc, and Cr concentrations were then determined by atomic absorption spectrophotometry. Certified reference solutions (1000 mg metal/L; Fisher Scientific, Santa Clara, CA) were used to generate standard curves for each mineral.   
Statistical Analysis

The data obtained were expressed as means (±SEM), and analyzed using repeated measures of variance. The differences between the means were analyzed statistically with one-way analysis of variance (ANOVA; 95% confidence interval). Values of p < 0.05 were taken to imply statistical significance. 

RESULTS

Characteristic of diabetic state
Forty-eight hours after STZ administration, all animals that had been treated with STZ displayed glucosurea, hyperglycemia, hypoinsulinemia and a moderate loss of body weight. Blood glucose concentrations and serum insulin levels of the STZ-treated experimental animals are shown in Table 1. The baseline weight of the rats at the beginning of the study was similar in all groups. At the end of the study period (2 months), diabetic animals in group B presented with significant (p < 0.05) body and testicular weight losses. The initial and final body weights were not significantly (p > 0.05) different in control animals. 

  Table 1.
Various parameters recorded in control and STZ-treated, diabetic rats just before and after removal of testes. Values presented represent the means (± SEM) of 10 observations.   

                                                    Control rats                                  STZ-treated rats

Days                                                  0                10           20             30              40            50             60


Body weight (g)                           244±1.3     236±2.1   224±1.5b  219±1.2b   212±2.0b   210±2.5b   213±1.9b
Testis weight (g)                          2.72±0.3    2.53±0.1  2.32±0.4c 2.30±0.2c  2.22±0.1c  2.15±0.5c  2.10±0.3c  

Testis:body weight ratio (x10-3)  11.1±1.4    10.7±2.0a 10.3±5.7a 10.5±0.2a  10.4±5.1a  10.2±3.8a  09.1±5.4bc   


aInsignificant difference (p>0.05), compared with control groups. b,c. Significant difference (p<0.05) between treatment and control groups.

Blood glucose and serum insulin concentrations 
In our control set of experiments, pretreatment of the rats with citrate buffer alone did not significantly modify (p>0.05) the serum insulin and blood glucose concentrations. As shown in Fig. 4, Table 2, there was a gradual rise in the blood glucose concentrations of the STZ-treated rats as from day 1 following injection of STZ, and the values were significantly higher (p<0.05) than those of control animals. Furthermore, high levels of blood glucose concentrations of the STZ-treated rats were persistently observed throughout the study period (≥18.7±0.1 mmol/l). Glucose concentrations and serum insulin levels of the STZ-treated experimental animals are shown in Table 2. The serum insulin level (5.6μU/ml), in the STZ-treated rats significantly reduced (p<0.05) when compared with the control group (12.6±2.1μU/ml) (Table 2).
Table 2.
Changes in blood glucose and serum insulin concentrations in control and STZ-treated, diabetic rats. 
Blood glucose concentration (mmol/L)
                                         Control                                          STZ-treated
Days
                               0                 10
    20
  30
      40
          50               60

STZ-treated                    4.2±0.6      16.8±0.2b     18.1±0.4b     17.8±0.3b   18.5±0.1b   18.7±0.3b    18.6±0.2b
Control group                 4.3±0.2      4.1±0.1a       4.2±0.5a       4.4±0.3a      4.0±0.2a     4.1±0.6a      4.3±0.6a    
Serum insulin concentration (μU/ml)

STZ-treated                    12.2±1.2      8.5±2.2       6.3±1.4c       5.9±1.3c       5.7±2.3c    5.5±1.2c      5.6±1.5c  
Control group                 12.3±1.5     11.8±1.2a   11.9±1.9a    11.2±1.3a     11.9±1.7a    12.0±0.5a   12.6±2.1a  
Values are expressed as means (±SEM) of 10 rats. a Insignificant difference (p>0.05) compared with control groups. b,c, Significant difference (p<0.05) between treatment and control groups.

Biochemical findings
      There was clear evidence that STZ-induced testicular injury was associated with free radical injury and oxidative stress. Oxidative stress was characterized by increased lipid peroxidation and/or altered non-enzymatic and enzymatic antioxidant systems (Zima et al; 2001). Effects of STZ on testicular tissue’s CAT, SOD, GSH-Px, MDA, are presented in Table 3. The testicular antioxidant activity of CAT, SOD, and GSH-Px significantly decreased (p<0.05), while MDA significantly increased in the STZ-treated, diabetic group rats. The control group rats maintained optimal value activity of the antioxidants studied. Evaluation of the degree of lipid peroxidaton in the testes was determined by measuring tissue MDA. Testes MDA concentrations were significantly increased in diabetic animals (146.4±11.2 nmol/mg protein) compared with control group animals (88.2±13.1 nmol/mg protein). 
     GSH-Px activity significantly declined (p<0.05) in the testes of STZ-treated rats as compared with those of control rats. Testes GSH-Px concentrations was (0.23±0.2 U/mg protein) in STZ-diabetic rats when compared with control rats (0.49±0.4 U/mg protein).  As seen in Table 3, there was a significant decrease (p<0.05) in the CAT and SOD activities of STZ-diabetic rats (0.22±0.1 µmol/mg protein; 12.4±2.3 U/mg protein, respectively) as compared with control rats (0.42±0.3 µmol/mg protein; 26.9±1.8 U/mg protein respectively).
Table 3. Testicular tissue CAT (μmol/mg protein), SOD (U/mg protein), GSH-Px (U/mg protein), MDA (nmol/mg protein), of all groups. A (control), B (STZ-treated diabetic) rats.
Parameters

                   Control
                           STZ-treated        



                
                                         Initial                  Final                 Initial                   Final

Testicular CAT              0.42±0.3a           0.45±0.4a           0.31±0.2b             0.22±0.1b                
Testicular SOD              26.9±1.8a           25.7±2.3a           18.4±1.5b            12.4±2.3b
Testicular GSH-Px         0.49±0.4a          0.48±0.3a            0.28±0.2b           0.23±0.2b 

Testicular MDA             88.2±13.1a        91.3±17.2a          138.1±12.3c       146.4±11.2c

Values are expressed as means (±SEM) of 10 rats for all groups. a Insignificant difference (p>0.05) compared with control groups. b,c Significant difference (p<0.05) in the same row between treatment and control groups.
      The concentrations of trace minerals (Se, Zn and Cr) are shown in Table 4. The mean testicular selenium concentration in control rats was 0.385±0.41 µmol/g in dry tissue. Diabetes caused significant decrease (p<0.05) in selenium concentration of the testes (0.238±0.32 µmol/g in dry tissue). Testes zinc concentrations were significantly lower (p<0.05) in the diabetic animals (0.203±0.01 μmol/g dry tissue) than in the control group of animals (0.271±0.03 μmol/g dry tissue). Testes chromium was also lower in the diabetic animals with concentration of (0.218±0.01 µmol/g dry tissue), compare with control animals (0.364±0.01 µmol/g dry tissue).
Table 4. Testicular tissue Selenium (μmol/g dry tissue), Zinc (μmol/g dry tissue) and Chromium (μmol/g dry tissue), of all groups. A (Control), B (STZ-treated diabetic) rats.


Groups                 Selenium                             Zinc                           Chromium

                       Initial            Final              Initial          Final            Initial           Final

Control       0.385±0.41   0.378±0.72   0.264±0.01   0.271±0.03  0.364±0.01  0.360±0.02


STZ            0.242±0.12a  0.238±0.32a  0.210±0.03a 0.203±0.01a 0.221±0.02a 0.218±0.01a                      

Values are expressed as means (±SEM) of 10 rats for all groups. aSignificant difference (p<0.05) compared with the control groups.
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Figure 1. Catalase and glutathione activities in the control and STZ-treated animals. The figure illustrates persistent decline in the activity of the two antioxidant enzymes due to oxidative stress induced by STZ.
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    Figure 2. Superoxide dismutase and lipid peroxidation activities in the control and STZ-treated animals. The figure illustrates persistent decline in the activity of SOD and persistent increase in MDA antioxidant enzymes due to oxidative stress induced by STZ.
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Figure 3. Body and testicular weights in STZ-treated and control groups. The figure illustrates persistent decline in weight of both body and testis of STZ-treated rats and this became significant as from day 20 of the study period. Control value taken as zero point.
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Figure 4. Blood glucose concentrations and serum insulin levels in the STZ-treated and control group animals. The figure illustrates persistent hyperglycemic/hypoinsulinemic state of STZ-treated rats. Control rats maintained normoglycemic and normoinsulinemic state throughout the study period.

Histopathological findings
Generally and macroscopically, STZ-treated diabetic rats had smaller testes than their (2.72±0.3 g) counterpart control group animals (2.10±0.12 g). Testicular volumes reduced significantly (p<0.05). The histology of testicular cells of control group animals was normal in all ramifications. The seminiferous tubules appeared normal with numerous active germ cells (Fig. 5A & B). In diabetic rats, the most consistent findings in the sections of testicular tissues were degeneration, and total breakdown of micro-anatomical features such as extensive tubular wall thickness, severe germ-cell depletion, and sertoli-cell vacuolization. The number of Leydig cells significantly decreased (Fig. 6A) per interstititial space, which went from 14± 4 in control to 5±1 in diabetic animals and there was marked peritubular/interstitial fibrosis (Fig. 6B). 
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Figure 5. Haematoxylin and eosin staining: (A & B) Control group, showing microscopic appearance of normal testis. Arrow-heads showing Leydig cells while the arrows point to the seminiferous tubules with numerous active germ cells. Fig. 5A shows the appearance at the beginning of the experiments while Fig. 5B shows the appearance at the end of the study period. Peritubular wall, interstitial layer, Sertoli cells, Leydig cells and germ cells appeared normal. Final magnification X160.  
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  Figure 6. Haematoxylin and eosin staining: (A & B) STZ group, showing microscopic appearance of STZ testis. Arrow-heads showing remnants of Leydig cells while the arrows point to the seminiferous tubules. Fig. 6A represents day 20 after the administration of STZ, showing degenerated, atrophic testis, with scanty to absent germ cells. Fig. 6B demonstrates marked loss of germ cells with peritubular/interstitial fibrosis at the end of the study period. Final magnification X160.             
 DISCUSSION
      Diabetes mellitus is a chronic metabolic condition characterized by disorder of glucose homeostasis. Numerous experimental and clinical observations have indicated that hyperglycemia may directly contribute to excess formation of free radicals (Feillet-Coudray et al; 1999; Ceriello, 2003) and decreased activity of antioxidant defense systems (Durackova,1999). Increased formation of free radicals in type 1 and type 2 diabetes mellitus has been suggested to be a contributory risk factor in complications of the disease (Soon and Tan, 2002). It occurs as a result of two processes: viz (i) decreased activity of the body antioxidant systems (Muchova et al; 1999), and (ii) auto-oxidation of reducing saccharides and formation of adducts with proteins. Chapple (1997) and Bonnefont-Rousselot et al; (2000) have differentiated antioxidants into three: (i) Preventative antioxidants that prevent the formation of new reactive oxygen species (ROS) as caeruloplasmin, metallothioniene, albumin, myoglobin, ferritin and transferring. (ii); scavenging antioxidants which remove ROS once formed, thus preventing radical chain reactions - these include reduced glutathione (GSH), vitamin E, vitamin C, α-carotene, uric acid and bilirubin, and (iii) enzyme antioxidants that function by catalizing the oxidation of other molecules. This group includes superoxide dismutase that produces hydrogen peroxide from superoxide radicals, glutathione reductase, glutathione peroxidase and catalase (CAT) which decompose hydrogen peroxide (Trocino et al; 1995). It has been suggested that oxidative stress plays a role in the development of diabetes and diabetic complications (King and Brownlee, 1995).
      In our study, we evaluated the involvement of free radicals in STZ-induced diabetes on testicular changes by measuring antioxidant enzyme activities and markers of lipid oxidation. The result of the present study showed an increase in the level of MDA and a decrease in GSH-Px, SOD and CAT content of the testicular tissue which are consistent with results of (Baynes, (1995). Increase in MDA resulted from hypoinsulinemia that increases the activity of fatty acyl coenzymes A oxidase, which initiates β-oxidation of fatty acids, resulting in lipid peroxidation. Also, protein glycation and glucose auto-oxidation can lead to the formation of free radicals, and this can equally induce lipid peroxidation (Baynes, 1995). Increased lipid peroxidation impairs membrane functions by decreasing membrane fluidity and changing the activity of membrane-bound enzymes and receptors (Baynes, 1995). Also, from the present results, it was observed that the levels of testicular GSH-Px, CAT and SOD activities were significantly lower (p<0.05) in STZ-diabetic rats as compared to control rats. These results indicated that increased oxidative stress and accompanying decrease in indigenous antioxidants might have inactivated and reduced testicular GSH-Px, CAT and SOD activities. This observation might be related to the causation of alterations in the cellular integrity of testes in agreement with the findings of Wohaieb and Godin (1987) and Saxena et al. (1993).
       Diabetes is well known to be involved in the development of glomerulopathy, vasculopathy, retinopathy and neuropathy. Diabetes, has also, been reported to cause testicular degeneration and impotence. Diabetes-induced changes in seminiferous tubules were found to consist of increased tubular wall thickness, severe germ-cell depletion, and sertoli-cell vacuolization (Ghosh et al; 1994). In another study, reduced testicular volume, semen volume and motile sperm output were reported in insulin-dependent diabetes (Oksanen, 1975). Decreased number of Leydig cells and their spontaneous secretion of testosterone have also been defined in animal studies (Paz and Homonnai, 1979). On the other hand, the steriodogenic and spermatogenic capacities of testis have been demonstrated to be susceptible to O2- mediated free radical damage (Faul et al; 1998). Overall testicular function is controlled by 2 independent, synchronized functions. The first is the biosynthesis of androgens by Leydig cells, and the second is the production of spermatozoa in the epithelium of seminiferous tubules. The main role of the Leydig cells is androgens, which control male libido and spermatogenesis (Vornberger et al; 1994). Our results indicate that STZ-induced diabetes caused 2 major alterations in Leydig cell: (a) a decrease in total Leydig cell number, and (b) an impairment in cell function, as a result of oxidative stress (as shown by extensive loss of germ cell layers). The combination of these 2 factors might have induced a decrease in androgen biosynthesis and a decrease in serum testosterone levels. These STZ-induced diabetic changes in Leydig cell number and function can be explained, at least in part, by the control that LH exerts on Leydig cells (Ward et al; 1991). Our results indicate that STZ-induced diabetes causes a marked decrease, in serum insulin which would explain the impairment of Leydig cell function. The almost complete suppression of serum insulin in these animals also has a direct effect on interstitial tissue. Insulin deficiency in the diabetic state results in impairment of glucose utilization, leading to an increased generation of oxygen free radicals (Sambandam et al; 2000). The effect of insulin on Leydig cells has been previously described and is related to the control of cell proliferation and metabolism. Addition of insulin to the medium increased the incorporation of [3H]thymidine into DNA in cultured Leydig cells (Khan et al; 1992). In this regard, LH mediates the proliferation of Leydig cells through a mechanism that involves insulin and IGF-I signaling (Feng et al; 1999). Moreover, insulin partially restored alteration in lipid metabolism in cultured Leydig cells from diabetic rats (Hurtado de Cataifo et al; 1998).
      A trace mineral is considered as essential for both man and animals if it meets the following criteria: (a) it is present in all healthy tissues; (b) its concentration from one species to the next is fairly constant; (c) depending on the species studied, the amount of each element has to be maintained within its required limit if the functional and structural integrity of the tissues are to be safeguarded, and the growth, health and fertility to remain unimpaired; (d) its withdrawal induces reproducibly the same physiological and/or structural abnormalities; and (e) its addition to the diet either prevents, or reverses, the abnormalities (Wolf, 1982). The data obtained from the present study revealed significant reduction in trace minerals (Se, Zn and Cr) studied in STZ-diabetic rats. It is speculated that reactive oxygen free radicals caused alterations in the testicular tissue, and this invariably disrupted metabolic homeostasis of the minerals. 
      One marked effect of zinc deficiency in developing humans and animals is hypogonadism (Hambidge, 1998). The mechanisms underlying zinc deficiency- associated alterations in testicular development and function are multifactorial in nature, and include impaired testicular steriodogenesis (Hamdi et al; 1997), decreased synthesis or activity of angiotesin-converting enzyme (Stallard and Reeves, 1997) and free radical-mediated damage to select cell components (Oteiza et al; 2000). Oteiza et al; (1999) observed zinc deficiency in developing male rats and noticed that the tissue was characterized by alterations in the activities and concentrations of several enzymes and components of the oxidant defense system. The investigators also noticed a high ratio of 2-thiobarbituric-reactive substances (TBARS)/peroxidation index, an indicator of lipid oxidation, indicator of protein oxidation.
      Selenium is an essential trace nutrient for humans and animals. A low concentration observed in this study is in agreement with the findings of Merz (1982). Deficiency of dietary selenium leads to immotile, deformed sperm and infertility in rats, whereas supplementation of dietary selenium has been associated with beneficial effects on normal testicular development and sperm function, depending on chemical form of compound (Chu et al; 1996). Selenium has insulin-mimetic properties in vitro and in vivo. Insulin-stimulated glucose metabolism is impaired in adipocytes isolated from Se-deficient rats (Souness et al; 1983). When administered to streptozotocin-diabetic rats, Se restores glycemic control and modifies the activity range of enzymes involved in hepatic gluconeogenesis (Ghose et al; 2001). In animal models, Se also prevents or alleviates the adverse effects that diabetes has on cardiac, renal and testes (Ayaz et al; 2002).
      Chromium depletion observed in this study as a result of oxidative stress agreed with the results of Anderson and Polansky (1981). The deficiency has ability to depress nucleic acid synthesis; experiments have shown that rodents fed on diets low in chromium have a significantly lower sperm count and decreased fertility compared to chromium-supplemented controls. Chromium is essential for maintaining the structural stability of proteins and nucleic acids, and animal studies have shown that this element is also vital for healthy foetal growth and development (Underwood, 1997). 
      Our results indicate that insulin-dependent diabetes alters trace minerals which are crucial in spermatogenesis and markedly disrupts the Leydig cells and germ cell layers. Lack of insulin in the STZ-diabetic rats did not affect spermatogenesis via a direct effect on the epithelium of seminiferous tubules, but rather, by oxidative stress through free radicals. The action of free radicals has been reported several times to impair membrane functions, by decreasing membrane fluidity and changing the activity of membrane-bound enzymes including its receptors. In conclusion, our results provide additional evidence for the concept of oxidative stress as a major cause of most subfertility cases in insulin-dependent diabetes mellitus.
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