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ABSTRACT
Negative consequences of diabetes on the prostate such as involution are associated with diminished testosterone, insulin deficiency, and

hyperglycemia. The contributions of oxidative damage, which usually increases with diabetes, are unknown for these alterations. This study

evaluated the impact of streptozotocin-induced diabetes on the biomarkers of the antioxidant system of rat ventral prostate, the influence of

vitamin C supplementation on these biomarkers, and on the balance between cell proliferation and death. Diabetes (D) was induced in Wistar

male rats by streptozotocin (5mg/100 g b.w., i.p.). Control animals (C) were injected with a vehicle. Vitamin C (150mg/kg b.w./day)

supplementation was introduced by gavage in diabetes (DþV) as well as control (CþV) groups. Thirty days after diabetes onset, the rats were

killed and the ventral prostates were analyzed using light microscopy, immunocytochemistry, and biochemical assays for biomarkers of

oxidative stress. In comparison to control groups, the levels of circulating testosterone, proliferating, and androgen receptor-positive cells

decreased in diabetic groups regardless of vitamin C treatment whereas apoptosis was increased. The levels of superoxide dismutase and

glutathione peroxidase did not change, but the levels of glutathione-S-transferase (GST) were increased in diabetic prostate. Vitamin C

supplementation normalized GST activity and recovered the apoptotic rates in the prostate. In conclusion, GST is a good indicator of

compensatory oxidant defense in the prostate at earlier stages of diabetes and vitamin C improves its activity and attenuates apoptosis in the

gland. J. Cell. Biochem. 113: 2223–2233, 2012. � 2012 Wiley Periodicals, Inc.
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D iabetes is a complex disease with multiple etiologies

characterized by hyperglycemia and insufficient insulin

secretion or action. Male reproductive function is impaired in

diabetes, and there is increasing evidence to indicate that the

prostate gland is also negatively affected. Experimental studies

demonstrated that diabetes leads to prostatic involution [Cagnon

et al., 2000; Ikeda et al., 2000; Ribeiro et al., 2006], a kinetic

imbalance of proliferation and cell death in the secretory epithelium

[Burke et al., 2006; Fávaro et al., 2008], extracellular matrix

remodeling, and functional and phenotypic changes in stromal cells

[Ribeiro et al., 2006; Arcolino et al., 2010]. Such studies indicated

that short-term histopathological alterations caused in prostate by

spontaneously developed or drug-induced diabetes are related to

testosterone decrease; however, other factors, such as impaired

insulin action and the upregulation of TGF-b and IGF, have also

been demonstrated [Ikeda et al., 2000; Ribeiro et al., 2006; Fávaro

et al., 2008; Arcolino et al., 2010]. Regardless of the experimental

model, diabetes increases apoptotic rates in the prostate [Fávaro
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et al., 2008; Arcolino et al., 2010] but an inhibitory [Arcolino et al.,

2010] or stimulatory effect on cell proliferation have been reported

[Fávaro et al., 2008]. These discrepancies on cell proliferative

activity might be explained by differences in experimental models

of diabetes, disease states, and analytical methods. However, not

even the associated administration of testosterone and insulin was

able to normalize the cell proliferation levels in NOD mice [Fávaro

et al., 2008]. Thus, more information is necessary to understand the

impact of diabetes on the proliferative activity of the prostate.

Increases in hyperglycemia and end-products of advanced non-

enzymatic glycation (AGE) are directly associated with the

formation of reactive oxygen species (ROS) and the prooxidant

state [Baynes et al., 1989]. Studies in other organs have provided

compelling evidence that the prooxidant state might lead to

apoptosis and carcinogenesis [Denis et al., 2002; Yatoh et al., 2006;

Kotrikadze et al., 2008; Thotala et al., 2009]. However, little is known

about the contribution of oxidative stress in development of the

prostate diseases and the behavior of the antioxidant system under

diabetes [Oberley et al., 2000; Parsons et al., 2001; Kotrikadze et al.,

2008; Sarafinovska et al., 2009]. In addition, the association

between diabetes and prostate cancer in clinical studies is still a

matter of debate [González-perez et al., 2005; Turner et al., 2011].

The protective role of some antioxidants, such as carotenoids,

vitamin E, and selenium, against malign transformations in the

prostate has been proven [Chan et al., 2000, 2005; Matos et al., 2006]

but the influence of vitamin C supplementation has not been

evaluated. The vitamin C or ascorbic acid is a water-soluble

vitamin present in a variety of foods. Several studies report that

the vitamin C metabolism is abnormal in diabetes, decreasing its

plasma concentration what might contribute to enhanced oxidative

stress [Yasser et al., 2005].

The present study evaluated if streptozotocin-induced diabetes at

medium-term (1) affects the antioxidant system of rat ventral

prostate based on activity of oxidative stress biomarkers; (2) the

consequences on cell proliferation and death; and (3) the influence

of vitamin C supplementation on these parameters.

MATERIALS AND METHODS

EXPERIMENTAL DESIGN

The institutional Ethical Committee for Animal Experimentation

approved the experiments with animals (UNESP, Protocol no. 006/

09-CEEA) in accordance with The Guide for the Care and Use of

Laboratory Animals published by the US National Institutes of

Health. The adult male Wistar rats (3-month old) were provided by

the breeding house of São Paulo State University (Botucatu, SP,

Brazil), and they were kept at 248C on a 12 h light/dark cycle. The

animals had free access to food (Labina, Purina) andwater for 1 week

before the beginning of the experiments. The rats were randomly

divided into four groups (n¼ 15 per group): control (C), control

treated with vitamin C (CþV), diabetic (D), and diabetic treated with

vitamin C (DþV).

Diabetes was induced after 24 h of fasting by an intra-peritoneal

injection of 5mg/100 g body weight of streptozotocin (Sigma,

St. Louis, MO) diluted in citrate buffer 0.01M, pH 4.5. The control

animals were injected only with citrate buffer. The blood glycemia

was evaluated in the tail tips using the glucose monitor Accu-chek

(Roche Diagnostics, Mannheim, Germany). Only animals showing

blood glucose levels above 200mg/dl were included in the diabetic

groups.

Vitamin C (ascorbic acid; Sigma Chemical Co) was administered

to the control and diabetic animals by gavage (150mg/kg body

weight/day) diluted in water (2ml/day/animal), during 30 days,

according to Fernandes et al. [2011]. Food intake, water intake, and

body weight were monitored during the experiments. The rats were

sacrificed using CO2 inhalation and decapitation 1 month after

diabetes diagnosis and treatment.

HORMONE ANALYSIS

The blood was collected in polyethylene tubes containing heparin

immediately after the decapitation of rats and centrifuged to

separate the plasma. The plasma testosterone and estradiol levels

were measured using the Modular Analyzer for Immunoassay of

Chemiluminescence ECL (Johnson and Johnson, Langhorne, PA) as

described by Weeks and Woodhead [1984]. Ten rats were randomly

selected from each group and used to hormone analysis. The tests

were performed in triplicate and intra- and inter-assay variations

were 4.6% and 4.3%, respectively.

LIGHT MICROSCOPY

After removing and weighing the ventral prostate, the right ventral

lobe was isolated and some fragments were fixed by immersion in

Karnovsky solution (2.5% freshly prepared formaldehyde, 2.5%

glutaraldehyde in Sörensen phosphate buffer pH 7.2) for 12–24 h

for paraffin processing and Historesin embedding (Historesin

Embedding Kit-Leica). The histological sections were stained with

hematoxylin–eosin for general morphological studies. Other

fragments were fixed by immersion in 4% formaldehyde freshly

prepared in phosphate buffer pH 7.2 and methacarn (1:3:6 of acetic

acid, chloroform, and methanol) and used for immunocytochemical

analysis. The samples were observed under a bright field microscope

(Olympus CH30) coupled with a charge-coupled device camera, and

the digitization of selected microscopic fields and the quantitative

analyses were performed using an image analysis system (Image-

Pro Plus Media Cybernetics, version 6.0 for Windows software,

Bethesda, MD).

IMMUNOCYTOCHEMISTRY

Immunocytochemical reactions for the identification of the AGE

CML [Ne-(carboxymethyl) lysine] (ab-30917, Abcam), the prolifer-

ating cell nuclear antigen (PCNA, sc-56; Santa Cruz Biotechnology,

Santa Cruz, CA) and the androgen receptor (AR; sc-816, Santa Cruz

Biotechnology) were conducted. The sections were subjected to

antigen retrieval in a citrate buffer (pH 6) for 20–40min in a

vegetable steamer and immersed in 3% H2O2 in methanol to block

endogenous peroxidase. Subsequently, to eliminate unspecific

binding, the sections were treated with 3% BSA in PBS for the

identification of CML and AR or with Background Sniper (Biocare

Medical, Concord, CA) for the PCNA reaction. After washing in PBS,

the slides were incubated with primary antibodies diluted in 1% BSA

as follows: mouse anti-human CML (1:125, overnight, at 48C),
mouse anti-human PCNA (1:50, 1 h at 378C), and rabbit anti-human

2224 OXIDATIVE STRESS IN THE PROSTATE OF DIABETIC RATS JOURNAL OF CELLULAR BIOCHEMISTRY



AR (1:100, overnight at 48C). The detection of primary antibody was

performed using a peroxidase-conjugated polymer (Polymer

Novolink, Novocastra, Norwell, MA) following the incubation

with diaminobenzidine (0.03% in TBS). The sections were stained

with hematoxylin. The ventral prostates from rats 3 months after

diabetes onset were used as a positive control for CML. The negative

control for all reactions was achieved by omitting the primary

antibody.

DETECTION OF APOPTOTIC CELLS

Apoptotic cells were detected in situ using the DNA fragmentation

assay associated with cell death based on a Terminal deoxynu-

cleotidyl transferase dUTP nick end labeling (TUNEL) reaction (TdT-

Fragel-Calbiochem, CN Biosciences, La Jolla, CA) following the

manufacturer’s instructions. The negative controls were obtained by

omitting the incubation with TdT enzyme and the slides were stained

with hematoxylin.

QUANTIFICATION OF CML POSITIVE AREAS, PCNA, TUNEL, AND AR

POSITIVE CELLS

The images of the immunoreactions and the TUNEL method were

digitalized using the image analysis system previously described.

Five animals per group and three prostate fragments per animal were

used for estimation of CML positive areas, PCNA, TUNEL, and AR

positive cells. The CML positive areas were estimated using the point

counting method of Weibel [1963] with a 220-point reticulum and

20 contiguous microscopic fields per tissue section using the 40�
objective. The quantification of PCNA-, AR-, and TUNEL-positive

cells in the acinar epithelium of the intermediate region of the

ventral prostate was determined using 20 contiguous microscopic

fields per each tissue section in 20� objective. The numeric data

were expressed as relative frequency (%), that is, number of positive

nuclei divided by total number of epithelial cell nuclei.

ACTIVITY OF ANTIOXIDANT ENZYMES

The left ventral lobes were weighed and homogenized with 1:5 vol.

of buffer (Tris–HCl 50, 1mMEDTA, 1mMDTT, 0.5M sucrose, 0.15M

KCl, pH 7.4) and centrifuged at 10,000g for 20min at 48C. The
supernatant was centrifuged at 40,000g for an additional 60min at

48C, and the supernatant fraction was collected and used for the

measurement of catalase (CAT), glutathione-S-transferase (GST),

glutathione peroxidase (GPx), and superoxide dismutase (SOD)

activities.

The blood samples were collected in polyethylene tubes

containing heparin immediately after sacrificing the animals. For

the determination of CAT activity, the blood samples were diluted

50 times in distilled water, while this dilution was diluted 20 times in

a hemolyzing solution for the determination of GST and GPx

activities.

The total protein content in the samples was determined by the

modified Lowry method, using bovine serum albumin as a standard

[Peterson, 1977].

The CAT activity was quantified at 240 nm by the H2O2

decomposition according to the method of Beutler [1975]. The

GST activity was determined by measuring the increase in

absorbance at 340 nm after incubating reduced glutathione (GSH)

and 1-chloro-2,4-dinithrobenzene (CDNB) as substrates according

to Keen et al. [1976]. The GPx activity was assayed by the oxidation

of NADPH (associated with GSSG reduction by excess glutathione

reductase) at 340 nm as described by Sies et al. [1979]. The SOD

activity was measured at 550 nm by the method of Mccord and

Fridovich [1969] based on a system that generates superoxide

(xanthine/xanthine oxidase) associated with the reduction of

cytochrome c by this radical. Thus, the SOD in the samples

competes with cytochrome, inhibiting its superoxide reduction. The

molar extinction constant (e) was used to calculate the activity levels
of the antioxidant enzymes as U/mg protein (e¼ 0.071 for CAT;

e¼ 6.22 for GST; and e¼ 9.6 for GPx).

DETERMINATION OF LIPID PEROXIDATION LEVELS

The malondialdehyde (MDA) level, an indicator of free radical

generation that increases at the end of lipid peroxidation, was

estimated using the double heating method of Draper and

Hadley [1990]. For the MDA quantification in the ventral prostate,

100ml of the resulting solution from the tissue homogenization in

buffer (1:5 vol.) prepared as described in item 7 was used. The

quantification of lipid peroxidation in the blood was performed on

the serum that was separated by centrifugation. Next, 300ml of 0.4%

thiobarbituric acid solution diluted in 0.2M HCl was added to the

samples and incubated for 60min at 908C. Subsequently, the colored
derivative of the MDA–TBA complex was extracted with 1ml of n-

butanol followed by centrifugation and quantification at 532 nm.

The data were expressed as nmol TBARs/g tissue and TBARs/ml

plasma.

STATISTICAL ANALYSIS

The data were presented as the mean� standard deviation. The

statistical analyses were performed using ANOVA followed by

Tukey test for multiple comparisons using the Statistica 6.0 Software

(Copyright�StatSoft Inc., Tulsa, OK). The P-values <0.05 were

considered statistically significant.

RESULTS

BIOMETRIC AND PHYSIOLOGICAL PARAMETERS

The biometric and physiological data are shown in Table I. The

diabetic rats showed a marked decrease in body weight (P� 0.05),

regardless of treatment with vitamin C (C¼ 444.22� 53.74,

CþV¼ 397.8� 17.24, D¼ 264.66� 47.1, and DþV¼ 252.73�
42.92 g). The same was observed for the prostate weight

(C¼ 535.11� 84.2, CþV¼ 420.3� 137.63, D¼ 269.57� 68.53,

and DþV¼ 295.26� 113.11mg; P� 0.05); thus, the relative

prostate weight did not vary statistically between the groups. The

glucose levels were approximately four times higher in the D

(483.94� 64.53mg/dl) and DþV (491.75� 86.26mg/dl) groups in

comparison with the control groups (C¼ 114.42� 18.41 and

CþV¼ 112.55� 22.17mg/dl; P� 0.05). The food intake did not

differ between the groups, but the water intake was much higher for

the diabetic groups (C¼ 47.42� 9.28; CþV¼ 51.38� 20.34,

D¼ 174.93� 54.97, and DþV¼ 125.27� 53.33ml/day/animal;

P� 0.05).
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HISTOLOGY AND IMMNUNOCYTOCHEMISTRY

The tissue alterations in the ventral prostate caused by experimental

diabetes with or without the vitamin C treatment are summarized in

Figure 1. After 1 month of streptozotocin-induced diabetes, the

prostate atrophy was evident because most of the acini exhibited

reduced lumen, acinar epithelium with cubic cells, and signs of

epithelial shrinkage (Fig. 1E–G). The treatment with vitamin C did

not affect the histology of the prostate, control, or diabetic groups

(Fig. 1A,B,H,I,J).

The immunocytochemical reaction for CML, the most abundant

AGE in vivo, showed strong labeling in the ventral prostate of the D

group compared to the C and CþV groups (Fig. 2A–D). Despite the

relative frequencies of CML-positive areas doubled in diabetes, these

were not statistically different among the experimental groups in

this study (Fig. 2F). In diabetic groups this AGE was predominantly

accumulated in the acinar epithelium, particularly in the nuclei of

the epithelial cells (Fig. 2C,D). The positive control for this

immunoreaction was provided by the prostate from rats with

3 months of diabetes without insulin therapy in which CML was

more abundant and diffuse (Fig. 2E). In this case, the CML deposition

was also observed in the apical surface of acinar epithelium and in

the vascular endothelium.

OXIDATIVE STRESS MARKERS

Figure 3 shows the changes in the biomarkers of oxidative stress in

tissue samples and blood. No alterations were observed in the blood,

except for CAT activity in the DþV group which was higher than D

and CþV groups (C¼ 9.55� 1.96, CþV¼ 6.93� 1.59, D¼ 8.06�
1.86, and DþV¼ 12.32� 3.98U/mg protein; P� 0.05). The

CAT activity was slightly increased in the prostate tissue of

diabetic rats (C¼ 1.38� 0.56, CþV¼ 0.68� 0.36, D¼ 1.91� 0.63;

DþV¼ 2.42� 0.97 U/mg protein; P� 0.05), independently of

vitamin C administration (Fig. 3A). Treating diabetic rats with

vitamin C ameliorated the levels of GST activity in the prostate

(C¼ 0.33� 0.99, CþV¼ 0.31� 0.08, and DþV¼ 0.45� 0.18 U/

mg protein; P� 0.05), which were elevated by diabetes (D¼
0.63� 0.10U/mg protein). The prostatic levels of GPx and SOD

activities (Fig. 3E,G) were not discrepant between groups, which

were not influenced by diabetes and treatment with vitamin C. The

lipid peroxidation, evaluated by MDA levels, showed a discrete

increase in the prostate of diabetic rats, although it was not

significant (Fig. 3H).

CELL PROLIFERATION, APOPTOSIS, AND AR SENSITIVITY

There was a reduction (P� 0.05) in the relative frequency of

AR-positive cells in the D and DþV groups (Fig. 4). As expected,

diabetes reduced markedly the circulating testosterone which

were 10% in D group (D¼ 12.6� 5.6 ng/dl) and a 2.7% in DþV

group (DþV¼ 3.4� 1.2 ng/dl) from levels found in C group (C¼
125� 44.2 ng/dl; P� 0.05), as shown in Table I and Figure 5A. The

plasma estradiol levels did not vary greatly between the groups

(Table I, Fig. 5B).

The TUNEL assay and quantitative analyses (Fig. 6A–D) showed

that apoptotic cells were more abundant in diabetic rats (P� 0.05),

where they were usually found in detached epithelial fragments

in the acinar lumen (Fig. 6A,C,I). The treatment of the diabetic

rats with vitamin C restored partially apoptosis to levels similar to

those of the control rats (Fig. 6A,D,I). The immunocytochemistry

for PCNA indicated a marked reduction in cell proliferation

levels (P� 0.05) in the acinar epithelium of the ventral prostate

after 1 month of diabetes (Fig. 6E–H,J). Furthermore, this reduction

was not influenced by vitamin C supplementation (Fig. 6J).

DISCUSSION

The various effects from diabetes-induced oxidative stress are well

known in several organs [Denis et al., 2002; Armagan et al., 2006;

Yatoh et al., 2006; Shrilatha andMuralidhara, 2007ab; Thotala et al.,

2009], but it has not been examined specifically in the prostate. The

major finding of this study is that diabetes at medium-term induced

apoptosis and increased GST activity in rat prostate tissue and these

effects were attenuated by vitamin C supplementation. Diabetes

stimulates apoptosis in several organs [Denis et al., 2002; Thotala

et al., 2009], including the prostate [Fávaro et al., 2008; Arcolino

et al., 2010]. Fávaro et al. [2008] detected higher apoptotic rates in

comparison with those observed here in NOD mice after 20 days of

diabetes, which exhibited high levels of glycemia (�910mg/dl).

Furthermore, not even treatment with insulin, testosterone, and

estrogen was able to restore glycemia or apoptotic rates in

spontaneously developed diabetes [Fávaro et al., 2008]. Previous

data from our laboratory comparing apoptosis in the rat ventral

prostate after 1 week and 3 months of experimental diabetes

revealed that apoptotic rates increase with disease progression

[Arcolino et al., 2010]. Based on these data we raised the hypothesis

that such alterations might be due to the progressive complications

TABLE I. Mean Values and Standard Deviation of Body Weight, Prostate Relative Weight, Blood Glucose Levels, Ratio, Water Intake, and

Median Values and Standard Deviation for Serum Testosterone and Estradiol Levels of the Control Group (C), Control Treated With Vitamin C

(CþV), Non-Treated Diabetic (D), and Diabetic Treated With Vitamin C (DþV)

C CþV D DþV

Body weight (g) 444.22� 53.74a 397.8� 17.24a 264.66� 47.1b 252.73� 42.92b

Prostate weight (mg) 535.11� 84,2a 420.3� 137.63a 269.57� 68.53b 295.26� 113.11b

Prostate relative weight (�103) 1.23� 0.30a 1.055� 0.34a 1.0� 0.18a 1.17� 0.48a

Blood glucose (mg/dl) 114.42� 18.41a 112.55� 22.17a 483.94� 64.53b 491.75� 86.26b

Food intake (g/day/animal) 26.49� 8.97a 31.24� 12.34a 35.46� 11.32a 29.06� 13.27a

Water intake (ml/day/animal) 47.42� 9.28a 51.38� 20.34a 174.93� 54.97b 125.27� 53.33c

Serum testosterone (ng/dl) 125� 44.2a 128.4� 45.4a 12.6� 5.6b 3.4� 1.2b

Serum estradiol (mg/dl) 25.1� 8.87a 26.1� 9.21a 21.8� 7.26a 22.9� 6.61a

The mean differences between the values bearing different superscript letters are statistically significant (�0.05).
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of this disease, such as increase of AGEs, and in the oxidant

condition. In the present study immunocytochemistry indicated a

higher intensity of CML immunolabeling in localized points of the

diabetic prostate which widespread in the gland in higher periods of

diabetes. In addition, biochemical data not evidenced a marked

induction of oxidative stress, except for GST and a trend of increase

in MDA. It is important to note that although these data do not

indicate significant changes in markers of oxidative stress, the

influence of these factors in the imbalance of apoptosis in the

prostate cannot be ruled out because it is very possible that at

medium-term the changes have affected individual or groups of

cells and could not be detected in biochemical analysis of crude

prostate samples. Studies using double staining for markers of

oxidative stress and apoptosis in the gland are being done to clarify

this point. Moreover, previous studies have demonstrated that the

binding of AGE, such as CML, to receptors for advanced glycation

Fig. 1. Histological sections in the historesin of rat ventral prostate stained with H&E. A,B: Control group (C); C,D: control group treated with vitamin C (Cþ V); E–G:

untreated diabetic group (D); and H–J: diabetic group treated with vitamin C (DþV). Signs of acinus shrinkage (F) and epithelial fragments in the lumen were found in the

diabetic animals (I). e, epithelium; l, lumen; s, stroma; v, blood vessel; arrowhead, epithelial shrinkage; �, epithelium fragments. A,C,E,F,H,I: 200�, bars¼ 50mm; B,D,G,J: 1000�,

bars¼ 10mm.
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end-products (RAGE) initiates a cascade of signal transduction and

leads to the generation of ROS, the activation of Bax, and the

expression of pro-inflammatory and pro-apoptotic genes, such as

the c-Jun N-terminal kinase [Du et al., 1998; Wautier et al., 2001;

Buccellato et al., 2004].

Biochemical analyses indicated that 1 month of diabetes was not

sufficient to alter the biomarkers of oxidative stress in the blood of

rats, but a significant increase was noted in GST and a marginal

incremental increase in lipid peroxidation in the prostate. The

increase in GST activities may indicate a rise in the antioxidant

defense in the gland during diabetes, which might represent an

attempt to reverse the oxidative stress levels related to an initial

phase of AOS disturbance in the rat ventral prostate. It should be

noted that studies of long duration with experimental diabetes are

difficult to execute because of the low survival rates of animals

without proper insulin therapy, which, in turn, normalizes blood

glucose levels, and, as a consequence, reduces the injuries caused by

oxidative stress. Literature data about the AOS in other genital

organs, such as the testis and epididymis of rodents with similar

conditions of diabetes (4 weeks), are very discrepant; a decrease of

the main enzymatic markers (CAT, GPx, and SOD) was observed in

some cases [Shrilatha and Muralidhara, 2007a], and an increase was

reported in other studies [Armagan et al., 2006; Shrilatha and

Muralidhara, 2007b]. Comparing our prostate data with that of

above-mentioned studies, we conclude that there is no pattern of

response among the main biomarkers of AOS in the genital organs

under experimental diabetes, and such a response is probably tissue-

specific. In spite of these discrepancies, there seems to be a

consensus in the literature for the GST behavior, whose activity

increases in the testis, epididymis [Shrilatha and Muralidhara,

2007ab], and prostate after 1 month of diabetes. The GSTs are an

important class of enzymes with a crucial role in the detoxification

of intracellular reactive electrophiles and products of oxidative

stress by catalyzing the conjugation of these compounds with

Fig. 2. Immunohistochemical localization (A–E) of Ne-carboxymethyl lysine (CML) and relative frequency (F) of the CML immunostaining areas in tissue sections of ventral

prostate of (A) control (C); (B) control treated with vitamin C (Cþ V); (C) untreated diabetic (D); (D) diabetic treated with vitamin C (DþV) rats. (E) shows the positive control

of CML staining of rat ventral prostate after 3 months of untreated diabetes. Inset shows negative control. 400�, bars¼ 25mm. (F) The values of mean relative CML-positive

areas (%) were higher in diabetic in comparison with control prostates but not statistically different.
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glutathione [Hayes and Pulford, 1995]. Several reports have

indicated that GST acts as a protector against neoplasic transfor-

mation [Hayes and Pulford, 1995; Parsons et al., 2001; De Marzo

et al., 2007]. The relationship between inflammation and prostate

cancer was examined in several studies [De Marzo et al., 1999, 2007;

Putzi and De Marzo, 2000; Van Leenders et al., 2003]. Contrary to

PIN and in neoplasic lesions, GST expression (GSTP1 and GSTA1) is

high in PIA, suggesting that these lesions are subject to increased

oxidative stress, which has a relevant role in malignance [Parsons

et al., 2001; Nakayama et al., 2003; De Marzo et al., 2007;

Karaivanov et al., 2007]. It is necessary to mention that the

investigations attempting to elucidate the cause–effect connection

between prostate cancer and oxidative damage are based on the

biochemical analysis of biomarkers in the blood and not in the gland

itself [Kotrikadze et al., 2008; Sarafinovska et al., 2009]. In this

context, our experimental data with the rodent allowed us to

examine the behavior of antioxidant enzymes in the gland during

the development of diabetes sequelae. Correlating the present

histological and biochemical data with previous results from our

laboratory [Ribeiro et al., 2008] in which a alloxan-induced diabetes

resulted in an incidence �64% of prostate atrophy and �35% of

neoplasic lesions, we suggest that during the progression of diabetes,

Fig. 3. Levels of catalase (A,B), GST (C,D), GPx (E,F), and SOD (G) activities (U/mg protein) and MDA (H,I) (TBARS/mg tissue and TBARS/ml plasma) in ventral prostate extracts

and blood samples of control group (C), control treated with vitamin C (Cþ V), untreated diabetic (D), and diabetic treated with vitamin C (Dþ V) rats. The values are presented

as the mean� standard deviation. The mean differences between the values bearing different superscript letters are statistically significant (�0.05). Seven animals per group

were used for each biomarker of oxidative stress.

JOURNAL OF CELLULAR BIOCHEMISTRY OXIDATIVE STRESS IN THE PROSTATE OF DIABETIC RATS 2229



Fig. 4. Immunocytochemistry (A–D) for androgen receptor (AR) and quantification of AR-positive cells (E) in the acinar epithelium of rat ventral prostate of: (A) control

(C); (B) control treated with vitamin C (CþV); (C) untreated diabetic (D); (D) diabetic treated with vitamin C (DþV) groups. A–D: The arrows indicate the AR-negative cells

(blue nuclei). 400�, bars¼ 25mm. E: The values represent the mean relative frequency (%) of AR-positive cells in total cells of epithelium for above-mentioned groups. The

mean differences between the values bearing different superscript letters are statistically significant (�0.05).

Fig. 5. Variations in testosterone (A) and estradiol (B) serum levels (ng/dl). Control (C), control treated with vitamin C (CþV), untreated diabetic (D), and diabetic treated with

vitamin C (Dþ V). The mean differences between the values bearing different superscript letters are statistically significant (�0.05).
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Fig. 6. Identification (arrows) of apoptotic (A–D) and proliferating (E–H) cells and variations in their relative frequencies (I,J) in the acinar epithelium of rat ventral prostate

following TUNEL method (A–D,I) and immunocytochemistry for PCNA (E–H,J) in control (C); control treated with vitamin C (Cþ V); untreated diabetic (D); and diabetic treated

with vitamin C (Dþ V) groups. 400�, bars¼ 25mm. The values in I and J are the mean relative frequency (%) of apoptotic and proliferating cells in total cells of epithelium and

statistically significant differences (�0.05) are indicated by different superscript letters.
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the increase in GST activity in the prostate precedes the PIA andmay

influence the development of these lesions and other pathological

alterations. Such suggestion is reinforced by previous data from the

literature showing an ongoing oxidative insult may result in the

upregulation of GST in PIA [De Marzo et al., 1999; Parsons et al.,

2001] and downregulation of GST and other oxidative stress

markers during malignant progression [Oberley et al., 2000]. Our

data also indicate that the GST family, in addition to being a

valuable marker for pathological lesions in the prostate, is an

important component of protective mechanisms against prostate

oxidative damage in diabetes.

Several lines of evidence denote the protective effects of

supplementation with some antioxidants against prostate cancer,

but their actions on AOS in other disorders, like diabetes, have not

been carefully examined. Vitamin C has an advantage of having a

low inherent toxicity in humans and rodents even at high doses

[Cadenas et al., 1997; Gupta et al., 2004; Yasser et al., 2005]. Our

research demonstrated that vitamin C treatment in control rats did

not interfere with the activity of antioxidant enzymes and lipid

peroxidation levels in the prostate and blood. However, it partially

restored apoptotic rates and GST activity in the prostate of the

diabetic group. Therefore, it is possible that vitamin C had a

protective effect, not requiring an increase in GST activity and

leading to protection against prostatic lesions observed in diabetes.

As expected, the atrophic alterations observed in the prostate

after 1 month of STZ-induced diabetes were intermediate between

those described for shorter and longer times, with the acinar cells

exhibiting a cubical shape and a transitional phenotype between the

normal and the high atrophic aspect detected after 3 months of

diabetes [Ribeiro et al., 2008]. Our findings on the relative weight of

the prostate were discrepant from other studies [Scarano et al., 2006;

Bal et al., 2011; Fernandes et al., 2011].

Since we found no significant differences between experimental

groups and similar to those of Porto et al. [2011]. It should be noted

that the mean prostate relative weight of the diabetic group

decreased approximately 20% compared with the control and

recovered after treatment with vitamin C (Table I). It is likely that this

reduction was not statistically significant due to the variation of this

value in the control group and marked body weight loss observed

here for the diabetic animals, which certainly reflects their

high glycemia. Similarly to the short-term studies, our data showed

a drastic androgen reduction in the D and DþV groups which

paralleled the reduction of androgen-responsive and proliferating

cell levels, indicating testosterone drift is the main factor responsible

for gland atrophy and the disturbance of proliferation and cell death.

They are also consistent with previous studies, which demonstrate

that prostate involution after experimental diabetes requires both an

increase in apoptosis and a reduction in cell proliferation [Baynes

et al., 1989; Ikeda et al., 2000]. Additionally, we found that the

negative effect on the proliferation activity of prostate acinar

epithelium is not an immediate response to experimental diabetes

but persists at medium-term. Our data indicated that antioxidant

treatment reduced the cell proliferation both in control as in diabetic

groups. These findings together with low impact of medium-term

diabetes in AOS, difficult the discrimination of mechanism affecting

cell proliferation in diabetes.

In conclusion, the present study indicates the unbalanced cell

proliferation and death in the rat prostate at medium-term

streptozotocin-induced diabetes. No marked induction of oxidative

stress was observed in the prostate at this period of diabetes but the

incremental increase in GST activity suggests that it is also an

important component in the defense against oxidative damage in

the prostate under diabetes. Additionally, vitamin C supplementa-

tion of diabetic rats improved the antioxidant defense concerning

GST and recovered the apoptotic rates in the prostate.
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