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Abstract 

We investigated the insulin-signaling pathway and epithelial cell proliferation in the rat 

prostate in a model of insulin resistance, induced by dexamethasone, and correlated these with the 

expression of glucocorticoid (GR) and androgen (AR) receptors. Insulin resistance was induced in 

adult male Wistar rats by injection of dexamethasone-phosphate (DEX; 1 mg/kg, i.p.) for 5 days, 

whereas control (CTL) rats received saline. Rats were weighed daily and, following treatment, the 

ventral prostates were removed, weighed and prepared for immunoblotting or immunocytochemical 

reactions. Dexamethasone treatment resulted in a significant decrease in body weight, but not of 

prostatic weight. Reductions in the insulin-signaling pathway IRS-1/AKT/mTOR, AR and GR levels 

were observed in the prostate of dexamethasone-treated rats, compared with the CTL group. IR 

and ERK protein expressions were similar in both groups; p-ERK levels increased, but not 

significantly, in DEX rats and PI3K, p70 and p-AKT protein content showed a tendency towards 

reduction in the prostate of insulin-resistant rats, although this was not significant. The frequency of 

AR-positive cells in the acinar epithelium of the prostate decreased in the glucocorticoid-treated 

group, in addition, the intensity of the reaction for this receptor in the cell nuclei was lower in this 

group. Furthermore, the treatment with dexamethasone reduced the frequency of PCNA-positive 

cells by 30-fold. This investigation shows that downregulation in the IRS-1/AKT/mTOR pathway in 

the prostate of dexamethasone-treated rats induces a reduction in the initial steps of insulin action, 

which affects the signaling pathway involved in the stimulation of epithelial cell proliferation. 

 

Keywords:  insulin resistance, insulin signaling, prostate, dexamethasone, cell proliferation.   
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Introduction 

Insulin resistance is a disorder in which target cells fail to respond to normal levels of 

circulating insulin. An increased metabolic demand for insulin in several tissues commonly 

precedes the development of hyperglycemia. In the course of time, � cell compensation for insulin 

resistance fails, resulting in a progressive decline of � cell function that leads to type 2 diabetes 

(Kasuga, 2006). Recently, it was demonstrated that the administration of dexamethasone, a 

synthetic glucocorticoid, for 5 days in adult rats induces hyperinsulinemia and insulin resistance in 

a dose-dependent fashion (Rafacho et al., 2008). 

Clinical and experimental studies demonstrate the deleterious effects of diabetes on the 

genital system, which is associated mainly with erectile dysfunction and infetility (Jackson & 

Hutson, 1984; Scarano et al., 2006). Experimentally induced diabetes impairs spermatogenesis, 

which can be accompanied by decreases in the weights of reproductive organs, such as the 

prostate, and a reduction in serum testosterone levels (Seethalakshmi et al., 1987; Saito et al., 

1996). Prostate atrophy, induced by diabetes, was accompanied by lower cell proliferation and 

higher apoptotic rates in acinar epithelium (Arcolino et al., 2010). Androgens are probably the main 

trophic factor in the prostatic acinar epithelium, being fundamental for normal cellular proliferation 

and differentiation and also for malign transformation (Cunha et al., 1992; Marker et al., 2003; Yan 

& Brown, 2008; Yuan & Balk, 2009). Thus, while mounting evidence has implicated testosterone 

withdrawal and AR signaling in the prostate modifications induced by diabetes, the understanding 

of the cellular mechanisms underlying these alterations is incomplete and their putative interactions 

with impaired insulin actions are unknown (Cagnon et al., 2000). Furthermore, most experimental 

studies concerning the response of the prostate to diabetes are based on experimental protocols of 

type 1 diabetes and knowledge of the effect of the more common type 2 diabetes and insulin 

resistance on this gland are still incipient (Ribeiro et al., 2008; Vikran et al., 2010a). In rat ventral 

prostate, dexamethasone treatment resulted in epithelial and smooth muscle cell atrophy and 

alterations in fibroblasts. Mitochondrial changes have also been detected in the prostatic smooth 

muscle cells, indicating possible deleterious effects of glucocorticoid (Ribeiro et al., 2008). 

Insulin exerts important metabolic and cellular mitogenic effects mediated through the 

insulin receptor (IR) that is present in virtually all vertebrate tissues (Kahn, 1985). IR, a 
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transmembrane glycoprotein with intrinsic tyrosine kinase activity, undergoes rapid 

autophosphorylation and subsequently phosphorylates intracellular protein substrates, including 

IRS-1 and IRS-2 (Cheatham & Kahn, 1995). Phosphorylated IRS acts as a protein scaffold that 

activates the phosphatidylinositol 3-kinase (PI3K) (Yenush & White, 1997). Downstream from PI3K, 

the serine threonine kinase (AKT), is activated playing a pivotal role in the regulation of various 

biological processes, including apoptosis, proliferation, differentiation, and intermediary metabolism 

(Downward, 1998; Chen et al., 2001). AKT phosphorylates many proteins with essential 

physiological roles, including Rheb (Inoki et al., 2003). Rheb leads to the activation of the 

mammalian target of rapamycin (mTOR) pathway, which phosphorylates the p70S6K, which is 

important for protein synthesis. The mTOR pathway is a key regulator of cell growth and 

proliferation, and increasing evidence suggests that its deregulation is associated with human 

diseases, including cancer and diabetes (Ueno et al. 2005; Sabatini, 2006). Besides PI3K 

activation, a contribution of mitogen-activated protein kinase (MAPK) pathway, especially 

extracellular signal-regulated kinase (ERK) activation, to proliferation, protection against cell death 

and gene expression has been observed although its significance is not completely understood 

(Briaud et al., 2003; Lawrence et al., 2005). Protein and phospholipid phosphatases modulate the 

strength and duration of insulin signals. Depending upon the tissue site, dysregulation of these 

heterologous signaling mechanisms can progress to glucose intolerance, hyperinsulinemia, 

dysregulated lipid metabolism, and insulin resistance (White, 2003). 

Much is known about the glucose metabolism and the insulin signaling pathway in insulin-

responsive tissues such as muscle, fat, and liver (Saad et al., 1992; Paéz-Espinosa et al., 1998), 

although studies show that  insulin plays an important role in the metabolism and functioning of the 

prostate, the downstream signaling pathways in the gland are practically unknown. Thus, we 

investigated the insulin signaling pathway and epithelial cell proliferation in the rat prostate in a 

model of decreased insulin sensitivity induced by dexamethasone. 

 

Materials and methods 

Materials 

Dexamethasone-phosphate (Decadron) was from Aché (Campinas, SP, Brazil). SDS-PAGE 
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and western blotting were performed using Bio-Rad systems (Hercules, CA, USA), and all 

chemicals used were from Rio-Rad and from Sigma (St. Louis, MO). Anti-IR� (sc-710), anti-IRS-1 

(sc-560), anti-AKT (sc-8312), anti-phospho-AKT Ser473 (sc-7985-R), anti-p70 S6K (sc-8418), anti-

phospho-ERK (sc-7383), anti-AR (sc-816), anti-GR (sc-1004) and anti-PCNA (sc-56) were from 

Santa Cruz Biotechnology (Santa Cruz, CA). Anti-mTOR (7C10) was from Cell Signaling 

Technology (Beverly, MA). Anti-PI3K, subunit p85, (06-195) and anti-ERK (06-182) were from 

Upstate (Lake Placid, NY). Anti-beta-actin (ab8227) was from Abcam (Cambridge, MA). 

 

Animals and dexamethasone treatment 

Adult male Wistar rats (320-420 g) obtained from the UNESP-São Paulo State University 

Animal Care Unit, Campus of Botucatu, were kept at 22±2°C on a 12h light/dark cycle. The rats 

had free access to food and water. The experimental group (DEX) received daily injections of 

dexamethasone-phosphate (1 mg/kg body weight, dissolved in saline, intraperitoneally for 5 days), 

whereas control (CTL) rats received saline (1 ml/kg body weight intraperitoneally for 5 days). Rats 

were weighed daily. Following treatment, animals of both groups were anaesthetized by CO2 

inhalation and killed by decapitation. The ventral prostates were removed and weighed. 

Experiments with animals were approved by the institutional UNESP Committee for Ethics in 

Animal Experimentation and conform to the Guide for the Care and Use of Laboratory Animals. 

 

Protein extraction and immunoblotting 

Fragments of ventral prostate were homogenized for 15 seconds at the maximum speed in 

ice-cold cell lysis buffer (Cell Signaling). The samples were centrifuged for 15 minutes at 4°C and 

the supernatants were removed. Protein concentration from total cell lysate was determined by the 

RCDC method (reducing agent compatible and detergent compatible assay), according to the 

manufacturer (Bio-Rad). Protein obtained from prostate (150 μg) was used for each experiment. 

Electrotransfer of proteins from the gel to nitrocellulose membrane was performed for 90 min at 

120 V (constant) in a Bio-Rad miniature transfer apparatus (Mini-Protean) with 0.02% SDS and 

20% methanol. After blocking at room temperature for 2 hours in Tris buffer salt tween (TBST) dry 

skimmed milk, membranes containing prostatic cell lysates were washed in TBST and incubated 
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overnight with the appropriate primary antibodies. After washing in TBST, membranes were 

incubated with the appropriate secondary antibody. Antibody binding was detected by enhanced 

SuperSignal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL), as described by the 

manufacturer. Blots were scanned and the densitometry of protein bands was determined by pixels 

intensity using Scion Image software (Scion Corporation, Frederick, MD). The protein content 

values were corrected by expression of �-actin, used as a control blot. 

 

Immunocytochemical reactions 

Prostatic fragments were fixed by immersion in metacarn and embedded in paraffin. 

Histological sections were submitted to antigen retrieval in citrate buffer, pH 6.0, for 20 min and 

treated for a further 30 min in 3% H2O2 in methanol to block endogenous peroxidases. Sections 

were treated for 15 min with a background sniper blocker to eliminate non-specific binding (Biocare 

Medical, Concord, CA). Sequentially, slides were incubated with the following primary antibodies, 

diluted 1:100 in 1% BSA: rabbit anti-androgen receptor (overnight, at 4°C) and mouse anti-PCNA 

(1 h, at 37°C). AR detections were performed with biotinilated secondary anti-rabbit antibody, for 

45 min, followed by the ABC Staining System (sc-2018, Santa Cruz Biotechnology), according to 

the manufacturer’s instructions. Anti-PCNA was detected by Polymer conjugated to peroxidase 

(Novolink Polymer; Novocastra, Norwell, MA), for 45 min. The reactions were revealed with 

diaminobenzidine (0.03% in TBS) and sections were stained with haematoxylin. Negative controls 

were obtained by omission of the primary antibody. Slides were observed using a Zeiss-Jenamed 

light microscope (Jena, Germany) coupled with a camera and a semi-automatic image analysis 

system (Image-Pro Plus Media Cybernetics version 4.5 for Windows software, Bethesda, MD). 

 

Quantitative and statistical analysis  

The quantification of PCNA- and AR-positive cells in the acinar epithelium of the ventral 

prostate was performed by using 20 microscopic randomly selected fields at 200x. Three rats were 

employed, resulting in 60 fields per group. The immunoreaction index was calculated as the 

number of positive nuclei in the epithelial cells divided by the total number of epithelial cell nuclei 

counted, expressed as a percentage. Statistical comparisons between data from the DEX and CTL 
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groups were performed using the unpaired Student’s t-test. Values of P<0.05 were considered 

statistically significant and results are expressed as means ± SE. 

 

Results 

 

Biometric parameters 

 Table 1 represents the mean values of body weight and prostatic weight of the control and 

dexamethasone-treated groups. The body weight of DEX animals was reduced significantly by 

20% when compared with the controls (P<0.05, n=4). However, the prostatic weight did not differ 

significantly between groups. 

 

Insulin signaling in the prostate of insulin-resistant rats 

Western blotting experiments were performed to determine modification in the insulin 

signaling pathway in the prostate of insulin-resistant rats. Insulin receptor (IR) protein expression 

was similar in the prostate of control and dexa-treated rats (CTL 0.89±0.24 vs. DEX 0.91±0.05, Fig. 

1A). IRS-1 protein content was significantly reduced in the DEX group (CTL 1.08±0.09 vs. DEX 

0.83±0.04, P<0.05, Fig. 1B). A marginal, but not significant, reduction in the phosphatidylinositol 3-

kinase (PI3K) protein expression, p85 regulatory subunit, was observed in the prostate of dexa-

induced animals (CTL 0.68±0.13 vs. DEX 0.57±0.04, Fig. 1C).  

AKT protein levels were reduced significantly in the DEX group (CTL 0.98±0.05 vs. DEX 

0.79±0.04, P<0.05, Fig. 2A), but this reduction was not significant in the phospho-AKT (CTL 

0.63±0.09 vs. DEX 0.52±0.15, Fig. 2B). mTOR protein content was significantly reduced in the 

prostate of dexa-treated animals (CTL 0.61±0.13  vs. DEX 0.24±0.07, P<0.05, Fig. 2C). Although 

not significantly different, towards a reduction in p70s6k was noticed in the DEX group, compared 

with the CTL group (CTL 0.90±0.15 vs. DEX 0.63±0.17, Fig. 2D).  

In both groups, the ERK protein expression was similar (0.92±0.06 for CTL and 0.92±0.05 

for DEX animals, Fig. 3A). The levels of p-ERK increased, but not significantly, in dexa-treated rats 

(CTL 0.60±0.13 vs. DEX 0.91±0.13, Fig. 3B).  
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Treatment with dexamethasone decreased GR and AR expression 

A significant reduction in glucocorticoid receptor (GR, CTL 1.30±0.15 vs. DEX 0.66±0.21, 

P<0.05, Fig. 4A) and androgen receptor (AR, CTL 1.81±0.26 vs. DEX 0.57±0.18, P<0.05, Fig. 4B) 

protein expression was observed in the prostate of DEX animals. 

 

Immunocytochemical analysis 

Immunocytochemical methods were used to detect proliferation of cell nuclear antigen 

(PCNA) and androgen receptor (AR). The frequency of PCNA-positive cells in the acinar 

epithelium of the prostate decreased 30-fold in the dexamethasone-treated group, when compared 

with controls (CTL 5.40±0.64% vs. DEX 0.18±0.05%; P<0.001; Fig. 5A-B and 7A). Although 

treatment with dexamethasone has caused only a small reduction in the frequency of AR-positive 

cells in the rat prostate, the intensity of staining in each nucleus decreased sharply, in particular in 

the intermediate gland region (CTL 97.71±1.09% vs. DEX 88.64±1.82%; P<0.05; Fig. 6 and 7B).  

 

Discussion 

The effects of glucocorticoids in vivo include both impaired insulin-dependent glucose 

uptake in the periphery and enhanced gluconeogenesis in the liver (Rizza et al., 1982; Rooney et 

al., 1994). We have recently demonstrated that peripheral insulin resistance has been confirmed 

by the high levels of glucose and fast serum insulin measured in dexamethasone-treated rats 

(Rafacho et al., 2009). In addition, glucocorticoids oppose other actions of insulin, including its 

effect on central appetite reduction (Chavez et al., 1997). In this study, animals in the DEX group 

demonstrated reduced body weight, probably due to the action of insulin’s anorexigenic effects in 

the hypothalamus (Wood et al., 1979; Santos et al., 2007). Nevertheless, the prostatic weight did 

not differ between groups.  

A previous investigation reported that glucocorticoid-induced insulin resistance led to 

epithelial and smooth muscle cell atrophy in the rat ventral prostate and structural alterations in 

fibroblasts and mitochondria (Ribeiro et al., 2008). A novel set of experiments based on this model 

of hyperinsulinemia now examines the insulin-signaling pathway in this gland. Our results show 

that, after treatment with dexamethasone, there was no change in insulin receptor levels, however 
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a significant reduction in the expression of IRS-1 could be observed in the rat prostate. This is in 

agreement with other studies, such as in the muscle of dexamethasone treated rats (Saad et al., 

1993; Rojas et al., 2003). Additionally, a significant decrease in AKT content was observed in the 

prostate of insulin-resistant rats. The decrease in the IR/IRS/PI3K/AKT pathway could also be 

demonstrated in the liver and muscle of hyperinsulinaemic rats (Ueno et al., 2005) and in adipocyte 

cells incubated with dexamethasone (Burén et al., 2002). 

A major downstream target of AKT is mammalian target of rapamycin (mTOR), which has 

key roles in cell survival, growth, protein synthesis, cellular metabolism and angiogenesis (Garcia 

& Danielpour, 2008). Our findings showed that, after treatment with dexamethasone, there was a 

drastic reduction in mTOR expression in the ventral prostate. The downregulation in AKT/mTOR 

signaling in the prostate explains the reduction in cell proliferation detected in the gland of this 

model of insulin resistance. Current estimations suggest that PI3K/AKT/mTOR signaling is 

upregulated in 30-50% of prostate cancers. Multiple inhibitors of this pathway have been 

developed and are being assessed, with attention focusing on mTOR inhibition (Morgan et al., 

2009). In prostate cancer cells, mTOR and p70s6k are downstream of PI3K and AKT in regulating 

G1 cell cycle progression. PI3K transmits the mitogenic signal through AKT, mTOR to p70s6k, 

suggesting that the PI3K/AKT/mTOR/ p70s6k signaling pathway could serve as a target for 

therapeutic intervention in prostate cancer (Gao et al., 2003). Additional in vivo studies with lower 

doses of dexamethasone may provide new information about its antiproliferative effects on prostate 

cells and its potential use in the treatment of proliferative prostate disorders.   

Besides the reduction in the insulin-signaling pathway, we also noticed a significant 

decrease in the expression of glucocorticoid receptors (GR) and androgen (AR) in the prostate of 

rats treated with dexamethasone. Glucocorticoids can inhibit androgen signaling, since the GR and 

AR inhibit the transcriptional activity of each other in cultured cells (Chen et al., 1997). A study in 

the prostate cancer cell lines, DU145 and PC-3, showed a dose-dependent decreased level of GR 

after treatment with dexamethasone, where this reduction was more evident in PC-3 cells than in 

DU145 cells. These results support the hypothesis that dexamethasone inhibits the growth of 

prostate cancer cells through intrinsic GRs (Nishimura et al., 2001). As regards to the androgen 

receptor, a recent study demonstrated that the inhibition of the PI3K pathway activates AR 
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signaling. Despite the increase in AR signaling, which has proliferative effects, PI3K pathway 

inhibition has antiproliferative effects, suggesting that the PI3K pathway is dominant over AR 

signaling in prostate cancer cells (Kaarbo et al., 2010). 

Experimental evidence has shown the association between insulin resistance, caused by 

the excess of fat in feeding, and prostate enlargement (Cai et al., 2001; Escobar et al., 2009; 

Vikram et al., 2010a). Furthermore, clinical trials have indicated a positive correlation between 

insulin resistance and higher risk of benign prostatic hyperplasia (BPH), which has been reinforced 

by experimental data (Kasturi et al., 2006; Vikram et al., 2010b). In this context, the decrease in 

prostatic cell proliferation observed after dexamethasone-induced insulin resistance may appear 

contradictory. However, previous experiments from our laboratory in which rat insulin resistance 

was induced by high-fat diet also led to the downregulation of IRS-1, AKT and AR in the rat ventral 

prostate, however PI3K and cell proliferation were increased (unpublished data). According to 

Escobar et al. (2009), dietary saturated fat influences prostate growth and proliferation via 

peroxysome-proliferator-activated receptor gamma and upregulation of AR. On the other hand, in 

dexamethasone-induced insulin resistance, there is a downregulation of GR and AR in the 

prostate, as well as of IRS-1/AKT/mTOR.  

Thus, the present results indicate the occurrence of a specific signaling mechanism in 

dexamethasone- and high-fat dietary induced insulin resistance. We have demonstrated, for the 

first time, a downregulation in the IRS-1/AKT/mTOR pathway in the prostate of dexamethasone-

treated rats that induces a reduction in the initial steps of insulin action, in turn affecting the 

signaling pathway involved in the stimulation of epithelial cell proliferation in the prostate. 
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Figure Legends 

Figure 1. Protein content of A, insulin receptor � (IR�); B, insulin receptor substrate-1 (IRS-1); and 

C, phosphoinositide 3-kinase (PI3K) in the ventral prostate of rats treated with saline (CTL) and 

dexamethasone (DEX). Data are reported as means ± SE. *P<0.05 compared to control (Student’s 

t-test), n=4. 

 

Figure 2. Protein expression of A, serine-threonine protein kinase (AKT); B, phosphorylated serine-

threonine protein kinase (pAkt); C, mammalian target of rapamycin (mTOR); D, ribosomal protein 

S6 kinase (p70s6k) in the ventral prostate of rats treated with saline (CTL) and dexamethasone 

(DEX). Data are reported as means ± SE. *P<0.05 compared to control (Student’s t-test), n=4. 

 

Figure 3. Protein content of A, extracellular signal-regulated kinase (ERK); and B, phosphorylated 

extracellular signal-regulated kinase (p-ERK) in the ventral prostate of rats treated with saline 

(CTL) and dexamethasone (DEX). Data are reported as means ± SE, P>0.05 (Student’s t-test), 

n=4. 

 

Figure 4. Protein expression of A, glucocorticoid receptor (GR); and B, androgen receptor (AR) in 

the ventral prostate of rats treated with saline (CTL) and dexamethasone (DEX). Data are reported 

as means ± SE. *P<0.05 compared to control (Student’s t-test), n=4. 

 

Figure 5. PCNA immunocytochemistry of the intermediate region of the ventral prostate of control 

rats (A) or rats treated with dexamethasone (B). PCNA-positive cells are indicated by arrowheads. 

Note that proliferation in the prostate epithelium decreases significantly in the dexamethasone 

group (B). Scale bar: 20 μm. 

 

Figure 6. Immunocytochemistry for AR in the ventral prostate of control rats (A-C) or rats treated 

with dexamethasone (D-F). Distal region (A, B, D and E) and intermediate region of the acini (C 

and F). Note the reduction in the staining of the androgen receptor in the prostate epithelium of the 

dexa-treated group and the decreasing intensity of nuclear staining for this receptor after treatment 
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with dexamethasone. Scale bars = 100μm for A and D; 20μm for B, C, E and F. 

 

Figure 7. Relative frequency (%) of immunoreactions for PCNA-positive cells (A) and AR-positive 

cells (B). Data are reported as means ± SE. *P<0.05 compared to control (Student’s t-test). 
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Table 1. Mean values of body and prostatic weight of control and dex-treated groups 

 CTL DEX 

Body weight (g) 396.25±18.3 317.5±24.5* 

Prostatic weight (mg) 0.527±0.013 0.510±0.028 

 

Data are mean ± SE. *Significantly different from control, P<0.05, n=4. 
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