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Abstract

Type 2 diabetes has been associated with decreased risk of prostate cancer in observational studies, and this inverse
association has been recently confirmed in several large cohort studies. However the mechanisms involved in this protective
effect remain to be elucidated. The aim of the present study was to explore whether different features of type 2 diabetes
(hyperinsulinemia, hyperglycemia and tumor necrosis factor alpha [TNF-a]) protect against the development of prostate
cancer. For this purpose LNCaP cells were used for in vitro experiments and nude mice in which PAC120 (hormone-
dependent human prostate cancer) xenografts had been implanted were used for in vivo examinations. We provide
evidence that increasing glucose concentrations downregulate androgen receptor (AR) mRNA and protein levels through
NF-kB activation in LNCaP cells. Moreover, there was a synergic effect of glucose and TNFa in downregulating the AR in
LNCaP cells. By contrast, insulin had no effect on AR regulation. In vivo experiments showed that streptozotocin-induced
diabetes (STZ-DM) produces tumor growth retardation and a significant reduction in AR expression in PAC120 prostate
cancer mice. In conclusion, our results suggest that hyperglycemia and TNF-o play an important role in protecting against
prostate cancer by reducing androgen receptor levels via NF-kB.
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Introduction PCa, lower PSA levels that exist in diabetic patients could lead to
diagnosis delay, thus increasing the incidence of high-grade/
advanced PCa. However, it should be noted that the protective
effect of diabetes on PCa is not simply a consequence of detection
bias from delayed diagnosis due to lower PSA levels [5,14,15].
The precise mechanisms involved in the protective effect of
T2D on PCa development remain to be elucidated. It has been
[1]. reported that individuals with increased genetic susceptibility to

T2D has been recognized as a key factor contributing to the T2D have a decreased risk of PCa [16-18]. In this regard it has
development of solid organ malignancies including liver, pancreas,

colorectal, breast, endometrial, uterine, and bladder [2,3] How-
ever, several large cohort studies have demonstrated a significant
decreased risk of PCa in T2D [4-7]. In addition, it has been
observed that the magnitude of this inverse association is higher
with increasing duration of diabetes [4,8]. Although long-standing
diabetes protects against PCa development, there is evidence that
diabetic men may have a worse outcome because they have
hystologically more aggressive PCa in comparison with non-
diabetic patients [9—11]. One of the reasons for this feature could
be the lower serum levels of prostate-specific antigen (PSA) that
type 2 diabetic patients present in comparison with nondiabetic
subjects [5,12,13]. Since PSA is the current screening method for

Type 2 diabetes (T2D) and prostate cancer (PCa) are two major,
growing health problems that affect millions of men worldwide.
PCa is an androgen-dependent malignancy which constitutes the
most common solid organ cancer in men in the US, Canada and
Australia, and the second most common cancer in men globally

been shown that the same variation in the HNF1B (also known as
TCF?2) gene, which is associated with increased PCa risk, confers
protection against T2D [19]. Other explanations proposed have
included the progressive development of beta cell exhaustion with
insulin depletion and the association of diabetes with lower
testosterone and insulin growth factor 1 (IGF1) levels [15]. In
addition, it should be noted that low-degree inflammation is a
significant component of T2D and that higher serum levels of
tumor necrosis factor alpha (TNF-o) in comparison with
nondiabetic controls have been reported [20]. Recently we
provided evidence that TNFo may play an essential role in
downregulating SHBG and serum levels of testosterone [21,22].
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Figure 1. Hyperinsulinemia does not change androgen receptor levels in LNCaP cells. (A) Relative AR mRNA levels in the presence of
different insulin concentrations are shown. Human 18 S mRNA was amplified as a control. Data points are shown as mean = SD of triplicates. (B)
Analysis of AR protein levels in the presence of different insulin concentrations in LNCaP cells by western blot. PPIA has been used as a housekeeping
reference protein. (C) Phosphorylation levels of IRS-1 and PS6 in LNCaP cells treated during 4 days with different concentrations of insulin measured
by western blotting. PPIA has been used as a housekeeping reference protein.

doi:10.1371/journal.pone.0074179.g001

Therefore, a cross-talk between inflammation and androgen levels
could be a underlying mechanism accounting for the low risk of
PCa observed in T2D. Furthermore, it has recently been shown
that several inflammation-related genes are associated with serum
androgen levels in men [23].

Since PCa is androgen-dependent, the first aim of the present
study was to examine whether insulin or glucose levels had any
effect on the androgen receptor (AR) in PCa LNCaP cells (an
androgen-sensitive immortalized PCa cancer cell line) [24]. In
addition, given that TNF-a is upregulated in T2D and a negative
regulation of AR expression by TNI-oo has been previously
reported [25], we wanted to explore whether TNF-oo had any
effect on AR regulation in our @ vitro system. Moreover, since
hyperglycemia is able to activate NF-kB in endothelial cells,
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pericytes and vascular smooth muscle cells [26-30], and NF-xB
activation might be involved in AR downregulation [25,31], we
examined whether hyperglycemia could reduce AR levels through
NF-kB activation in LNCaP cells. Finally, a PAC120 prostate
cancer mouse model [32] treated with streptozotocin (STZ) was
used to evaluate in vivo the effects of hyperglycemia on AR
regulation and tumor growth.

Materials and Methods

Cell Culture

The human prostate cancer cell lines LNCaP were obtained
from the American Type Culture Collection (Rockville, MD, US)
and were plated in 75 cm?2 flasks and cultured in RPMI 1640
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(PAA Laboratories, Pasching, Austria) containing 10% FBS, 1%
Penicillin/Streptomycin, 1% Hepes and different insulin concen-
trations (20, 100 or 200 pIU/ml) or glucose concentration (5, 10
or 30 mM of D-glucose and 5 or 30 mM of L-glucose) for 4 days.
LNCaP cells were also treated with increasing amounts of D-
glucose (5 mM, 10 mM and 30 mM) in the presence or absence of
TNFa (50 ng/ml) or QNZ (Enzo Life Sciences International, Inc.
PA, USA). Cells were maintained in a humidified incubator with
5% COy at 37°C. All in vitro experiments were done at least in two
independent experiments by triplicate.

Animal Model

For in vivo studies a PAC120 PCa mouse model was used. De
Pinieux et al [33] created this model of human PCa using tissue
obtained by transurethral resection of a locally recurrent PCa.
This PCa tissue was established as the transplantable xenograft in
nude mice, where it grew locally and displayed the same
immunophenotype as the original tumor.

Five-week-old athymic swiss mice (Charles River Laboratories,
Inc) were housed in the single pathogen free zone of the Animal
Facility Laboratories of the Institut de Recerca de Vall d’Hebron
and they were provided with food and water ad lbitum. Prostate
tumors were sliced into 5x5 mm pieces and grafted subcutane-
ously as previously described [33]. The surgical interventions were
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performed under isofluorane anesthesia and meloxicam analgesia,
and all efforts were made to minimize suffering. The protocol was
approved by the CEEA (Comité Etic Experimentacié Animal) of
the Research Institute Hospital Vall d’Hebron (Permit number
14/05 CEEA). All experimental procedures were conducted in
accordance with institutional standards, which fulfilled the
requirements established by the Spanish Government and the
European Community (Real Decreto 223/1988 and BOE 256,
10/25/90). Tumor growth was assessed by measuring two
perpendicular diameters with a caliper. The volume (V) of each
tumor was measured once a week and was calculated as previously
described [33]. The median of tumor volumes was calculated for
each group of mice.

Animal Treatment

Mice were divided into four groups: a) mice injected with 6 mg
of streptozotocin (STZ) (Sigma-Aldrich, Madrid, Spain) intraper-
itoneally (IP), one week before the tumor was grafted; b) mice
treated with STZ IP after tumor implantation; c) mice treated with
the vehicle (citrate buffer 50 mM pH 4,5) IP and d) non-treated
mice. Blood samples were taken twice a week by saphenous vein
for measurements of their glycemia as a control of the
maintenance of diabetic status. At the end of the experiments,
treated and control animals were sedated by CO? and immedi-
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Figure 2. Hyperglycemia downregulates androgen receptor levels in LNCaP cells. (A) Relative AR mRNA levels in the presence of different
D-glucose concentrations are shown. Human 185 mRNA was amplified as a control. Data points are shown as mean = SD of triplicates. (B) Analysis of
AR protein levels in the presence of different D-glucose concentrations in LNCaP cells by western blot. PPIA has been used as a housekeeping

reference protein.
doi:10.1371/journal.pone.0074179.g002
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Figure 3. Synergic effects of hyperglycemia and TNFa on the androgen receptor downregulation in LNCaP cells. (A) Relative AR mRNA
levels in LNCaP treated with an increasing concentration of D-glucose with or without TNFo. Human 18 S mRNA was amplified as a control. Data
points are shown as mean * SD of triplicates. *P<<0.05 and **P<<0.01 compared with 5 mM of D-glucose. (B) Analysis of AR protein levels in LNCaP

cells treated as in A measured by Western blotting using PPIA as a housekeeping reference protein.

doi:10.1371/journal.pone.0074179.9003

ately sacrificed by cervical dislocation. Tissue were collected and
frozen at —80° or in formalin.

Histology

Tumor samples were fixed with formalin and paraffin-embed-
ded; then five WM-thick tumor sample sections were hydrated with
xylene (3x10 min) and ethanol at decreasing concentrations
(100%, 90%, 70%, 30%; 2x5 minutes each) and stained with
hematoxilin (30 seconds) (Surgipath Medical Industries, Inc., IL,
US) and eosin (20 seconds) (Sigma-Aldrich). Finally, samples were
dehydrated with graded ethanol solutions (as described above) and
cleared in xylene before being mounted with DPX (Panreac SA,
Barcelona, Spain).

Immunohistochemistry

After the de-waxed and hydration processes, the slides were pre-
treated using a microwave antigen retrieval method (Dako
Diagnostics SA, Barcelona, Spain). Endogenous peroxidase was
quenched before overnight incubation at 4°C with anti androgen
receptor (rabbit polyclonal AR C-19, Santa Cruz Biotechnology

PLOS ONE | www.plosone.org

Inc., Heidelberg, Germany) used at 1:50 and with monoclonal
mouse anti-human cytokeratin, (clones AE1/AE3; Dako, Den-
mark). After several washes, sections were incubated 30 minutes at
room temperature with secondary antibodies conjugated with
HRP (Dako Diagnostics SA), and reactions were developed for
1 min with diaminobenzidine and the HyO, system. Appropriate
negative controls were performed incubating sections without the
primary antibody.

RNA Analysis

Total RNA was extracted from LNCaP D-glucose and L-
glucose treated cells using RNeasy Mini kit, (QIAGEN SL,
Madrid, Spain) Reverse transcription (RT) was performed at
42°C, for 50 min using 2 pg of total RNA and 200 U of
Superscript II together with an oligo-dT primer and reagents
provided by Invitrogen. An aliquot of the RT product was
amplified in a 25- pl reaction using SYBRGreen (Invitrogen SA,
Barcelona, Spain) with appropriate oligonucleotide primer pairs
corresponding to human androgen receptor (forward primer 5’-

TGAAAGCCATGCTACTCTTCAG-3" and reverse primer 5'-
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Figure 4. Hyperglycemia reduces androgen receptor levels via NF-kB activation in LNCaP cells. (A) Relative AR mRNA levels in LNCaP
treated with 5 mM or 30 mM glucose. Human 18 S mRNA was amplified as a control. Data points are shown as mean * SD of triplicates. *P<<0.05 and
**P<0.01 compared with 5 mM glucose. (B) Analysis of AR and phospho-p-65 protein levels in LNCaP cells treated as in A measured by Western
blotting using PPIA as a housekeeping reference protein. (C) Relative AR mRNA levels in LNCaP treated with 5 mM or 30 mM glucose in the absence
or presence of QNZ (25 nM). Human 18 S mRNA was amplified as a control. Data points are shown as mean * SD of triplicates. *P<<0.05 and
**P<0.01 compared with 5 mM glucose. (D) Analysis of AR protein levels in LNCaP cells treated as in C measured by Western blotting using PPIA as a
housekeeping reference protein.

doi:10.1371/journal.pone.0074179.9g004

GCTCA CCATGTGTGACTTGAT-3"), human 18S (forward were analyzed using the 7000 SDS program and quantified by

primer 5'- TAACGAACG AGACTCTGGCAT-3" and reverse the comparative C-r method (27AACT method).
primer  5'-CGGACATCTAAGGGCATCACAG-3"). Results
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Figure 5. Treatment with streptozotocin reduces prostate
tumor growth in PAC120 mouse model. (A) Pictures of tumors
developed in vehicle treated mice (n=5) (i), STZ treated after or before
tumor implantation (n=7 for both) with reduced (i) or no tumor
growth (iii). (B) Comparison of tumor volume for non-treated (n=5) and
citrate treated (n=5) mice. (C) Tumor volume of STZ-treated animals
after tumor implantation compared with tumor volume of citrate
treated mice. (D) Tumor volume of STZ-treated animals before tumor
implantation compared with tumor volume of citrate treated mice. Data
are mean = SD. *P<<0.05 and **P<<0.01 compared with the control.
doi:10.1371/journal.pone.0074179.g005
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Western Blot Analysis

After treatments, LNCaP cells were washed twice with cold
PBS, scraped off the flask and homogenized in RIPA buffer
supplemented with Complete™  protease inhibitor cocktail
(Roche Diagnostics, Barcelona, Spain). Protein extracts were used
for Western blotting with antibodies against AR rabbit polyclonal
antibody AR N-20 (Santa Cruz Biotechnology Inc), human
phospho-NF-kB (sc-33039; Santa Cruz Biotechnology Inc.) and
PPIA rabbit polyclonal antibody (SA-296; BIOMOL Int., Madrid,
Spain) at 4°C.. After several washes, immunoreactive bands were
visualized by horseradish peroxidase-conjugated secondary anti-
body (Dako Diagnostics SA) followed by peroxidase-dependent
chemiluminescent reagent (Pierce Biotechnology Inc., Barcelona,
Spain) by exposure to x-ray film. Densitometric analysis was
performed using Image] program.

Statistical Analysis

The results are expressed as mean = SD. Data were subjected
to the ANOVA test and significance (p<<0.05; p<<0.01) was
attained.

Results

Insulin Treatment has no Effect on Androgen Receptor
(AR) Levels in LNCaP Cells

Since PCa is androgen dependent, we first wanted to examine if
msulin had any effect on AR levels. We treated LNCaP cells with
different insulin concentrations (20, 100 or 200 pUI/ml) for four
days. The results showed that insulin treatments did not change
AR mRNA levels when compared with untreated LNCaP cells
(Figure 1A). Moreover, AR protein levels were also unchanged by
insulin treatment when compared with controls (Figure 1B). The
effectiveness of insulin treatment was determined by measuring the
phosphorylation of IRS-1 and PS6 proteins. The results showed
that insulin treatment increased phosphorylation of both proteins
when compared to the control LNCaP cells (Figure 1C).

Increasing Glucose Concentrations Downregulate AR in
LNCaP Cells

We next wanted to study the effects of hyperglycemia on AR
levels using LNCaP cells. LNCaP cells were cultured with
increasing concentrations of glucose (5 mM, 10 mM and
30 mM) over the course of four days. The media was changed
everyday to maintain constant glucose concentrations. AR mRNA
levels were reduced significantly in LNCaP cells cultured in 10 or
30 mM glucose when compared to LNCaP cells cultured in 5 mM
glucose (Figure 2A). Moreover, AR protein levels were also
significantly reduced in LNCaP cells cultured in 10 or 30 mM
glucose when compared with LNCaP cells cultured in 5 mM
glucose (Figure 2B). To rule out any osmotic effect of glucose, we
repeated the experiments using L-glucose and we did not find any
decrease in AR protein levels (data not shown).

The Synergic Effect of High Glucose Concentrations and
TNFa in the Downregulation of the AR in LNCaP Cells
Diabetic patients are characterized by a certain state of low
grade inflammation and present high levels of circulating TNF-o
in comparison with control subjects. Therefore, we wanted to
study the effect of the addition of TNF-a in our @ vitro system. For
this purpose we repeated the glucose treatments in the presence or
absence of TNF-o (50 ng/ml). The results showed again that AR
mRNA and protein levels were reduced significantly when cells
were cultured in 10 or 30 mM glucose when compared with
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Figure 6. Treatment with streptozotocin reduces androgen receptor staining in prostate tumors in PAC120 mouse model. (A) HE
staining of prostate tumor xenografts from control mice, (D) citrate treated mice, (G) STZ-treated before tumor implantation and (J) STZ-treated after
tumor implantation. (B) AR staining of prostate tumor xenografts from non-treated mice, (E) citrate treated mice, (H) STZ-treated mice before tumor
implantation and (K) STZ-treated mice after tumor implantation. (C) Cytokeratine staining of prostate tumor xenografts from control mice, (F) citrate
treated mice, (I) STZ-treated mice before tumor implantation and (L) STZ-treated mice after tumor implantation.

doi:10.1371/journal.pone.0074179.9g006

LNCaP cells cultured in 5 mM glucose. Notably, a potent synergic
effect leading to a significant further reduction of both AR mRNA
and protein levels was obtained when TNFo was added to
different D-glucose concentrations in LNCaP cells (Figure 3A and
B).

PLOS ONE | www.plosone.org

Hyperglycemia Downregulates AR through NF-xB
Activation in LNCaP Cells

To examine whether hyperglycemia was able to downregulate
AR through NF-xB activation in our i vitro system we performed
the following experiments.

We first treated LNCaP cells with 5 mM and 30 mM glucose
and mRNA levels of AR were analyzed at baseline and after 4
days of culture. The results showed that 30 mM glucose was able

September 2013 | Volume 8 | Issue 9 | 74179
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Figure 7. Analysis of the androgen receptor and p65 levels in tumor xenografts of control and STZ treated mice. (A) Relative AR mRNA
levels for citrate and STZ-treated mice. Human 18 S mRNA was amplified as a control. Data points are shown as mean = SD of triplicates. (B) Analysis
of AR (left panel) and phospho-p-65 (right panel) protein levels from citrate and STZ-treated mice measured by Western blotting using PPIA as a

housekeeping reference protein.
doi:10.1371/journal.pone.0074179.9g007

to reduce AR mRNA levels when compared with LNCaP cells
grown in 5 mM glucose (Figure 4A). The AR protein levels were
also reduced in LNCaP cells grown in 30 mM glucose when
compared with 5 mM glucose. More importantly, an increase in
p65 phosphorylation, an NF-kB subunit, was also detected in cells
grown in 30 mM glucose when compared with cells grown in
5 mM glucose (Figure 4B).

We next decided to treat LNCaP cells with 5 mM or 30 mM
glucose in the presence or absence of QNZ (25 nM), an NF-«xB
inhibitor. The results showed that QNZ co-treatment was able to
block the hyperglycemia-induced downregulation of AR mRNA
and protein levels (Figure 4C and D).

Streptozotocin-induced Diabetes (STZ-DM) Produces
Prostate Cancer (PCa) Growth Retardation in a PAC120

Mouse Model

We next wanted to study if hyperglycemia by itself could protect
against developing prostate cancer i vivo. In order to do this, we
used a PAC120 PCa mouse model with STZ-DM. For this
purpose intraperitoneal injection of STZ was administered to swiss
nude mice before (n=7) and after (n = 7) subcutaneously PAC120
tumor implantation. Non-treated (n = 5) and citrate treated (n =>5)
mice were used as controls. Non-treated and citrate treated mice
showed a similar tumor growth (Figure 5Ai) while STZ-DM mice
showed reduced tumor growth (Figure 5Aii) or no tumor growth
(Figure 5Aiii).

Tumor growth was followed by measuring tumor volumes once
a week. Non-treated and citrate treated mice showed similar
growth during the 40-day experiment (Figure 5B). Both groups of
diabetic mice showed reduced tumor growth when compared with
the control mice (Figure 5C and D). Mice that were diabetic before

PLOS ONE | www.plosone.org

tumor implantation (Figure 5D) showed a higher reduction in
tumor growth when compared with mice that were diabetic after
tumor implantation (Figure 5C).

Streptozotocin-induced Diabetes (STZ-DM) Reduces AR
Expression in Tumors and Endogenous Prostates of
PAC120 Mouse Model

Histological examination of hematoxylin/eosin (HE) stained
sections from both groups of diabetic mice (Figure 6G and J) did
not show any morphological changes in the tumor in respect to the
controls or citrate treated mice (Figure 6A and D). They showed
rare glandular differentiation, high mitotic index and were
classified as Gleason 9 (4+5) by the pathologist.

Since our i vitro experiments showed that hyperglycemia
reduced AR levels we decided to explore the possibility that
STZ-DM was affecting AR levels i vivo. We performed immuno-
histochemistry against the androgen receptor, in the tumors of
control and diabetic mice. Control animals showed positive and
strong nuclear staining for androgen receptor in all epithelial cells
(Figure 6B and E). Diabetic mice showed epithelial cells with no
staining or few cells with nuclear or cytoplasmic AR staining, but
the majority of the cells were AR negative (Figure 6H and K). We
confirmed that negative AR cells were epithelial by performing an
immunohistochemistry against pan-cytokeratin in the tumors of
control, citrate and STZ-DM mice (Figure 6C, F, I and L).

We next measured AR mRNA levels in xenografts from control
and STZ-DM mice and we found that hyperglycemia reduces AR
mRNA levels in tumors of STZ-DM mice when compared with
control mice (Figure 7A). In addition, as occurs in LNCaP cells a
downregulation of AR levels was accompanied by an increase of

8 September 2013 | Volume 8 | Issue 9 | 74179
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Figure 8. Analysis of the androgen receptor levels in tumor xenografts and endogenous prostates of mice. AR staining is shown in
xenograft prostate tumors (i) and in endogenous prostates (ii) from control mice. AR staining is shown in xenograft prostate tumors (iii) and

endogenous prostates (iv) from STZ- treated mice.
doi:10.1371/journal.pone.0074179.g008

p65 phosphorylation, an NF-kB subunit, in xenografts from STZ-
DM mice (Figure7B).

Finally, we stained the endogenous prostates of control and both
groups of diabetic mice to explore whether hyperglycemia also
downregulates endogenous AR levels. Indeed, AR staining was
reduced in prostates of the STZ-DM mice when compared with
the control mice (Figure 8).

Discussion

PCa is the most common solid organ cancer in men in the USA,
Canada and Australia, and the second most common cancer in
men globally. US men have a current estimated lifetime risk of one
in six and PCa represents, after lung cancer, the second leading
cause of cancer-related mortality [1]. Established risk factors of
PCa are older age, African-American ethnicity and a history of the
disease in a first-degree relative. T2D has been associated with a
low risk of developing PCa and this has been recently confirmed in
a meta-analysis which included 29 cohort and 16 case-control
studies involving 8.1 million participants and 132,331 PCa cases
[34]. Our findings give the first experimental support to this
concept.

PLOS ONE | www.plosone.org

The AR pathway plays a key role in the structural and
functional integrity of the prostate, as well as for PCa growth and
progression [15]. In this regard, it has been reported that the
knockdown of AR leads to growth inhibition and apoptosis of both
androgen-dependent and androgen-independent PCa cells [35—
37]. However, the effect of diabetes on AR and tumor growth had
never been explored. In the present study we provide first evidence
that hyperglycemia downregulates AR through NI-xB activation,
and that this inhibitory effect is further increased by TNFo. In
addition, we found that this downregulation of AR induced by
diabetes is associated with significant tumor growth retardation in
an  vivo model of PCa. We would like to point out that in the
in vitro experiments we have always obtained consistent results in
terms of glucose-induced reduction of AR levels. However, we
have detected a significant variability in the extent of the reduction
of the AR levels caused by the glucose treatment.

Genetic susceptibility and low levels of insulin, IGF-1 and
testosterone are among the proposed factors conferring protection
for PCa in T2D. By contrast, the possible role of two essential
events that occur in T2D: hyperglycemia and the increase of
proinflammatory cytokines (ie. TNFo) have not been previously
examined.

September 2013 | Volume 8 | Issue 9 | 74179



PCa has one of the strongest relationships between age for any
human cancer, and genetic factors are estimated to account for
42% of the risk [15]. It is possible that the presence of genetic
factors such as TCF2 variants, which are associated with both
T2D and the low risk of PCa participate in the low risk of PCa
observed T2D [20]. However, the temporal relationship between
DM diagnosis and PCa risk (as the time since DM-diagnosis
increases, the risk of PCa decreases) strongly argues against this
concept [4]. In support of this we found a lower growth of PCa
xenofraft in the group of mice with longer diabetes duration.

Insulin is a growth factor for prostatic epithelium and it also
stimulates the growth of a rat PCa cell line in vitro [38]. More
recently, an experimental study reported intracellular de novo
steroidogenesis promoted by insulin in PCa [39] but the effect on
AR was not analyzed. These results suggest that insulin may
directly promote the proliferation of prostate cancer cells.
However, these observations are based on an experimental model
for castration-resistant prostate cancer, and the effect of insulin on
prostate tumorigenesis during the early phase or in hormone-naive
cancer (such as LNCaP) remains to be elucidated. In addition, the
doses of insulin used were supraphysiological and further studies
using doses of insulin in the picomolar range (such as was used in
the present study) are needed. In the clinical setting, while some
prospective studies demonstrate that there may be an association
between hyperinsulinemia and PCa risk, there are also several
studies that do not support a role for insulin in PCa risk and thus it
continues to be an area of investigation [4,15]. Nevertheless,
insulin depletion occurring with increasing duration of diabetes
may limit insulin action and hence protect against PCa. In this
regard, men with low insulin levels due to diabetes seem to have a
decreased risk of PCa development [40,41]. In fact, the low levels
of insulin could be a contributing factor involved in the lower
tumor growth observed in PAC120 PCa mice treated with STZ
used in the present study.

A proposed hypothesis for how hypoinsulinemia may decrease
prostate carcinogenesis is by limiting the bioavailability of insulin-
like growth factor I (IGF-I) [15]. However, recent studies suggest
that IGF-1 levels are not significantly different between diabetics
and controls [41,42]. In addition, a recent large prospective study
has concluded the absence of correlation between the plasma IGF-
1 level and insulin resistance [42]. Therefore, the IGF-1-PCa
association in type 2 diabetic population remains speculative.

Since PCa is androgen-dependent it is possible that the lower
levels of testosterone reported in long-term diabetes (especially
obese men) may reach levels below a threshold to a lower risk of
PCa [4,15]. However, it is well recognized that relating a serum
testosterone level to a clinical phenotype is an over-simplification,
given that circulating testosterone levels, whether free or total, are
unlikely to accurately reflect androgen action at the tissue level.
Nevertheless, some evidence suggests that low circulating testos-
terone levels may be a risk factor for PCa aggressiveness [43,44]
and this might be one reason why when PCa appears in T2D it
has a worse outcome [15,44]. In this regard, it is possible that the
low AR levels due to hyperglycemia, high TNFa levels and low
testosterone levels, apart from conferring protection against PCa
development could also act as a mechanism for driving the
prostate cells towards some degree of androgen independence. In
fact, NF-kB activation has been involved in the androgen-
independent growth of PCa [45]. Once a PCa develops in type
2 diabetic patients this would explain its aggressiveness and poor
outcome [9-11]. To some extent this could also happen in obese
patients, since obesity may reduce the risk of non-aggressive PCa,
while at same time promoting the risk of aggressive PCa [46,47].
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The mechanisms underlying hyperglycemia on AR regulation
have not been previously reported. In the present study we found
that hyperglycemia downregulates AR through NF-xB activation,
and that this inhibitory effect is further increased by TNFa. In
addition, the downregulation of AR induced by diabetes was
associated with a tumor growth reduction or even no tumor
growth in the PAC120 PCa mouse model treated with STZ.
Furthermore, a significant reduction in AR expression in the
endogenous prostates of this m viwo model was detected. Overall,
our results suggest that two essential components of T2D:
hyperglycemia and the proinflammatory cytokine TNFo partici-
pates in reducing the risk of PCa in T2DM. It should be noted that
an increased level of TNFa is a constituent of the low-grade
inflammatory process characteristic of T2DM (especially in obese
patients) and might be an essential factor accounting for the lower
risk of PCa in type 2 in comparison with type 1 diabetic patients.

TNF-a is produced primarily by immune cells but it is also
produced by numerous other cell types, including epithelial cells of
human prostate cancer [48]. TNF-a binds to the TNF-a-receptor
(TNFR1), leading to phosphorylation, ubiquitination and protea-
some-mediated degradation of the inhibitor of kB (IkB), which
binds to and inhibits nuclear factor-kB (NF-xB) activation by
forming a complex in the cytoplasm [25,49]. Degradation of IxkB
results in the release of NF-kB, which then translocates to the
nucleus. In the nucleus, NF-kB regulates the transcription of target
genes, which promote cell proliferation or inflammatory responses.
In most cells, TNF-o activates caspase-8 and induces apoptosis
only when NF-kB activation is hampered [50]. However, in
LNCaP cells, even when NF-xB signaling is activated, TNF-o can
still induce cell death in a dose-dependent manner [51]. This
apparent discrepancy may be explained by the negative regulation
of AR expression by NF-xB [25,31]. It is worth mentioning that by
using QN7 (an NF-xB inhibitor) the hyperglycemia-induced
downregulation of AR was blocked, thus underlining the central
role of NI-xB in preventing the development of PCa in T2D.
However, NF-kB overexpression has been observed in several
cohort studies of PCa tissues, including bone metastasis [52-55]
and it predicts poor outcome in patients with hormone—naive PCa
with high nuclear AR. Therefore, further studies addressed to
investigating other potential signalling pathways induced by
hyperglycemia resulting in AR downregulation independently of
NF-xB activation are needed.

Two further considerations should be made regarding the
potential preventive role of TNFa in PCa development in T2D.
First, TNFo downregulates SHBG [22,23] and, therefore, TNFo
could have a direct effect by downregulating AR via NF-xB
activation and an indirect effect by reducing serum levels of
testosterone. Second, TNFa can inhibit Leydig cell steroidogenesis
[56] and stimulate aromatase activity [57], the enzyme responsible
for the conversion of testosterone to estradiol, thus contributing to
the low levels of testosterone observed in T2D.

In conclusion, our results suggest that hyperglycemia and TNF-
o, play an important role in protecting type 2 diabetic patients
against PCa by reducing AR levels via NF-kB activation. Further
studies addressed to examining whether other mechanisms of NF-
KB activation existing in diabetes such as advanced glycated end
products (AGEs) or oxidative stress are involved in the lower risk of
PCa observed in T2D are warranted.

Acknowledgments
We thank Lorena Ramos, Research Institute Hospital Vall d’Hebron, for

her technical assistance. David Martinez Selva is the guarantor and he
takes full responsibility for the manuscript and its originality.

September 2013 | Volume 8 | Issue 9 | 74179



Author Contributions

Conceived and designed the experiments: RS DMS. Performed the
experiments: ABD CH RS DMS. Analyzed the data: ABD CH IT FM

References

1.

20.

21.

22.

23.

Siegel R, Ward E, Brawley O, Jemal A (2011) Cancer statistics, 2011: the impact
of eliminating socioeconomic and racial disparities on premature cancer deaths.

CA Cancer J Clin; 61: 212-36.

. Giovannucci E, Harlan DM, Archer MC, Bergenstal RM, Gapstur SM et al.

(2010) Diabetes and cancer: a consensus report. CA Cancer Journal for
Clinicians. 60(4): 207-221.

. Grace Sun, Sangeeta R Kashyap (2011) Cancer Risk in Type 2 Diabetes

Mellitus: Metabolic Links and Therapeutic Considerations. J Nutr Metab.
708183.

. Kasper JS, Liu Y, Giovannucci E (2009) Diabetes mellitus and risk of prostate

cancer in the health professionals follow-up study. Int J Cancer. 124(6): 1398~
403.

. Waters KM, Henderson BE, Stram DO, Wan P, Kolonel LN et al. (2009)

Association of diabetes with prostate cancer risk in the multiethnic cohort. Am J

Epidemiol. 169(8): 937-45.

. Atchison EA, Gridley G, Carreon JD, Leitzmann MF, McGlynn KA (2011) Risk

of cancer in a large cohort of U.S. veterans with diabetes. Int J Cancer. 128(3):

635-43.

. Turner EL, Lane JA, Donovan JL, Davis MJ, Metcalfe C et al. (2011)

Association of diabetes mellitus with prostate cancer: nested case-control study
(prostate testing for cancer and treatment study). Int J Cancer. 128 (2): 440-6.

. Rodriguez C, Patel AV, Mondul AM, Jacobs EJ, Thun MJ et al. (2005) Diabetes

and risk of prostate cancer in a prospective cohort of US men. Am J Epidemiol.
161: 147-152.

. Wu C, Moreira DM, Gerber L, Rittmaster RS, Andriole GL et al. (2011)

Diabetes and prostate cancer in the REDUCE trial. Prostate Cancer and
Prostatic Diseases 14: 326-331.

. Li Q, Kuriyama S, Kakizaki M, Yan H, Sone T et al. (2010) History of diabetes

mellitus and the risk of prostate cancer: the Osaki Cohort Study. Cancer Causes
and Control. 21: 977-983.

. Fukushima H, Masuda H, Kawakami S, Ito M, Sakura M et al. (2012) Effect of

diabetes mellitus on high-grade prostate cancer detection among Japanese obese
patients with prostate-specific antigen less than 10 ng/ml. Urology. 79(6): 1329~
34.

. Miiller H, Raum E, Rotenbacher D, Stegmaier C, Brenner H (2009) Association

of diabetes and body mass index with levels of prostate-specific antigen:
implications for correction of prostate-specific antigen cutoff values? Cancer
Epidemiol Biomarkers Prev. 18: 1350-1356.

. Wallner LP, Morgenstern H, McGree ME, Jacobson DJ, St Sauver JL et al.

(2011) The effects of type 2 diabetes and hypertension on changes in serum
prostate specific antigen levels: results from the Olmsted county study. Urology.

77: 137-141.

. Gong Z, Neuhouser ML, Goodman PJ, Albanes D, Chi C et al. (2006) Obesity,

diabetes, and risk of prostate cancer: results from the prostate cancer prevention
trial. Cancer Epidemiol Biomarkers Pre. 15: 1977-1983.

. Grossmann M and Wittert G (2012) Androgens, Diabetes and Prostate cancer.

Endocr Relat Cancer. 19(5): F47-62.

. Trayling T, Colhoun H, Florez J (2008) A genetic link between type 2 dibetes

and prostate cancer. Diabetologia. 51: 1757-60.

. Pierce BL and Ahsan H (2010) Genetic susceptibility to type 2 diabetes is

associated with reduced prostate cancer risk. Hum Hered. 69(3): 193-201.

. Meyer TE, Boerwinkle E, Morrison AC, Volcik KA, Sanderson M et al. (2010)

Diabetes genes and prostate cancer in the Arteriosclerosis Risk in Communities
study. Cancer Epidemiol Biomarkers Prev. 19 (2): 558-565.

. Gudmundsson J, Sulem P, Steinthorsdottir V, Bergthorsson JT, Thorleifsson G

et al. (2007) Two variants of chromosome 17 confers prostate cancer risk, and
the one in TCF2 protects against type 2 diabetes. Nat Genet. 39: 977-983.
Olson NC, Callas PW, Hanley AJ, Festa A, Haffner SM et al. (2012) Circulating
levels of TNF-o are associated with impaired glucose tolerance, increased insulin
resistance, and ethnicity: the Insulin Resistance Atherosclerosis Study. J Clin
Endocrinol Metab. 97(3): 1032—40.

Sim6 R, Barbosa-Desongles A, Lecube A, Hernandez C, Selva DM (2012)
Potencial role of tumor necrosis factor-o. in downregulating sex hormone-
binding globulin. Diabetes. 61(2): 372-82.

Simé R, Barbosa-Desongles A, Saez-Lopez C, Lecube A, Hernandez C et al.
(2012) Molecular Mechanisms of TNFa-induced Down-Regulation of SHBG
Expresion. Mol Endocrinol. 26(3): 438-46. Epub 2012 Feb 2.

Meyer TE, Chu LW, Li Q, Yu K, Rosenberg PS et al. (2012) The association
between inflammation-related genes and serum androgen levels in men: the
prostate, ling, colorectal, and ovarian study. Prostate. 72(1): 65-71.

. Horoszewicz JS, Leong SS, Kawinski E, Karr JP, Rosenthal, etal. (1983) LNCaP

model of human prostatic carcinoma. Cancer Res. 43: 1809-1818.

. Ko S, Shi L, Kim S, Song CS, Chatterjee B (2008) Interplay of nuclear factor-kB

and B-myb in the negative regulation of androgen receptor expression by
tumour necrosis factor o.. Mol Endocrinol. 22: 273-86.

PLOS ONE | www.plosone.org

Diabetes Reduces AR and PCa Growth

MFP RS DMS. Contributed reagents/materials/analysis tools: ABD CH
RS DMS. Wrote the paper: ABD CH IT FM MFP RS DMS.

27.

28.

29.

30.

31.

32.

33.

34.

36.

37.

39.

40.

41.

43.

44.

46.

47.

48.

49.

50.

5. Pieper GM and Riaz-ul-Hag (1997) Activation of nuclear factor-kappaB in

cultured endotelial cells by increased glucose concentration: prevention by
calphostin C. J Cardiovasc Pharmacol. 30: 528-32.

Sheu ML, Ho FM, Yang RS, Chao KF, Lin WW et al. (2005) High glucose
induces human endothelial cell apoptosis through a phosphoinositide 3-kinase-
regulated cyclooxygenase-2 pathway. Arterioscler Thromb Vasc Biol. 25(3):
539-45.

Romeo G, Liu WH, Asnaghi V, Kern TS, Lorenzi M (2002) Activation of
Nuclear Factor-kB Induced by Diabetes and High Glucose Regulates a
Proapoptotic Program in Retinal Pericytes. Diabetes. 51(7): 2241-8.

Kowluru RA, Koppolu P, Chakrabarti S, Chen S (2003) Diabetes-induced
activation of nuclear transcriptional factor in the retina, and its inhibition by
antioxidants. Free Radic Res. 37(11): 1169-80.

Golovchenko I, Goalstone ML, Watson P, Brownlee M, Draznin B (2000)
Hyperinsulinemia enhances transcriptional activity of nuclear factor-kappaB
induced by angiotensin II, hyperglycemia, and advanced glycosylation end
products in vascular smooth muscle cells. Circ Res. 87: 746-752.

Supakar PC, Jung MH, Song CS, Chatterjee B, Roy AK (1995) Nuclear factor
NF-xB activity increases during the age-dependent desensitization of the liver. J
Biol Chem. 270: 837-42.

de Pinieux G, Legrier ME, Poirson-Bichat F, Courty Y, Bras-Gongalves R et al.
(2001) Clinical and experimental progression of a new model of human prostate
cancer and therapeutic approach. Am J Pathol. 159(2): 753-64.

Poupon MF, Arvelo F, Goguel AF, Bourgeois Y, Jacrot M et al. (1993) Response
of small-cell lung cancer xenografts to chemotherapy: multidrug resistance and
direct clinical correlates. J Natl Cancer Inst. 85(24): 2023-9.

Bansal D, Bhansati A, Kapil G, Undela K, Tiwari P (2012) Type 2 diabetes and
risk of prostate cancer: a meta-analysis of observational studies. Prostate Cancer
Prostatic Dis. [Epub ahead of print].

. Eder IE, Culig Z, Ramoner R, Thurnher M, Putz T et al. (2000) Inhibition of

LNCaP prostate cancer cells by means of androgen receptor antisense
oligonucleotides. Cancer Gene Ther 7: 997-1007.

Zegarra-Moro OL, Schmidt IJ, Huang H, Tindall DJ (2002) Disruption of
androgen receptor function inhibits proliferation of androgen-refractory prostate
cancer cells. Cancer Res. 62: 1008-1013.

Liao X, Tang S, Thrasher JB, Griebling TL, Li B (2005) Small interfering RNA-
induced androgen receptor silencing leads to apoptotic cell death in prostate
cancer. Mol Cancer Ther. 4: 505-515.

. Polychronakos C, Janthly U, Lehoux JG, Koutsilieris M (1991) Mitogenic effects

of insulin and insulin-like growth factors on PA-III rat prostate adenocarcinoma
cells: characterization of the receptors involved. Prostate. 19: 313-21.

Lubik AA, Gunter JH, Hendy SC, Locke JA, Adomat HH et al. (2011) Insulin
increases de novo steroidogenesis in prostate cancer cells. Cancer Res. 71(17):
5754-64.

Hsing A, Sakoda L, Chua SJ (2007) Obesity, metabolic syndrome, and prostate
cancer. Am J Clin Nutr. 86: 843-57.

Kasper JS, Liu Y, Pollak MN, Rifai N, Giovannucci E (2008) Hormonal profile
of diabetic men and the potential link to prostate cancer. Cancer Causes
Control. 19(7): 703-10.

. Chen C, Lewis SK, Voigt L, Fitzpatrick A, Plymate SR et al. (2005) Prostate

carcinoma incidence in relation to prediagnostic circulating levels of insulin-like
growth factor I, insulin-like growth factor binding protein 3, and insulin. Cancer.
103(1): 76-84.

Goldenberg SL, Koupparis A & Robinson ME (2011) Differing levels of
testosterone and the prostate: a physiological interplay. Nature Reviews Urology.
8: 365-377.

Morgentaler A (2011) Testosterone and prostate cancer: what are the risks for
middle-aged men? Urologic Clinics of North America. 38: 119-124.

. Jin RJ], Lho Y, Connelly L, Wang Y, Yu X et al. (2008) The nuclear factor-

kappaB pathway controls the progression of prostate cancer to androgen-
independent growth. Cancer Res. 15;68(16): 6762-9.

Rodriguez C, Freedland SJ, Deka A, Jacobs EJ, McCullough ML et al. (2007)
Body mass index, weight change, and risk of prostate cancer in the Cancer
Prevention Study II Nutrition Cohort. Cancer Epidemiol Biomarkers Prev.
16(1): 63-9.

Su L], Arab L, Steck SE, Fontham ET, Schroeder JC et al. (2011) Obesity and
prostate cancer aggressiveness among African and Caucasian Americans in a
population-based study. Cancer Epidemiol Biomarkers Prev. 20(5): 844-53.
Mizokami A, Gotoh A, Yamada H, Keller ET, Matsumoto T (2000) Tumor
necrosis factor-o. represses androgen sensitivity in the LNCaP prostate cancer
cell line. J Urol. 164: 800-5.

Wang D, Montgomery RB, Schmidt L], Mostaghel EA, Huang H et al. (2009)
Reduced tumor necrosis factor receptor-associated death domain expression is
associated with prostate cancer progression. Cancer Res. 69(24): 9448-56.
Van Antwerp DJ, Martin SJ, Kafri T, Green DR, Verma IM (1996) Suppression
of TNF-a-induced apoptosis by NF-kB. Science. 274: 787-9.

September 2013 | Volume 8 | Issue 9 | 74179



51.

52.

Chopra DP, Menard RE, Januszewski J, Mattingly RR (2004) TNF-o-mediated
apoptosis in normal human prostate epithelial cells and tumor cell lines. Cancer
Lett. 203: 145-54.

Seo SI, Song SY, Kang MR, Kim MS, Oh JE et al. (2009) Immunohistochem-
ical analysis of NF-kappaB signaling proteins IKKepsilon, p50/p105, p52/p100
and RelA in prostate cancers. APMIS. 117(8): 623-8.

. Ross JS, Kallakury BV, Sheehan CE, Fisher HA, Kaufman RP Jr et al. (2004)

Expression of nuclear factor-kappa B and I kappa B alpha proteins in prostatic
adenocarcinomas: correlation of nuclear factor-kappa B immunoreactivity with
disease recurrence. Clin Cancer Res. 1;10(7): 2466-72.

PLOS ONE | www.plosone.org

12

54.

56.

57.

Diabetes Reduces AR and PCa Growth

Ismail HA, Lessard L, Mes-Masson AM, Saad F. (2004) Expression of NF-
kappaB in prostate cancer lymph node metastases. Prostate. 15;58(3): 308-13.

. Mimeault M, Johansson SL, Batra SK. (2012) Pathobiological implications of

the expression of EGFR, pAkt, NF-kB and MIC-1 in prostate cancer stem cells
and their progenies. PLoS One. 7(2): €31919.

Hales DB (2002) Testicular macrophage modulation of Leydig cell steroido-
genesis. ] Reprod Immunol. 57: 3-18.

Maggio M, Basaria S, Ceda GP, Ble A, Ling SM et al. (2005) The relationship
between testosterone and molecular markers of inflammation in older men. J
Endocrinol Invest. 28: 116-119.

September 2013 | Volume 8 | Issue 9 | 74179



