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ABSTRACT

Objective: While prostate cancer does not occur more often in men with diabetes, survival is markedly reduced in this patient group. Androgen
signaling is a known and major driver for prostate cancer progression. Therefore, we analyzed major components of the androgen signaling chain
and cell proliferation in relation to type 2 diabetes.
Methods: Tumor content of 70 prostate tissue samples of men with type 2 diabetes and 59 samples of patients without diabetes was quantified
by an experienced pathologist, and a subset of 51 samples was immunohistochemically stained for androgen receptor (AR). mRNA expression of
AR, insulin receptor isoform A (IR-A) and B (IR-B), IGF-1 receptor (IGF1R), Cyp27A1 and Cyp7B1, PSA gene KLK3, PSMA gene FOLH1, Ki-67 gene
MKI67, and estrogen receptor beta (ESR2) were analyzed by RT-qPCR.
Results: AR mRNA and protein expression were associated with the tumor content only in men with diabetes. AR expression also correlated with
downstream targets PSA (KLK3) and PSMA (FOLH1) and increased cell proliferation. Only in diabetes, AR expression was correlated to higher IR-
A/IR-B ratio and lower IR-B/IGF1R ratio, thus, in favor of the mitogenic isoforms. Reduced Cyp27A1 and increased Cyp7B1 expressions in tumor
suggest lower levels of protective estrogen receptor ligands in diabetes.
Conclusions: We report elevated androgen receptor signaling and activity presumably due to altered insulin/IGF-1 receptors and decreased
levels of protective estrogen receptor ligands in prostate cancer in men with diabetes. Our results reveal new insights why these patients have a
worse prognosis. These findings provide the basis for future clinical trials to investigate treatment response in patients with prostate cancer and
diabetes.

� 2017 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

In contrast to numerous other malignancies, the incidence of prostate
cancer, which is the most common cancer in men, is not increased in
case of concurrent type 2 diabetes mellitus; several studies even re-
ported a decreased risk [1]. One of the crucial drivers for prostate cell
growth is androgen signaling, paving the way for the androgen-
deprivation therapy (ADT) as one standard treatment for prostate
cancer [2]. Recently, it was shown that increasing glucose concen-
trations are able to downregulate androgen receptor (AR) mRNA and
protein levels through NF-kB activation in vitro and in an animal model
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of prostate cancer [3]. Given that men with type 2 diabetes have lower
testosterone levels per se, the mentioned changes could be one
possible explanation for the lower prostate cancer incidence in this
patient group [4]. Nevertheless, according to numerous previous
studies, prostate cancer survival is clearly reduced when type 2 dia-
betes is present [5e7]. Although strong epidemiological evidence links
prostate cancer and type 2 diabetes, the underlying molecular
mechanisms are still not understood in detail.
Prostate cell growth and prostate carcinogenesis are not only mediated
by androgens, they are also dependent on functional insulin receptor
(IR) and insulin-like growth factor-1 (IGF-1) receptor (IGF1R) signaling.
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Table 1e Clinical chemistry and hormone measurements from 58 subjects
without diabetes and the subgroup of 11 with type 2 diabetes. Insulin
sensitivity was estimated according to Matsuda et al., Diabetes Care, 1999.
Abbreviations: DHEA-sulfate, dehydroepiandrosterone-sulfate; OGTT, oral
glucose tolerance test.

No diabetes Diabetes

Mean SEM Mean SEM

Insulin sensitivityOGTT (10
19 l2 mol�2) 2.33 1.29 1.35 0.68

Fasting insulin (pmol/l) 82.84 36.80 109.30 33.49
Fasting C-peptide (pmol/l) 538.43 231.37 717.50 219.56
Fasting glucose (mmol/l) 103.33 9.72 131.90 33.99
HbA1c (%) 5.61 0.28 6.30 0.52
Total cholesterol (mg/dl) 196.69 39.23 186.18 40.62
HDL-cholesterol (mg/dl) 53.98 11.94 49.55 15.56
LDL-cholesterol (mg/dl) 111.29 27.99 102.09 32.53
AST (U/l) 27.17 10.13 26.82 7.11
ALT (U/l) 29.59 12.60 28.27 9.17
Creatinine (mg/dl) 0.87 0.13 0.84 0.17
Glomerular filtration rate (ml/min/1.73 m2) 91.04 17.72 95.73 21.68
Cortisol (nmol/l) 463.29 126.78 544.10 115.10
DHEA-sulfate (mmol/l) 4.65 2.82 4.27 1.73
Testosterone (nmol/l) 13.15 5.32 10.97 4.01
Androstendione (nmol/l) 14.46 55.82 6.59 2.87
Estradiol (pmol/l) 125.37 31.65 134.12 37.34
Progesterone (nmol/l) 1.58 1.73 1.09 0.41
Sex hormone binding globuline (nmol/l) 41.64 16.67 36.93 9.51
Previous studies addressed this issue and reported a correlation be-
tween high insulin and IGF-1 levels and prostate cancer cell pro-
gression [8e10]. In addition to the indicated IR overexpression in
prostate cancer [11], we demonstrated an isoform configuration
showing elevated IR isoform A to B ratio in prostate cancer [12]. In this
context, the mitogenic isoform A is differently expressed in various
cancer cells, has a high affinity for IGF-2 and can contribute to cell
proliferation, whereas the isoform B mainly transmits the regular
metabolic effects of insulin [13]. A crosslink between insulin and
androgen signaling has been already proposed by several groups,
demonstrating increased de novo steroidogenesis in prostate cancer
cells by insulin, and vice versa, an increased IR expression, insulin
binding, and insulin responsiveness by androgens in Hep-2 larynx
carcinoma cells [14,15]. Moreover, Fan et al. showed an activation of
androgen signaling by insulin and IGF-1 through direct interactions of
Foxo1 with AR [16].
Of interest, activity of AR in prostate cancer is not only modulated by
androgens but also by cholesterol derivates, e.g. oxysterols. These
steroids appear to antagonize androgen signaling via estrogen receptor
and other pathways [17,18]. Important estrogen receptor ligands in
this context are 27-hydroxycholesterol (27HC), the most abundant
oxysterol, and 3b-Adiol, a degradation product of dihydrotestosterone.
However, concentrations cannot easily be measured and circulating
levels must not necessarily reflect concentrations at the tumor cell.
Though, they can be estimated by analyzing the synthesizing and
degrading enzymes. 27HC is the most abundant oxidized derivative of
cholesterol (oxysterol) in plasma. Cholesterol is converted into 27HC by
the enzyme Cyp27A1, a cytochrome P450 oxidase, which is shown to
be downregulated in prostate cancer [19,20]. The rate limiting enzyme
in the catabolism of 27HC is Cyp7B1, which is reported to be over-
expressed during progression of prostate cancer [21]. Recently, 27HC
was shown to inhibit growth of prostate cancer cells by depletion of
intracellular cholesterol, representing a negative feedback loop for
regulating cholesterol biosynthesis, possibly via inhibition of sterol
regulatory element-binding protein 2 (SREBP2) activity [20].
To better understand why prostate cancer survival is reduced in type 2
diabetes, we performed gene expression analysis of key proteins
involved in androgen signaling and steroid modulators thereof using
prostate tissue samples of men with and without diabetes.

2. METHODS

2.1. Study design
70 prostate tissue samples of men with type 2 diabetes and 59
samples of patients without diabetes, all of whom were diagnosed
with prostate cancer and underwent a radical prostatectomy at the
University of Tübingen between June 2004 and September 2015,
were included in the study. All were Caucasians. None of the pa-
tients was pre-treated with hormone-altering therapy. Since age (yr)
and BMI (kg/m2) were non-normally distributed, they are given as
medians [interquartile range]. Age, no diabetes group: 63 [51e83];
diabetes group: 74 [53e87], p < 0.0001; BMI, no diabetes group:
26.5 [20.2e33.7], diabetes group: 28.1 [22.2e41.1], p ¼ 0.0003.
Clinical chemistry and hormone measurements for all but 2 of the
patients without diabetes and a subgroup of 11 patients with dia-
betes are reported in Table 1. All patients without diabetes under-
went a 75 g oral glucose tolerance test to rule out undiagnosed
diabetes (ADA criteria). The group of patients with diabetes consisted
of patients with known diabetes prior to operation and patients with
newly diagnosed diabetes in our oral glucose tolerance test. Forty-

four
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patients with impaired glucose regulation who did not fulfill the
diagnostic criteria for diabetes were included in the “no diabetes”
group. Tumor staging was comparable between patients with and
without diabetes (Supplementary Table 1). For analyses involving
tumor stage, participants were grouped by T-stage into T2 versus
T > 2.
Informed written consent was obtained from all participants, and the
Ethics Committee of the University of Tübingen approved the protocol.

2.2. Tissue sampling
To ensure optimal quality prostate tissue from patients, we performed
a procedure to avoid delayed freezing. Immediately after removing the
prostate, the organ was carefully digitally palpated and both an area of
peripheral hardness with supposed tumor region and also an area of
soft tissue were cut out. Each excised sample comprised an approx-
imately 5 � 5 � 3 mm piece of tissue. It was cut longitudinally into 3
lamellas, from which the two outer lamellas were immediately snap
frozen in liquid nitrogen, preserving an as optimal as possible sample
quality for the mRNA measurements. Tissues remained frozen at
�80 �C prior to analysis.
From every sample, the respective middle slice was formalin fixed and
paraffin embedded. On a representative hematoxylin-eosin stained
slide along this lamella, an experienced pathologist assessed the slide
for malignancy and for tumor content. First, the total area of all
glandular structures was defined as 100%, thereby excluding all
stromal areas in the slide. Second, all areas of prostate cancer were
calculated as total malignant area of the slide. Third, the resulting total
area of malignant histology was calculated as percentage share of the
whole glandular area. This two-dimensional tumor extent ranged from
0% (nonmalignant samples) to 100%. It was considered as an
equivalent for the three-dimensional extent of the two adjacent frozen
slices of the sample by adding the third dimension perpendicular to the
slide plain and thereby expanding tumor as well as nonmalignant areas
to the same scale. For further calculations, this individual value was
indexed as ‘tumor content’ of the sample.
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2.3. Gene expression analyses
For quantification of mRNA expression in human prostate, tissues were
frozen in liquid nitrogen. Total RNA was extracted with AllPrep Mini Kit
(QIAGEN, Hilden, Germany) according to the manufacturer’s in-
structions. After treatment with RNase-free DNase I, total RNA was
transcribed into cDNA using the first strand cDNA kit from Roche Di-
agnostics (Mannheim, Germany). RT-qPCR was performed on a
LightCycler 480 (Roche Diagnostics) using Probes Master and fluo-
rescent probes from the Universal Probe Library (Roche Diagnostics).
Primers were obtained from TIB MOLBIOL (Berlin, Germany). The
following primer sequences were used: androgen receptor (AR): for-
ward 50-GCCTTGCTCTCTAGCCTCAA-30, reverse 50-GGTCGTCCACGT-
GTAAGTTG-30; insulin receptor isoform A (IR-A): forward 50-TTTT-
CGTCCCCAGGCCAT-30, reverse 50-CCACCGTCACATTCCCAAC-30; in-
sulin receptor isoform B (IR-B): forward 50-TTTCGTCCCCAGAAAA-
ACCTCT-30, reverse 50-CCACCGTCACATTCCCAAC-30; IGF-1 receptor
(IGF1R): forward 50-TCAGCGCTGCTGATGTGT-30, reverse 50-GGCTCAT-
GGTGATCTTCTCC-30; KLK3: forward 50-CCTGTCCGTGACGTGGAT-30,
reverse 50-CAGGGTTGGGAATGCTTCT-30; FOLH1: forward 50-GATG-
CACAGAAGCTCCTAGAAAA-30, reverse 50-CCAACATTGTAGGGCACTTTG
-30; MKI67: forward 50-CCAAAAGAAAGTCTCTGGTAATGC30-, reverse
50-CCTGATGGTTGAGGCTGTTC-30; Cyp27A1: forward 50-CAGTACG-
GAACGACATGGAG-30, reverse 50-GGTACCAGTGGTGTCCTTCC-30; Cyp-
7B1: forward 50-CCTCCAGTCCTACATGGTGAC-30, reverse 50-
GGTGGTTTTCTTCTTACCATCTTC-30, ESR2: forward 50-CATGATCC-
TGCTCAATTCCA-30, reverse 50-ACCAAAGCATCGGTCACG-30.
Prostate-specific antigen (PSA) is encoded by KLK3, prostate-specific
membrane antigen (PSMA) is encoded by FOLH1, Ki-67 is encoded by
MKI67, and ER beta is encoded by ESR2. Measurements were per-
formed in duplicates. RNA content was normalized for the house-
keeping gene Ubiquitin C (UBC) using the DDCt method, as UBC was
neither different between patients with or without diabetes (p¼ 0.464)
nor between cancer and benign samples (p ¼ 0.315) while other
commonly applied housekeeping genes showed such differences (e.g.
HPRT1 p < 0.0001 or SDHA p ¼ 0.0093).
Data on mRNA and protein expression for prostate cancer from the
Cancer Genome Atlas Research Consortium (TCGA) [22] was down-
loaded via the cBioPortal for Cancer Genomics (http://www.cbioportal.
org, accessed 10.11.2017). In this dataset, protein data was available
only for AR.

2.4. Immunohistochemistry
Immunohistochemical staining was performed by an automated
slide staining instrument BenchMark ULTRA (Ventana Medical
System/Roche, Tucson, Arizona, United States). For immunohisto-
chemistry, slides were deparaffinized and rehydrated. AR antibody
clone M AR 441 (Dako, Glostrup, Denmark) was used as primary
antibody. For detection of the AR, tissues were pretreated by heat
antigen retrieval with a Cell Conditioner 1 solution (Roche, Basel,
Switzerland) for 64 min with protease 1 (Roche). AR antibodies were
diluted 1:200 in an antibody-diluent and incubated for 32 min at
37 �C in the platform. For visualization, the indirect biotin-free
OptiView DAB Detection Kit (Roche) was used. The slides were
counterstained and mounted. Internal controls served as positive
controls for AR.
In microscopic assessment, AR staining was distributed homoge-
neously. Expression was quantified according to a modified scoring
system, which has already been used for assessment of AR immu-
noreaction. Diversity of positive cells was classified to a score 0e5
[23] by a researcher blinded for diabetes status.
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2.5. Statistical analyses
For non-normally distributed parameters, log-transformation was
used. For patients with two samples available, one sample was
randomly omitted from the analyses. For statistical analysis, we per-
formed multivariate linear regression models adjusted for age and BMI
to test differences in the gene expression patterns. Interactions were
tested by ANCOVA. Associations with a p-value � 0.05 were
considered significant. The statistical software package JMP 11.0 (SAS
Institute Inc., Cary, NC) was used.

3. RESULTS

3.1. Elevated androgen receptor expression and activated
androgen signaling in diabetes
First, we assessed whether androgen receptor (AR) mRNA expression
was differentially expressed in tumor depending on diabetes status.
There was a significant interaction between diabetes status and tumor
status on AR expression (pANCOVA ¼ 0.0151). AR mRNA levels were
significantly different between tumor-adjacent benign tissue and
prostate cancer only in patients with diabetes (Supplementary
Figure 1). In line with this finding, stratification for diabetes status
revealed that AR mRNA expression was associated with the tumor
content only in the biopsies of men with diabetes (Figure 1AeC). In
parallel to AR mRNA, the expression of the AR downstream target gene
KLK3, which encodes PSA, was selectively elevated with increasing
tumor content only when diabetes was present (Figure 1DeF). Another
AR downstream target gene FOLH1, encoding PSMA, was positively
correlated with tumor content in both conditions, however, with a
larger effect size in diabetes (diabetes: b ¼ 1.81 � 0.43; no diabetes:
b¼ 1.31� 0.63; Figure 1GeI). Further, AR expression was correlated
with the expression of MKI67, a gene coding for the proliferation
marker Ki-67 (Figure 1JeL). Furthermore, AR mRNA expression in
tumor was positively related to high T-score (T > 2) in patients with
diabetes (p ¼ 0.027) but not in patients without diabetes (p ¼ 0.441).
We then quantified immunohistochemical staining for AR in tissue
specimens of 51 patients. Staining of the AR was exclusively located in
the nucleus to a different extent (Figure 2A,B). Just as with mRNA
expression, AR protein expression was significantly positively associ-
ated with tumor content in patients with diabetes (p ¼ 0.020) while
this did not reach statistical significance in patients without diabetes
(p ¼ 0.095). Accordingly, patients with diabetes had more AR protein
expression compared to patients without diabetes, both in tumor-
adjacent tissue and in prostate cancer (Figure 2C).
Data from the Cancer Genome Atlas Research Consortium (TCGA) also
indicated that AR mRNA expression can serve as an estimate of AR
protein in prostate cancer (Supplementary Figure 2).

3.2. Association of androgen receptor expression with receptors
involved in insulin signaling
We next asked whether the elevated AR mRNA expression was
interrelated to the expression of other receptors involved in insulin
signaling. As reported previously [12], we calculated ratios between
the two IR isoforms IR-A and IR-B and the IR-B and IGF1R ratio. IR-A/
IR-B ratio was correlated to tumor content independent of diabetes
status (diabetes: p < 0.0001, no diabetes: p ¼ 0.0003), while IR-B/
IGF1R ratio was inversely correlated with the tumor content in the
samples (diabetes: p ¼ 0.001, no diabetes: p ¼ 0.025).
AR expression was correlated to higher IR-A/IR-B ratio and lower IR-B/
IGF1R ratio when diabetes was present (Figure 3A,D, respectively) but
not in patients without diabetes (Figure 3B,E, respectively).
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Figure 1: Correlation between the AR mRNA expression and AeC: tumor content in sample; DeF: Correlation between KLK3 mRNA expression (encoding PSA) and tumor content
in sample; GeI: Correlation between FOLH1 mRNA expression (encoding PSMA) and tumor content in sample; JeL: Correlation between AR and MKI67 mRNA expression (encoding
AR and Ki-67, respectively) in diabetes (left panels, red dots), no diabetes (middle panels, blue dots) and all patients combined (right panels). Samples of men with and without type
2 diabetes who underwent a radical prostatectomy were included in the study. Tumor content was quantified by an experienced pathologist. mRNA expression of target genes was
analyzed by RT-qPCR and normalized to UBC mRNA in duplicate. Red line represents fit line �95% CI. Data were log-transformed where indicated, and associations were tested by
multiple linear regression analyses with adjustment for age and BMI. Abbreviations: AR, androgen receptor; Ki-67, cell proliferation marker; PSA, prostate-specific antigen; PSMA,
prostate-specific membrane antigen; UBC, ubiquitin C.
3.3. Involvement of Cyp27A1 and Cyp7B1 in androgen signaling,
the rate limiting enzymes for 27-hydroxycholesterol synthesis and
degradation, depending on diabetes status
We next assessed Cyp27A1 expression and Cyp7B1 for potential in-
terrelations with the androgen signaling cascade. When correlated to
the tumor content in the biopsies, in diabetes Cyp27A1 mRNA levels
were significantly reduced with increasing tumor content (Figure 4A).
Although Cyp27A1 mRNA correlated inversely to the tumor content in
patients without diabetes as well (Figure 4B), the reduction of Cyp27A1
mRNA expression tended to associate with enhanced activation of
androgen signaling, as its relation with the AR downstream gene
MOLECULAR METABOLISM 8 (2018) 158e166 � 2017 The Authors. Published by Elsevier GmbH. This is an op
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FOLH1 mRNA was only present in diabetes (Figure 4DeF). Moreover,
reduced levels of Cyp27A1 expression were associated with elevated
cell proliferation solely in men with diabetes, as measured by the
expression of MKI67, a gene coding for the proliferation marker Ki-67
(Figure 4GeI).
Further, stratification for diabetes status revealed a positive correlation
of Cyp7B1 expression with tumor content only in the samples in men
with diabetes, while men without diabetes showed the opposite di-
rection (Figure 4JeL). Cyp7B1 expression positively correlated with
activity of androgen signaling, assessed by KLK3, which encodes PSA
(p ¼ 0.003). Furthermore, Cyp7B1 expression was positively
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Figure 2: Representative immunohistochemical stainings for AR of prostate carcinoma samples with Gleason scores ¼ 7b in A: no diabetes; B: diabetes. C: AR diversity in
immunohistochemical stainings, given in cumulated percentage of samples (%) in patients with and without diabetes, as well as in tumor-adjacent benign tissue and prostate
cancer samples. The proportion of cells was scored 0e5 (green: <1%, blue: 1e10%, yellow: 11e33%, orange: 34e66%, red: 67e100%), no sample was scored 0.

Figure 3: Correlation between AR mRNA expression and AeC: IR-A/IR-B ratio; DeF: IR-B/IGF1R ratio in diabetes (left panels, red dots), no diabetes (middle panels, blue dots), and
all patients combined (right panels). mRNA expression of target genes was analyzed by RT-qPCR and normalized to UBC mRNA in duplicate. Red line represents fit line �95% CI.
Data were log-transformed where indicated, and associations were tested by multiple linear regression analyses with adjustment for age and BMI. Abbreviations: AR, androgen
receptor; IGF1R, IGF-1 receptor; IR-A, insulin receptor isoform A; IR-B, insulin receptor isoform B; UBC, ubiquitin C.
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Figure 4: Correlation between the Cyp27A1 mRNA expression and AeC: tumor content in sample; DeF: FOLH1 mRNA expression (encoding PSMA); GeI: MKI67 mRNA expression
(encoding Ki-67) in diabetes (left panels, red dots), no diabetes (middle panels, blue dots), and all patients combined (right panels). JeL: Correlation between the Cyp7B1 mRNA
expression and tumor content in sample in diabetes (left panels, red dots), no diabetes (middle panels, blue dots), and all patients combined (right panels). mRNA expression of
target genes was analyzed by RT-qPCR and normalized to UBC mRNA in duplicate. Red line represents fit line �95% CI. Data were log-transformed where indicated and as-
sociations were tested by multiple linear regression analyses with adjustment for age and BMI. Abbreviations: Cyp27A1, sterol 27-hydroxylase; Cyp7B1, 25-hydroxycholesterol 7a-
hydroxylase; PSMA, prostate-specific membrane antigen; Ki-67, cell proliferation marker; UBC, ubiquitin C.
associated with cell proliferation, assessed by Ki-67 gene expression
(p ¼ 0.0005).
ESR2 encoding ER beta tended to be lower with increasing tumor
content (Supplementary Figure 3).

4. DISCUSSION

In this study, we investigated crucial signaling pathways for the pro-
gression of prostate cancer on the gene expression level in relation to
the patient’s diabetes status. Here we report for the first time selec-
tively elevated androgen receptor (AR) and enhanced androgen
signaling in tumor tissue of men with diabetes. An augmented gene
expression machinery of the AR and downstream target genes un-
derscore enhanced activity in patients with diabetes. As androgen
signaling displays one of the most important drivers for prostate cell
growth, and since in our study AR expression was strongly correlated
MOLECULAR METABOLISM 8 (2018) 158e166 � 2017 The Authors. Published by Elsevier GmbH. This is an op
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with the cell proliferation marker Ki-67 and was associated with higher
T-stage, our finding adds a pathomechanism that contributes to the
worse cancer-related outcome of prostate cancer patients with type 2
diabetes.
Previous findings reported on the one hand reduced testosterone
levels in men with diabetes, and, on the other hand, downregulation
of AR mRNA and protein levels through NF-kB activation in vitro and
in an animal model of prostate cancer [3,4]. These mechanisms,
which may result in a reduced AR activation, were discussed as one
possible explanation for the lower prostate cancer incidence in men
with diabetes. However, here we clearly demonstrate an activated
AR gene expression machinery selectively under diabetic conditions
in prostate cancer patients, paralleled by strengthened cell prolifer-
ation and higher tumor stage. Thus, our results argue against AR
downregulation in diabetes after occurrence of prostate cancer
in vivo.
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Possible underlying mechanisms for this AR overexpression could
include insulin or IGF-1 signaling as these signaling cascades are
known to activate AR [16]. We first confirmed our previous findings
[12], as we again detected differential expression patterns of the IR/
IGF1R receptors in prostate cancer in the current study. We now
addressed this in regard to AR expression. Of note, we detected that
higher insulin receptor IR-A/IR-B ratio and lower IR-B/IGF1R ratio, thus,
a shift toward the mitogenic isoforms, were correlated with elevated
AR expression levels in patients with diabetes. Despite lower testos-
terone levels in diabetes [4], this shift in receptor composition together
with elevated insulin levels could promote upregulation of the AR. In
concert with reduction in protective estrogen receptor modulators, this
might enhance activity of the androgen signaling machinery. The
simultaneously elevated expression of the AR downstream target PSA
in tumors of patients with diabetes underline a strictly diabetes-
dependent interrelation between androgen and insulin signaling, pro-
moting mitogenic pathways in the cancer cell.
As patients with type 2 diabetes are known to be hyperinsulinemic per
se, this relationship between insulin/IGF1 receptor and AR may point
towards a causal role of insulin in AR upregulation. Indeed, this is
supported by several previous observations. Beyond the already
mentioned AR activation by insulin or IGF-1, liganded AR itself may up-
regulate IGF1R expression in prostate cancer cells, possibly involving
Figure 5: Cholesterol is the precursor for the steroid hormones testosterone and dihydrotes
prostate tumor cells. DHT also elevates the intracellular cholesterol availability by inhibitin
synthesis in prostate cancer cells. Furthermore, activation of insulin/IGF-1 receptor sig
transcription factor [16]. DHT can be further metabolized into 3b-Adiol. This estrogen re
Cyp7B1, the major degrading enzyme of 3b-Adiol was detected in tumors of men with d
derivate, that inhibits tumor growth via estrogen receptors as well as Liver X Receptors
degradation of 27HC, we also detected reduced expression of the synthesizing enzyme C
3b,17b-diol; 27HC, 27-hydroxycholesterol; ABCA1, cholesterol ATP-binding cassette (ABC)
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the Src-ERK1/2 pathway, pointing to a vicious cycle once it is activated
[16,24,25]. In this regard, insulin and IGF-1 may not only activate AR
through Foxo1 inactivation, they might also elevate androgen levels
(Figure 5). As it was previously shown, insulin is capable of upregu-
lating expression of enzymes necessary for steroidogenesis both at the
mRNA and protein levels and, moreover, to directly increase intra-
cellular steroids in prostate cancer cells, which are well-known ligands
for the AR, e.g. testosterone [14] (Figure 5). In line with this, in the
same work, insulin treatment led to elevated PSA expression and
secretion, finally demonstrating a sufficient activation of the AR by
insulin. In accordance with these observations, our results point to-
wards a causal role for insulin in AR upregulation especially when type
2 diabetes is present. Of notice, a number of therapeutic strategies in
the treatment of diabetes further elevate circulating insulin levels,
including all insulin-based therapies and sulfonylureas. Our data might
prompt speculation that insulin-independent glucose lowering treat-
ments might be a better option for patients with prostate cancer. One
important drug is metformin, which is not only reported to enhance
insulin sensitivity and lower circulating insulin levels but also may act
on insulin-independent pathways improving cancer-related outcome in
prostate cancer [26,27].
Major activators of the AR are testosterone and dihydrotestosterone
(DHT). An important degradation product of DHT is 3b-Adiol. Of notice,
tosterone (DHT). Both activate the androgen receptor, thereby promoting proliferation of
g the cholesterol efflux transporter ABCA1 [30]. Insulin and/or IGF-1 induce androgen
naling cascade induces expression of the androgen receptor, presumably via Foxo1
ceptor ligand inhibits androgen signaling via estrogen receptor b. Overexpression of
iabetes. This enzyme also degrades 27-hydroxycholesterol (27HC), another cholesterol
(LXR). Moreover, 27HC inhibits cholesterol synthesis via SREBP2. Besides enhanced
yp27A1 in prostate tumor tissue in diabetes. Abbreviations: 3b-Adiol, 5a-androstane-
transporter, sub-family A, member 1; DHT, dihydrotestosterone; LXR, Liver X Receptor.
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3b-Adiol antagonizes androgen signaling by activating estrogen re-
ceptors [18]. In the current work, we investigated the major degrading
enzyme of the protective 3b-Adiol, i.e. Cyp7B1. Interestingly, this
enzyme also degrades another important selective estrogen receptor
modulator (SERM) 27HC [28]. This SERM is synthesized from
cholesterol by Cyp27A1. Thus, downregulation of the synthesizing
enzyme or overexpression of the degrading enzyme can lead to a
decrease in these protective steroids and to a shift from estrogen
towards androgen signaling [29]. Besides activation of the estrogen
receptor, 27HC is known to contribute to other protective pathways
[17,20]. Interestingly, there are differences in patients with or without
diabetes in these metabolic pathways. While the synthesizing enzyme
is downregulated in tumor in all patients, the degrading enzyme is
upregulated in tumor in patients with diabetes only, while down-
regulated in patients without diabetes. Even though, the down-
regulation of the synthesizing enzyme is associated with enhanced
tumor cell proliferation only in patients with diabetes. Altogether, these
data indicate decreased levels of these important protective estrogen
receptor ligands and thus enhanced androgen signaling in tumors of
patients with diabetes.
Our results indicate that at least two distinct mechanisms may
contribute to the poor prognosis of prostate cancer in men with dia-
betes: i) upregulation of the androgen receptor, presumably via
alteration in the insulin/IGF-1 signaling cascade and ii) disinhibition of
androgen signaling due to decreased levels of protective estrogen
receptor ligands. Further studies are needed to verify our results on the
protein level as most of the proteins addressed were only analyzed on
the mRNA level and protein data from TCGA [22] was available only for
AR. Further studies are also needed to extend our findings to patients
with end-stage disease.
To summarize, we report for the first time enhanced expression of
androgen receptor in prostate cancer and stronger activation of
androgen signaling in men with type 2 diabetes. Enhanced insulin
signaling via either the mitogenic IR-A isoform or IGF-1 receptor might
be involved in this upregulation of androgen signaling in tumors of
patients with diabetes. Decreased levels of protective estrogen re-
ceptor ligands can also contribute to enhanced androgen signaling.
Our work provides new insights why men with prostate cancer have
worse prognosis in case of coincident diabetes. As the analyzed mo-
lecular mechanisms are targets for either antidiabetic or anti-tumor
therapy, our results provide the basis for future clinical trials to
investigate treatment response to such therapies in patients with
prostate cancer and diabetes.
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