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Abstract
Purpose—In mouse models of prostate cancer, increased epinephrine levels accelerated tumor
growth via the beta2-adrenoreceptor/PKA signaling pathway. It is unknown, however, whether
men experience increased epinephrine levels sufficient to activate the beta2-adrenoreceptor/ PKA
pathway in the prostate gland. We measured epinephrine levels in blood samples collected
immediately prior to prostate biopsies and measured phosphorylation of S133CREB (PKA site),
S112BAD, T202/Y204ERK, and S473 Akt in prostate biopsy tissue samples.

Methods—Tissue samples and 3 ml of blood were obtained from men (n=20) recruited from the
patients scheduled for prostate biopsies. Epinephrine levels were measured by ELISA. Proteins
were extracted from biopsied tissue and protein phosphorylation was measured by Western
blotting with phospho-specific antibodies. Pearson and Spearman rank correlations were analyzed
to assess relationships among blood epinephrine levels and phosphorylation of CREB, BAD,
AKT, and ERK.

Results—Epinephrine levels above 1 nM were detected in 5 of 20 patients. A strong positive
correlation was observed between increased epinephrine levels and CREB phosphorylation. In
contrast, no correlation was observed between epinephrine levels and phosphorylation of ERK,
BAD, or of AKT.

Conclusion—Our results suggest that increased blood epinephrine levels activate the beta2-
adrenoreceptor/PKA signaling pathway in human prostate glands. These results will inform future
studies to examine whether beta2-selective blockers can inhibit activation of the epinephrine/
ADRB2/PKA pathway in prostate tumors of men with increased epinephrine levels, and explore
the use of beta2-selective blockers as adjuvant therapy for prostate cancer.
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Introduction
Chronic stress and depression have been connected recently with human cancer progression
and mortality [1,2]. Prostate cancer patients reportedly experience increased levels of stress
and anxiety [3]. Yet, analysis of relationships between stress levels and prostate cancer
susceptibility and progression in humans show conflicting results [4–6], unlike the strong
support for this association in animal models. When epinephrine increases in response to
stress, it inhibits apoptosis in prostate cancer and stimulates tumor growth via the beta2-
adrenoreceptor/ cAMP-dependent protein kinase (ADRB2/PKA) signaling pathway in mice
[7]. Furthermore, activation of ADRB2 was connected with accelerated prostate cancer cell
migration and metastases in animal models of prostate cancer [8]. Beta-blockers, which act
as epinephrine antagonists and inhibit activation of the ADRB2/PKA signaling pathway,
completely reversed the effects of stress and the effects of injected epinephrine or
norepinephrine on the prostate [8].

Analyses of data from the Quebec population-based prescription database linked to the
provincial cancer registry showed that beta-blockers taken for 4 years reduced the chance of
being diagnosed with prostate cancer by 18% (odds ratio 0.86% (95% CI 0.77–0.96)) [9].
However, some studies have not replicated these findings [10, 11]. Still, two studies based
on Norwegian Cancer Registry and US FDA Adverse Event Reporting System reported
decreased mortality among patients scheduled for androgen deprivation therapy [12] and
among patients with male reproductive neoplasms [13] who took beta blockers.

Taken together, these results from animal models and epidemiologic studies imply that
signaling via the ADRB2 pathway could be a primary mediator of the effects of stress on
prostate cancer development. Still, it is not known whether elevated epinephrine leads to
activation of ADRB2/PKA signaling or of other signaling pathways in the prostate gland in
men.

To assess signaling pathways activated by epinephrine, we examined phosphorylation of
CREB (cAMP response element-binding protein), an established substrate of PKA [14], and
ERK and Akt phosphorylation in prostate biopsies, and measured epinephrine levels in
blood collected immediately prior to prostate biopsies. A significant positive correlation has
been observed between blood epinephrine levels and intensity of CREB phosphorylation in
prostate glands.

Our results suggest that increased blood epinephrine leads to activation of the ADRB2/PKA
signaling pathway in human prostate glands, which has been connected with inhibition of
apoptosis and androgen independence in prostate cancer models [15–17]. Identifying
prostate cancer patients with increased epinephrine levels will allow assessments of the
contribution of ADRB2/PKA signaling to prostate cancer progression, and future studies to
test the use of ADRB2-selective antagonists as adjuvant therapy for these patients.

Materials and Methods
Study participants

Eligible participants for this study were men scheduled for prostate biopsy, ages 18 to 80
years, with a life expectancy greater than 3 months. Potential participants had to be able to
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understand and sign a written informed consent (in English). Exclusion criteria included any
patients with (1) chronically elevated levels of epinephrine due to pheochromocytoma; (2)
serious cognitive problems likely to impair their ability to give informed consent (i.e.
diagnosis of mental retardation, dementia, or other serious neurocognitive conditions); (3)
active psychosis or prominent suicidal ideation at enrollment screening; or (4) inability to
have blood samples drawn via standard venipuncture procedures. The investigation was
done in accordance with the Declaration of Helsinki, including obtaining written informed
consent from all participants. The study was approved by the Institutional Review Board at
Wake Forest University Health Sciences.

Blood sample collection
Men scheduled for prostate biopsies were recruited from the Department of Urology at
Wake Forest Baptist Health. After signing written informed consent and within one hour
prior to prostate biopsy, 3 ml of blood was drawn into a heparinized vial. Blood was stored
on ice and within 1 hour was centrifuged at 1000g for 10 minutes to pellet cells. Then,
sodium metabisulfite was added to plasma to a final concentration of 4 mM, and plasma was
snap frozen and stored at −80°C. 10–12 needle biopsies of average size 1 × 15 mm were
collected by Dr. Hemal from each patient, and one core was snap frozen in liquid nitrogen
and stored at −80°C prior to analysis. The remaining prostate biopsy tissue was used to
prepare paraffin-embedded sections for pathologic evaluation.

Epinephrine measurements—Plasma epinephrine concentrations were measured by
ELISA, using commercially available assays (BA-0100 from Labor Diagnostika) purchased
through Rocky Mountain Diagnostics. Epinephrine was first extracted using a cis-diol-
specific affinity gel, acetylated to N-acyladrenaline, and then derivatized enzymatically to
N-acylmetanephrine. Acylated adrenaline from the standards, controls, and samples then
compete for a fixed number of antiserum binding sites later detected by ELISA (lower
detection limit is 0.05nM), as described by the manufacturer.

Western blot analysis—Prostate biopsy samples were homogenized using a glass
dounce tissue homogenizer in a cold lysis buffer (20 mM HEPES, 150 mM NaCl, 1 mM
EDTA, 0.5% Na+deoxycholate, 1% Nonidet P-40, and 1 mM DTT, pH 7.4), containing
protease inhibitors (10 μg/mL aprotinin, 10 μg/mL leupeptin, 10 μg/mL pepstatin, 1 mM
benzamidine, and 1 mM PMSF) and phosphatase inhibitors (1 mM NaVO4, 50 mM β-
glycerophosphate, 40 mM p-nitrophenylphosphate, 40 mM NaF, and 1 μg/mL microcystin).
All reagents were purchased from Sigma-Aldrich. Prostate biopsy tissue lysates were
separated by polyacryamide gel electrophoresis and transferred to nitrocellulose membranes
for analysis with appropriate antibodies. The nitrocellulose membranes were incubated
overnight at 4°C with primary antibodies against human pCREB, CREB, pBAD, BAD,
pAKT, AKT, pERK, ERK (from Cell Signaling Technology), using β-actin (from Sigma-
Aldrich) as a control, followed by 1 hr incubation at room temperature in fluorescently
labeled secondary antibodies. Western blots were analyzed with the Odyssey CLx Infrared
Imaging System (Li-Cor Biosciences), according to the manufacturer’s instructions. Protein
bands were quantified using ImageJ software (National Institutes of Health).

Statistical analyses
Statistical analysis was conducted by Dr. D’Agostino using SAS version 9.2. This study was
designed to have 80% power to detect a correlation of 0.60 with 20 patients enrolled
assuming a 2-sided test. With 13 patients (number with phosphorylation data available), we
had 80% power to detect a correlation of 0.71. Correlations were estimated between blood
epinephrine levels and BAD, CREB, AKT, and ERK phosphorylation on the subsample of
patients with these measures (n=13). Four sets of correlations were calculated; the first two
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were Pearson correlations on all available patients, which were then repeated after removing
one patient with an extremely high level of blood epinephrine (Patient 14). The second two
were Spearman rank correlations on all available patients, which were then repeated after
removing one patient with an extremely high level of blood epinephrine (Patient 14). These
four methods were used to provide confirmatory results for any correlations seen (or not
seen). The Pearson correlations are model-based and assume that the variables have
somewhat normal distributions, whereas the Spearman rank correlation is a non-parametric
approach that estimates the correlation of the ranks of the measures. A p-value ≤0.05 was
considered statistically significant, and all tests were performed using 2-sided tests.

Results
Patient characteristics

We recruited 20 men scheduled for prostate biopsy due to elevated prostate-specific antigen
(PSA) to participate in this study; two patients refused to participate. Participants ranged in
age from 46 to 77 years, with a mean age of 67.5 (SD = 6.8) years. Participants included 16
Caucasian and 4 African-American men. Four participants were taking beta1-selective beta
blockers. Following prostate biopsy, 10 men (50%) were diagnosed with prostate
adenocarcinoma (Gleason score 6–9), 2 men were diagnosed with prostate intraepithelial
neoplasia (PIN), and 8 men were diagnosed with benign prostate hyperplasia (Table 1).

Epinephrine levels and cancer diagnosis
With the assays used, epinephrine could be measured down to 0.05 nM. In this pilot study,
we found no significant correlations between diagnoses of adenocarcinoma or inflammation
or plasma epinephrine levels (Table 1). An epinephrine level of 1nM was chosen as a
cutpoint to stratify patients into “high” and “low” epinephrine groups. We chose this
cutpoint based on tissue culture and mouse model studies that showed robust activation of
the PKA/BAD signaling pathway when epinephrine levels were above 1nM [7,16].

Epinephrine levels and activation of signaling pathways in prostate biopsies
Protein extracts suitable for analysis by Western blotting were obtained from 13 prostate
biopsies and examined with antibodies that recognize pS112BAD, pS133CREB, pS473Akt,
pT202/pY204ERK. To control for total protein expression, lysates of prostate biopsies were
also probed with antibodies to non-phosphorylated BAD, CREB, AKT, and ERK (Figure 1).
Ratios of signal intensity of phosphorylated and corresponding total proteins were calculated
to determine the activation status of each signaling molecule tested. Beta-actin was used as a
control to equalize loading. Activation levels of each signaling molecule were compared
with each other as well as with blood epinephrine levels.

We found a statistically significant positive correlation between blood epinephrine levels
and both BAD phosphorylation (r=0.6; p=0.024) and CREB phosphorylation (r=0.55;
p=0.05) using a Pearson correlation coefficient. Analysis using Spearman’s rank correlation
coefficient found a highly significant correlation between blood epinephrine levels and
CREB phosphorylation (r=0.9; p<0.0001), but not BAD phosphorylation (p =0.73). When
we repeated these correlation analyses removing patient 14 as an outlier, the Pearson
correlation between blood epinephrine levels and BAD phosphorylation became non-
significant (r=0.16, p=0.62) and the Pearson correlation between blood epinephrine levels
and CREB phosphorylation became highly significant (r=0.86; p=0.0003). Thus, the positive
correlation between blood epinephrine and CREB phosphorylation was not driven by the
single patient with extremely high epinephrine levels. No other significant correlations were
detected between other tested parameters (Table 2).
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Four of 20 patients (Patients 3, 6, 12, 19), regularly took beta1-selective beta blockers.
Nonetheless, CREB phosphorylation was found in Patients 3 and 19.

Discussion
There has been substantial interest in determining whether stress contributes to accelerated
prostate cancer progression and reduced therapeutic sensitivity [18]. Although there is little
doubt that effects of stress on prostate tumors are mediated by changes in endocrine (or
paracrine) parameters, only a few studies have used biochemical analyses to follow changes
of stress hormones in cancer patients. Thus, Schatzl and colleagues detected increased
cortisol levels in 75 prostate cancer patients, and another report examined epinephrine levels
in 50 cancer patients, including 3 prostate cancer patients [19,20]. Unfortunately, in the
latter study individual levels of epinephrine for cancer patients were not reported.

Our recent data [7], together with this report, provide a first survey of epinephrine levels in
prostate cancer patients and in men scheduled for prostate biopsy. We found a highly
significant correlation between epinephrine concentrations over 1 nM and phosphorylation
of S133CREB, a well-established PKA substrate.

Increased CREB phosphorylation in patients with elevated blood epinephrine levels was
observed regardless of whether the diagnosis was benign prostate hyperplasia, prostate
intraepithelial neoplasia, or prostate adenocarcinoma. This observation supports clinical
relevance of our recent experiments in tissue culture models and mouse models of prostate
cancer, which showed that epinephrine at levels over 1nM activate the ADRB2/PKA
signaling pathway, inhibit apoptosis, and promote tumor growth [7,16]. In contrast, no
significant correlations were found between epinephrine levels and activation of the ERK or
PI3K/AKT signaling pathways. We also did not observe loss of CREB phosphorylation in
patients with increased epinephrine levels who took beta1-selective beta blockers (atenolol
in Patient 3 or metoprolol in Patient 19). This result is consistent with the earlier reports that
epinephrine-induced activation of PKA/CREB pathway in prostate cells depends on beta2-
adrenoreceptors [7,16,21].

Despite the significant correlation we found between epinephrine and CREB
phosphorylation in prostate biopsies, a causal relationship remains to be established.
Comparing CREB phosphorylation in repeated prostate biopsies from patients with higher
epinephrine levels before and after beta-blockers are taken, would directly test the role of
epinephrine/ADRB2 signaling in induction of CREB phosphorylation. Such a comparison
could also shed light on whether doses of beta blockers that target ADRB2, prescribed to
treat hypertension and anxiety (e.g. propranolol), are sufficient to inhibit epinephrine-
induced CREB phosphorylation.

Analysis of downstream targets of the ADRB2/PKA pathway could potentially allow more
precise selection of patients who will respond to beta-blockers. Thus, experiments in tissue
culture and mouse models have identified BAD as a downstream target of antiapoptotic
ADRB2/PKA signaling in prostate cancer [7,16]. Earlier studies in prostate cancer cells
showed that BAD could be regulated by several redundant mechanisms, including PKA,
PI3K, and Ras signaling [22]. If BAD is indeed a critical target of ADRB2/PKA in prostate
cancer, then prostate tumors with active signaling pathways that phosphorylate BAD
independently from ADRB2/PKA are unlikely to respond to sole inhibition of ADRB2
signaling. In such cases, beta-blockers should be administered with inhibitors of other
signaling pathways, and BAD phosphorylation should be monitored to confirm efficacy of
inhibitors.
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Conclusion
In this pilot study, we found an association between increased blood epinephrine levels and
activation of the PKA/CREB pathway in prostate glands. This result suggests that increased
epinephrine levels may contribute to prostate cancer progression and therapy resistance, as
has been shown in mouse models of prostate cancer [7,8]. Results of this pilot study provide
a foundation for future studies that will examine whether beta2-selective blockers will
inhibit activation of the epinephrine/ADRB2/PKA pathway in prostate tumors of men with
increased epinephrine levels, and will inform future studies exploring the use of beta2-
selective blockers as adjuvant therapy in men with prostate cancer.
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Figure 1. Western blot analysis of prostate biopsies
A) Proteins extracted from prostate biopsies were analyzed with antibodies that recognize
pS133CREB and total CREB, pS112BAD and total BAD, pT202/pY204ERK and total
ERK, pS473Akt and total Akt. Beta-actin was used as a control. Fluorescently labeled
secondary antibodies were used to detect and quantify signal intensities.
B) Quantitation of pS133CREB, pS112BAD, pT202/pY204ERK and pS473Akt
phosphorylation are presented as ratios of signal intensities of phosphorylated protein and
total protein (values are shown above the bars). Samples of patients with epinephrine levels
over 1nM are shown in dark (red). Values of Spearman correlations between epinephrine
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levels and CREB, BAD, ERK and AKT phosphorylation are shown on the right [correlation
(p value)].
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Table 1

Pathology Reports, blood epinephrine (Epi) and beta blockers use for Study Participants

Pt. IDs Age Prostate biopsy Histopathology Blood Epi (nM) Beta blockers

1 68 Benign Hyperplasia of Prostate & Chronic inflammation <0.05 na

2 69 3 out of 12; GS is 6 to 7
Adenocarcinoma of Prostate

0.09 na

3 61 Benign Hyperplasia of Prostate 1.63 Atenolol

4 72 Benign Hyperplasia of Prostate <0.05 na

5 46 1 out of 12; GS is 3+3=6
Adenocarcinoma of Prostate

<0.05 na

6 70 Benign Hyperplasia of Prostate <0.05 Toprol XL

7 67 Benign Hyperplasia of Prostate 0.23 na

8 68 12 out of 12; GS is 3+4=7
Adenocarcinoma of Prostate

<0.05 na

9 62 1 out of 12; GS is 3+4=7
Adenocarcinoma of Prostate

0.13 na

10 65 Prostatic intraepithelial neoplasia 1.05 na

11 58 6 out of 12; GS is 6 to 8
Adenocarcinoma of Prostate

0.35 na

12 68 5 out of 5; GS is 3+4=7
Adenocarcinoma of Prostate

0.28 Atenolol

13 59 Benign Hyperplasia of Prostate & Chronic inflammation <0.05 na

14 73 Prostatic intraepithelial neoplasia 13.42 na

15 65 3 out of 12; GS is 3+4=7
Adenocarcinoma of Prostate

1.28 na

16 68 Chronic inflammation 0.41 na

17 58 2 out of 12; GS is 3+4=7
Adenocarcinoma of Prostate

0.47 na

18 65 12 out of 12; GS is 7 to 9
Adenocarcinoma of Prostate

2.30 na

19 77 Benign Hyperplasia of Prostate 0.89 Metoprolol

20 71 1 out of 12; GS is 3+3=6
Adenocarcinoma of Prostate

1.95 na
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Table 2

Comparison of plasma epinephrine levels and phosphorylation intensity of pS112BAD, pS133CREB, pT202/
pY204ERK and pS473Akt using Pearson and Spearman correlation tests.

Pearson Correlations
(Correlation (p-value))

Spearman Correlations
(Correlation (p-value))

Variable Blood Epinephrine Blood Epinephrine

pBAD/BAD 0.62 (0.02) 0.10 (0.73)

pCREB/CREB 0.55 (0.05) 0.91 (<0.0001)

pERK/ERK −0.02 (0.94) 0.52 (0.066)

pAKT/AKT −0.01 (0.97) 0.27 (0.38)
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