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Abstract
Dehydroepiandrosterone (DHEA) is commonly used in the USA as a nutritional supplement for
antiaging, metabolic support or other uses. Investigations into understanding the effects of DHEA
on human prostate cancer progression have posed more questions than answers and highlight the
importance of communications between stromal and epithelial elements within the prostate that
contribute to the regulation of DHEA metabolism. Intracrine metabolism of DHEA to androgens (A)
and/or estrogens (E) may occur in one cell compartment (stromal) which may release paracrine
hormones or growth/inhibitory factors to the epithelial cells. Alternatively no metabolism of DHEA
may occur, resulting in no harmful consequences of high levels of DHEA in prostate tissues. We
herein review the tissue components involved and interactions with the prohormone, DHEA and/or
resulting metabolites, including dihydrotestosterone (DHT) or 17β-Estradiol (E2) in an in-vitro model
of endocrine-immune-paracrine interactions within the prostate. This work raises questions and
hypotheses concerning the role of DHEA in prostate in normal tissues, vs. preneoplastic tissues.
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Introduction
DHEA and its sulphated form DHEA-S are the most abundant steroids in humans, produced
by the adrenal cortex. Humans and other primates are unique among animal species in that
their adrenal glands secrete large amounts [1]. DHEA and DHEAS have also been characterized
as an important neuroactive neurosteroids [2.]. Serum levels of adrenal DHEA and DHEAS
peak in both men and women in their 20’s and 30’s and decrease progressively and profoundly
with increasing age. The circulating, sulphated form of DHEA, DHEAS, provides a large
reservoir of substrate, up to 100–500 times the levels of testosterone and 1000 to 10,000 times
higher than those of estradiol [3] for conversion into androgens and/or estrogens in peripheral
intracrine tissues. In the U.S., DHEA is widely available as an over-the-counter dietary
supplement, and is increasingly self-prescribed for its alleged anabolic and anti-aging effects,
with unsubstantiated claims of beneficial effects as well as uncertain long-term safety [4]. In
aged adults, the use of DHEA as a dietary supplement is of potential concern in that its
androgenic or estrogenic actions may stimulate proliferation, and other adverse effects in,
cancer cells within the prostate or breast. DHEA has been shown to exert many of its effects
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via the androgen receptor (AR) and/or estrogen receptor (ERβ or ERα) following its enzymatic
conversion to androgenic or estrogenic ligands, although direct effects of DHEA on the AR
and ER have also been demonstrated. The following chapters unfold the potential complexity
concerning DHEA metabolism in the prostate and review the in vitro methods developed in
this laboratory to address these questions.

1. Controversy remains as to whether DHEA enhances or reduces the risk of
prostate cancer

An important concept to understand in the context of DHEA effects in prostate is that of
“intracrinology” as coined by Fernand Labrie, where steroid synthesis and metabolism takes
place in peripheral target tissues [5,6]. Prostate cells control the level of intracellular active sex
steroids using catalyzing enzymes 17β-hydroxysteroid dehydrogenase (17β-HSD), 3β-HSD,
and 5α-reductase [7]. It is understood that the adrenal steroid, DHEA, is an important source
of androgens, which, when metabolized by the prostate cells, contribute up to 1/6 of DHT
present in the prostate [8] This very large pool of DHEAS/DHEA is at its peak in when men
are young, yet we do not see high rates of cancer in young men. Could DHEA or DHEAS may
play a protective role in normal prostate, but contribute to prostate cancer progression in the
context of reactive or senescent stromal microenvironment or tumor environment represented
in prostatic tissues at advanced ages? When one considers the latency period for cancers, the
early high exposure to DHEA in young men, hypothetically could be confounded by risk factors
such as smoking, inflammation or diet, providing a tissue microenvironment that alters DHEA
metabolism, and thus, an altered androgen/estrogen balance [9]. (Also see reactive stromal
effects in Chapters 4 and 5 below) Similar hypotheses of early hormonal exposure are proposed
for increasing breast cancer risk due resulting form early menarche or late full term pregnancy
[10,11]

Alternatively, DHEA has been shown to be cancer preventive in carcinogen-induced rodent
prostate cancers in vivo and in vitro studies,[12] [13–16], whether by inhibition of glucose-6-
phosphate dehydrogenase [17] or other carcinogen-metabolizing enzymes (15). The relevance
of these studies to human biology is uncertain, however, as the amounts of DHEA and DHEAS
are much lower in rodents than in humans, and the physiological importance of these adrenal
steroids are unknown in rodents.

2. Experimental methodologies to determine DHEA effects in human prostate
We have developed an in vitro model of stromal-epithelial cell coculture to dissect pathways
and mechanisms of DHEA effects in the human prostate. The evolution of this model came
from surveying the existing available human cell lines and primary cells from prostate
epithelium. The difficulties of studying hormonal responsiveness with primary prostate cells
cell lines and many cancer cell lines stem from the lack of functional androgen receptors in
these cells (including normal primary epithelial cells or preneoplastic high grade prostate
intraepithelial neoplastic ‘HGPIN’ cells.) The androgen non-responsive cancer cells such as
Du145 or PC-3 cells contain ERβ and have been useful for studying estrogenic metabolites of
DHEA. The few androgen responsive epithelial cancer cells include LNCaP and 22RV1, which
contain a mutated AR and LAPC-4 with a wild type AR. Prostatic stromal cells can be grown
as primary cell lots from radical prostatectomy patients and may include phenotypes of normal,
reactive myofibroblasts and ‘cancer-associated fibroblasts’

Prostate cancer epithelial cells exhibit differential responses to DHEA depending in part upon
their androgen receptor (AR) status. We have demonstrated that LNCaP cells with a mutated
AR are responsive to DHEA treatment as measured by cell proliferation, and expression of
prostate specific antigen (PSA), and IGF axis proteins [18]. In contrast, LAPC-4 cells, which
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harbor a normal AR, are minimally responsive [19]. Prostatic primary stromal cells were
responsive to androgens, such as DHT by increasing secretory IGF-1, whereas DHEA did not
produce the same effect [20].

3. Development of stromal-epithelial coculture model
Extrapolation of data concerning DHEA effects in prostate can only be as good as the
experimental model. Cultures of only epithelial or only stromal cells may miss crucial
mechanisms of DHEA effects. In fact, both stromal and epithelial cells are involved in prostate
response to DHEA; thus, we have investigated effects of DHEA on epithelial and stromal cells,
grown separately and in co-culture allowing improved representation of the prostate tissue
microenvironment. The importance of stromal cells in regulating epithelial function and
especially in cancer has been extensively reviewed [21]. Morphogenic and regulatory
interactions between mesenchyme and epithelium that are present during development remain
in adult tissue functioning [22]. Early lesions of cancer may contain epithelial cell genetic and
signal transduction abnormalities which may be suppressed or promoted by surrounding
stromal tissue. Thus loss or alteration of stromal regulation may lead to epithelial dysfunction.
Thus, cancer is a disease of the whole tissue and “It’s not just the cancer cells’ fault” [23]

When DHEA is added to monocultures of prostate epithelial cancer cells (LAPC-4) or primary
stromal cells (“6S”), the effects of DHEA on the cells grown separately were minimal. But,
when LAPC-4 cells were grown in the presence of 6S stromal cells in coculture, DHEA
stimulated LAPC4 PSA protein and gene expression with levels approaching induction by
DHT. Also 6S stromal cells responded to increasing doses of DHEA with increased testosterone
(T) secretion, suggesting that stromal cells can metabolize DHEA to T, and possibly DHT, and
thus induce increased PSA expression in the cocultured epithelial cells. [19]. These studies
also indicate involvement of stromal cell paracrine mediators beyond production of DHEA
metabolites that may contribute to DHEA-modulated PSA production in LAPC-4 prostate
cancer epithelial cells. Interestingly, multiple primary stromal cell lots with phenotypes in the
range of normal to reactive or cancer-associated stroma were cocultured with LAPC4 cells and
showed levels of induction of epithelial PSA inverse to the stromal expression of smooth
muscle markers. This gave a hint that that normal, non-cancerous stromal cells may not have
the same capability induce androgenic effects in epithelial cells.

4. Role of stromal environment and inflammation in DHEA metabolism
Alterations in stromal phenotype have been reported in many types of human cancer [24].
Reactive or activated prostate stromal cells have myofibroblastic characteristics, including
increased levels of smooth muscle α actin [25]. TGFβ1 and other pro-inflammatory cytokines
mediate the reactive stromal response and promote a wound-repair-type reactive myofibroblast
phenotype in prostate cancer [26,27] [28] [29] [30].

It has been suggested that about 20% of human cancers are associated with chronic infection
or inflammation [31]. Such lesions have been characterized in the prostate as proliferative
inflammatory atrophy (PIA) and illustrate the association between inflammation and unusually
high proliferation [32]. Increased 3β-HSD type 1 gene expression has been found in the
presence of cytokines IL-4 and IL-13 [33], In the inflammatory prostate tissue
microenvironment, such as in PIA, is it possible that one of the mechanisms of cancer
promotion includes increased metabolism of endogenous DHEA, either to androgens or
estrogens, and also increased induction of paracrine factors (including cytokines, chemokines
and growth factors), that induce proliferation or inhibit apoptosis. Interestingly, in our previous
studies, there was a differential induction of stromal production of IGF axis proteins in the
reactive stroma cell lots compared to normal stroma [20] suggesting differentially expressed
stromal paracrine factors in reactive stroma may further contribute to the cascade towards
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cancer promotion. The microenvironment of the prostate may dictate the ultimate fate of DHEA
metabolism towards androgenic or estrogenic ligands. This is important, not only in
consideration of DHEA used as a dietary supplement, but in also in determining physiological
role of DHEA in prostate.

5. DHEA effects in normal vs. reactive stromal microenvironment
We aimed to mimic the increased levels of cytokines and characteristics of reactive stroma,
such as are present in PIA, PIN and prostate cancer by adding pro-inflammatory cytokines,
TGFβ1 or IL-6, to the coculture model of 6S stromal plus LAPC4 prostate cancer epithelial
cells. In our studies, LAPC-4 cells were grown in coculture with prostate stromal cells (6S),
and treated with DHEA +/− TGFβ1 or IL-6 [34]. PSA expression and testosterone (T) secretion
in LAPC4/6S cocultures were compared with those in monocultured epithelial and stromal
cells using real time PCR and/or ELISA. Combined administration of TGFβ1+DHEA
increased coculture production of testosterone over DHEA treatment alone, and cocultures
increased PSA protein secretion 2–4 times, and PSA gene expression up to 50-fold. TGFβ1
greatly increased stromal-mediated DHEA effects on T production and epithelial cell PSA
production.

TGFβ-1 is known to influence steroid metabolizing enzymes such as decreasing 3β HSD in
adrenocortical cells [35] and 17β HSD in breast cancer cells [36]. TGFβ1 can decrease activity
of CYP7B, which metabolizes DHEA to 7-alpha OH-DHEA, a ligand for ERβ [37] as measured
in inflammatory tissues. In our studies, TGFβ1 modulation of the DHEA metabolic pathway
may alter the balance of androgenic and estrogenic ligands affecting growth and function of
the prostate. To summarize the work of this laboratory on DHEA effects in human prostate
cells, we have found that DHEA has minimal effects on prostate stromal OR epithelial cells
when cultured alone, but the principal mechanism of DHEA effects is found by coculture of
these cells. Stromal cell paracrine and intracrine activities play an important role in DHEA
effects on epithelial prostate cells. TGF-β1 induces a reactive stromal phenotype and results
in increased androgenicity of DHEA. Further studies aim to elucidate the role of TGF-β1 on
expression and activity of the HSD enzymes by altering associations of TGF-β1 receptors with
the enzymes.

6. Is DHEA androgenic or estrogenic in the prostate? Direct vs. indirect
effects

DHEA can directly activate AR or ERβ in the prostatic epithelium or the AR or ERα in the
prostatic stroma. DHEA can be a direct ligand for the AR in mutant prostate epithelial cells
such as LNCaP and induce weak androgenic effects, potentially promoting prostate cancer
growth, as shown by its stimulation of prostate cancer LNCaP cell proliferation, and
modulation of cellular PSA, AR, ERβ, and IGF axis gene and protein expression, in a pattern
similar to DHT and T, although on a lesser scale and delayed in time [18].

ERβ is an important target in prostate[38] for endogenous and exogenous estrogens and
phytoestrogens and may play a role in modulating androgen activity. DHEA has been shown
to exert direct agonist effects on ERβ as observed in competitive receptor binding assays, in
which DHEA displayed a higher affinity for ERβ than for AR or ERα, with ERβ being the
preferred target for the transcriptional effects of DHEA [39].

Indirect effects refer to DHEA metabolism to androgenic ligands (including androstenedione,
testosterone and DHT) or estrogenic ligands (including 7-OH-DHEA, 3β Adiol, or 17β
estradiol). Receptors for DHEA or DHEAS have not been definitively isolated [40]. DHEA
sulfate (DHEAS) is present in high levels in the prostate, as is the sulfatase that converts
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DHEAS to DHEA [41]. Prostate stromal and epithelial cells possess the enzymatic machinery
to metabolize DHEA (intracrine) to more active androgenic and/or estrogenic steroids [1,42,
43] and express secondary mediators (paracrine) for epithelial growth and differentiation.
Alternatively, DHEA metabolites may act on ERβ in the prostate, potentially antagonizing
androgenic effects on prostate cancer growth. such as metabolism to 7α-hydroxy-DHEA
(7HD), a known ligand for ERβ [44].

The complexity of the balance between androgenic and estrogenic effects whether as direct
ligands or metabolites of DHEA on the prostate is matched by the complexity of estrogen action
through the ERα vs. ERβ. The intratissular balance of androgen and estrogen levels is most
important for prostatic development and differentiation. Likewise, the balance between ERα
and ERβ including the temporal and spatial expression determines response of prostate to
estrogen and is crucial for prostate health [45]. Estrogens have been long used in prostate cancer
therapy and the role of estrogens in the prostate have been elegantly studied and reviewed
[46] [47]. Estrogens have beneficial effects that support normal growth of the prostate but can
also be detrimental to prostate growth and differentiation. [48]. Estrogens acting through the
prostate stromal ERα may be growth promoting while estrogens acting through the epithelial
ERβ may be antagonistic to ERα-or AR-activated pathways [49,50]. Excessive estrogen
induces squamous metaplasia and can act synergistically with androgens to induce glandular
hyperplasia. [51]. To the contrary, estrogens can inhibit prostate cancer xenograft growth in
female intact and ovariectomized mice, in the absence of androgens [52]. These inhibitory
effects were postulated to occur by direct actions via the ER or by E2 effects on other cells
secreting secondary factors, which influence cancer cell growth. Additionally, ERβ knock-out
mice exhibit increased epithelial proliferation compared with that observed in wild-type mice
[53] suggesting that ERβ may inhibit prostate growth.

What regulates the direction of estrogen action? What are downstream signal transduction
pathways or gene effects of ER ligand/receptor complexes in either stromal cells or in epithelial
cells? How do non-genomic effects of estrogen influence prostate functioning [54,55]? Also
beyond the scope of this discussion, what are effects of estrogens as converted to catechol
estrogens which could react with DNA and lead to mutations initiating cancer [56]? Paracrine
functions become important when considering that stromal cells possess aromatase allowing
conversion of testosterone to estrogens [57,58]. Ellem and Risbridger propose a positive-
feedback cycle where increased stromal aromatase production may increase local estrogens
which then promote inflammation. The inflammation may further stimulate aromatase
expression leading to progression of prostate cancer [59]. In the context of reactive stroma, the
relationship of reactive stroma to aromatase expression has not been validated.

A final possibility is that DHEA remains as a prohormone, and is not metabolized, at the
increased levels over other steroids, provides a ‘hormonal buffer’ [60] against endogenous
androgen or estrogen levels.

In our studies aiming to determine downstream androgenic vs. estrogenic effects of DHEA,
we evaluated the extent to which DHEA-modulated effects in LNCaP and LAPC-4 cells were
mediated via the AR and/or ERβ. We found both receptors were involved. In both LNCaP and
LAPC-4 prostate cancer cells, inhibitors of AR(Casodex) and ER (ICI 182,780) suppressed
hormone-induced PSA mRNA and protein expression. These studies, in addition to others
employing siRNAs to AR or ERβ, western blotting and confocal microscopic analyses, suggest
that both AR and ERβ contribute to PSA expression induced by DHEA, DHT and E2 in LNCaP
cells, and by DHT in LAPC-4 cells [61].
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7. What regulates DHEA metabolism in the prostate?
Based on our studies showing that cancer-derived reactive stromal cells have increased capacity
to mediate DHEA metabolism and DHEA-induced PSA production than do normal stromal
cells, we hypothesize that DHEA exerts minimal negative effects in the normal prostate,
whereas in cancer-associated tissues or inflammatory microenvironment, the stromal
component may promote prostate cancer progression in the presence of DHEA via increased
stromal metabolism to androgenic or estrogenic metabolites and induction of secondary growth
factors.

Many questions remain to be clarified in regulation of DHEA metabolism in the prostate. What
endogenous or exogenous factors promote androgenic vs. estrogenic metabolism of DHEA?
What homeostatic mechanisms regulate levels and activity of intraprostatic steroid metabolic
enzymes, 3β HSD1 or 17β HSD’s? Does the tissue microenvironment affect the levels or
activity of metabolic enzymes? What is the role of inflammatory cytokines and chemokines in
upregulating the metabolic enzymes? How do changing levels of the metabolic enzyme
cofactors, NADPH and NADH, govern metabolic capacity [62]? What is the affect of reactive
oxygen species (ROS) on the activity of the metabolic enzymes or cofactors? These are all
active areas of research, many addressed by other authors in this issue. The complexities of
intratissular androgen and estrogen balance along with the contribution of DHEA to prostate
function are becoming increasingly appreciated with less clarity of the role of serum androgen
levels in risk of prostate cancer[63].

There is a need to clarify the questions above for normal prostate physiology, and understand
how these factors are shifted in a disease state. And finally, curiously, why are endogenous
DHEA levels so high in humans and primates, and not in other species?

8. Endo-Immuno-Paracrine model of prostate hormonal microenvironment
can be applied to investigating mechanisms of phytomedicines

The coculture model developed by this laboratory addresses endocrine (DHEA) - immune
(TGFβ1) - paracrine (stromal-epithelial) interactions in the prostate. The addition of TGFβ1
to DHEA–treated prostate stromal plus epithelial cells reproduced a reactive stromal
microenvironment and significantly increased the androgenicity of both cell types, as measured
by increased PSA (epithelial) and T (stromal) production. Figure 1 depicts the interrelatedness
of the endocrine, immune and paracrine functions as they each contribute to overall potential
effect of DHEA metabolism in the prostate. (see Figure 1). The question of whether DHEA
can be cancer promoting or cancer preventive continues to be debated. [64].

This in vitro model cannot provide data on all the complex physiological regulatory
mechanisms inherent in in vivo models. It is also difficult to extrapolate from cell cultures, to
humans. Nevertheless, DHEA-treated LAPC-4 and 6S cocultures provide a useful preclinical
model to elaborate immune/hormone-mediated stromal cell signaling and to identify the
mechanisms involved in metabolism of DHEA in prostate growth and gene regulation as well
as intracrine and paracrine pathways and mediators of hormone and immunological action in
human prostate cells. The stromal-epithelial interface is an important target for various
botanical agents or traditional medicines acting as therapeutic agents to normalize hormone
metabolism or stromal regulation of epithelial cells. To this end, we treated cells with red clover
isoflavones which were combined in the same proportions as in commercially available
preparations [65,66]. Red clover isoflavone administration significantly inhibited TGFβ-1
+DHEA induction of expression of PSA and T in a dose-dependant manner at final
concentrations similar to those achieved clinically (30–300nM) [67].
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The development of this model assists in addressing the challenge of research in botanical
agents or complementary and alternative medicines which is integrative in nature, not
reductive. “Reduction gains precision about parts but at each step loses information about the
larger organization it leaves behind.” (Sir David Smithers) [68]). The model can explore
multiple pathways, endocrine, paracrine, immune as they all contribute to final effect of DHEA
metabolism. Also the botanical or complementary and alternative medicine (CAM) agents may
have many different chemical constituents that are symbiotic and multi-mechanistic. This
represents a real challenge in its antireductionist nature, yet addresses a vital need of the frontier
of CAM research.

These studies highlight the need for further rigorous well-designed laboratory, translational
and clinical investigations of the mechanisms of action, efficacy and safety of DHEA, so that
questions regarding its potential for improving or compromising human health can finally be
answered.
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Abbreviations
6S  

primary prostate stromal cell

AR  
androgen receptor

CC  
coculture

DHEA  
dehydroepiandrosterone

DHEAS  
dehydroepiandrosterone sulphate

DHT  
dihydrotestosterone

E2  
17β estradiol

ELISA  
enzyme-linked immunosorbent assay

ER  
estrogen receptor

HSD  
hydroxysteroid dehydrogenase

IGF  
insulin-like growth factor

PrSC  
primary normal prostate stromal cell
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PSA  
prostate specific antigen

RT-PCR  
reverse transcriptase polymerase chain reaction

T  
testosterone

TGFβ1  
Transforming Growth Factor Beta 1
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Figure 1. Endo-Immuno-Paracrine influences of DHEA effects on prostate epithelium depends on
prostate hormonal microenvironment metabolism and local microenvironment
The complexity of the prospective effects of DHEA in prostate tissues includes such
contributing factors as 1- the possible metabolism of DHEA to androgenic or estrogenic
ligands. Androgen Receptor ligands include androstenedione, T and DHT. DHEA is a ligand
for the mutant AR as exemplified in the LNCaP cell line. Estrogenic metabolites such as 17β
Estradiol, 7-OH-DHEA and serve as ligands for the ERβ. 2- the potential contribution of
inflammatory cytokines may increased steroid metabolic enzyme levels or activity; 3- the
stromal and epithelial cell components including their cross-talk, 4- the AR and ERβ (or
ERα in stromal cells) and downstream effectors; 5- the hormone-induced paracrine signaling;
and 6- the importance of the stromal component (normal vs. reactive) as a basis for the
differences in the metabolism of DHEA.
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