
Abstract
Hormone-independent malignancy is a major issue of morbid-

ity and deaths that confronts prostate cancer. Despite decades of
research, the oncogenic and hormonal implications in the develop-
ment and progression of prostate malignancy remain mostly spec-
ulative. This is largely due to the absence and/or lack of consider-
ation by contemporary clinicians and biomedical investigators
regarding the established implications of the co-regulation of
testosterone and prolactin in the development, maintenance,
metabolism and functions of the prostate gland. Especially rele-
vant is the major metabolic function of production of high levels
of citrate by the peripheral zone acinar epithelial cells. Citrate pro-
duction, along with growth and proliferation by these cells, is reg-
ulated by co-existing testosterone and prolactin signaling path-
ways; and by the oncogenic down-regulation of ZIP1
transporter/zinc/citrate in the development of malignancy. These
relationships had not been considered in the issues of hormone-

dependent malignancy. 
This review provides the relevant background that has estab-

lished the dual role of testosterone and prolactin regulation of the
prostate gland; which is essential to address the implications in the
oncogenic development and progression of hormone-dependent
malignancy. The oncogenic factor along with testosterone-depen-
dent and prolactin-dependent relationships leads to the plausible
concept that androgen ablation for the treatment of testosterone-
dependent malignancy results in the development of prolactin-
dependent malignancy; which is testosterone-independent malig-
nancy. Consequently, both testosterone ablation and prolactin
ablation are required to prevent and/or abort terminal hormone-
dependent prostate cancer. 

Introduction
This review is prompted by current issues regarding the role

of testosterone and prolactin in the regulation of the development,
maintenance, metabolism and functions of the prostate gland; and
the implications in prostate cancer (PCa). This applies to the major
metabolic function of the prostate peripheral zone (PZ) acini
(where malignancy develops) to produce high levels of zinc for
secretion into prostatic fluid. ZIP1 zinc transporter uptake of zinc
is required to produce the high levels of citrate. However, in vir-
tually all cases of PCa, ZIP1/zinc/citrate is down-regulated; which
is required to prevent the cytotoxic effects of high zinc levels in
the malignant cells (for reviews).1-4 These are oncogenic and hor-
mone dependent relationships, which impact the development of
hormone-dependent malignancy and the basis for the treatment
and prevention of PCa. Unfortunately, these relationships have
been largely ignored by contemporary clinicians and biomedical
investigators. 

This review describes the important role of testosterone and
prolactin in normal prostate and in PCa; and presents the new con-
cept of testosterone-dependent malignancy and prolactin-depen-
dent (testosterone-independent) malignancy. 

A brief review of the role of zinc and citrate in normal
prostate and prostate cancer

Before describing the citrate relationships and hormonal regu-
lation in normal prostate and prostate cancer, an understanding of
the anatomic and functional organization of the human prostate is
necessary (for extended reviews).1-4
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The organization of the human prostate gland
The anatomic complexity of the human prostate gland has

posed a challenge of more than 200 years of studies aimed at iden-
tifying its anatomic components and organization.5 Unresolved
issues still remain regarding the identification and classification of
the regional components of the human prostate gland. For this
presentation, we employ a widely accepted description that
includes the peripheral zone, the central zone, and the transition
zone. 

Most reported prostate studies have not considered the relevant
relationships of the anatomic components of the human prostate
gland. The human prostate gland has largely been considered or
thought to be a uniform and homogeneous embryological, anatom-
ical, and functional organ. This has resulted in questionable con-
clusions and translational misinterpretations of the physiological
and pathophysiological relationships in humans.

The PZ comprises ~70%, and is the region where ~90% of
malignancies develop; the central zone comprises ~25%, and is the
region of BPH; the transition zone region comprises ~5%, and is
the region where ~10% of malignancies (somewhat indolent)
develop and where BPH is initiated. These components are organ-
ized into a complex compact structure of the prostate gland, which
make it difficult to separate and isolate specific tissue regions and
cells for the identification and investigation of specific activities of
the prostate gland. 

Consequently, animal studies, which have separate regional
lobes, have provided much of the information that has been applied
to human prostate relationships. This is represented by the lateral,
dorsal, and ventral lobes in mice and rats; which have been the
most extensively employed animal models for translational repre-
sentation of the human prostate gland. Most importantly, in regard
to hormonal regulation of prostate development, growth, metabo-
lism and function, the lateral lobe is the appropriate homologous
and analogous representation of the human PZ.5 Both the ventral
lobe (which has been most employed) and the dorsal lobe give dif-
ferent responses to hormone regulation; and these relationships
especially apply to the issue citrate production. Therefore, many
such studies have misrepresented those relationships as applied to
the human prostate, due to the lack of consideration of the homol-
ogy and analogy. The following presentation includes the appropri-
ate human prostate representations of the animal studies.

The status of zinc and citrate in normal prostate and
prostate cancer

The major role of prostate gland citrate production is the func-
tion of the highly specialized citrate-producing acini epithelial
cells of the PZ. The capability of the epithelial cells to produce
high levels of citrate is dependent on their capability to accumulate
high levels of zinc. The zinc inhibits citrate oxidation; so the citrate
is accumulated. Thus, these normal PZ epithelial cells are special-
ized zinc-accumulating, citrate-producing cells.

The zinc concentration is markedly decreased in malignancy in
virtually all cases of PCa, compared to normal and benign prostate.
Many reported studies since first identified in 19546 consistently
demonstrated ~70-90% decrease in zinc in PCa tissue; and no cor-
roborated reports exist that have identified malignancy in PCa
cases with the higher zinc level of the normal epithelial cells. This
relationship also applies to the citrate levels. Therefore, PCa malig-
nancy always exhibits the combination of decreased zinc and loss
of citrate.3,6,7 Figure 1 shows the results of x-ray imagining of zinc
in prostate biopsy samples,8 and the endorectal magnetic reso-
nance imaging of citrate in the PZ.9 The citrate and zinc results are

identical. In the combined 154 cancer cases represented in these
independent studies, no case exhibited a zinc or citrate level com-
parable to the corresponding normal tissue; and for both zinc and
citrate, a mean decrease of ~90% exists in PCa.

The important role of ZIP1 transporter
The concentration and distribution of zinc in all cells is regu-

lated and maintained at conditions that are optimal for their normal
growth, proliferation, metabolism, and functional activities. The
ZIP-family (Slc39A) consists of plasma membrane transporters
that facilitate the cellular uptake of zinc from interstitial fluid
derived from plasma; which is the major source of cellular zinc
(reviewed in10,11). 

ZIP1 is the major functional transporter that is associated with
the uptake and accumulation of the high zinc levels in the normal
PZ acinar epithelial cells (Figure 2). In PCa, the malignant cells
exhibit a marked downregulation of ZIP1 gene expression and
decreased abundance of plasma membrane localized transporter.
Zinc uptake and accumulation decreases concurrently with the
downregulation of ZIP1. 

Also important is that the decreased ZIP1/zinc/citrate occurs
during premalignancy and in early malignancy, before the appear-
ance of the histopatholgical identification of malignancy. It persists
during progression in the prostate. Therefore, we now characterize
PCa as a ZIP1-deficient malignancy in all cases of PCa. 
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Figure 1. Zinc and citrate changes in prostate cancer subjects. A)
Direct x-ray fluorescence of zinc in prostate biopsies (modified
from8). B.) In situ MRS imaging of citrate levels in the prostate
gland (modified from9). 
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Why is zinc always decreased in PCa malignancy?
The concentration of zinc that exists in the normal prostate

epithelial cells is optimal for their activities. However, the concen-
tration of zinc in the normal epithelial cells is cytotoxic in the
malignant cells; and this applies to other malignant cells (for
reviews).3,7,8,11 Therefore the evolution of the malignant cells
involved adaptive mechanisms and conditions that reduce the con-
centration of zinc to a level that is not cytotoxic, and that maintains
their growth, proliferation, and malignant activities. Thus, the
genetic/metabolic transformation occurs in the early development
of malignancy transformation; and is the reason that all cases of
PCa must exhibit the decreased zinc in malignancy.1,3,4

The altered metabolic pathway of citrate production in
the normal versus the malignant cells

The capability of high citrate production by the normal
prostate epithelial cells, which we refer as net citrate production,
requires unique metabolic alterations that deviate from the typical
citrate metabolism that exists in mammalian cells (Figure 3). The
most important and initial metabolic event is the ZIP1 uptake and
accumulation of high zinc levels, which leads to the specific inhi-
bition of m-aconitase and prevents citrate oxidation via the Krebs
cycle (i.e. a truncated Krebs cycle). This is accompanied by the
upregulation of key enzymes and transporters (i.e. metabolic
genes) that will provide continued citrate production. 

Since ZIP1 is down regulated in the malignant cells, the zinc
inhibition of m-aconitase is alleviated; and the specialized genet-
ic/metabolic events for net citrate production are no longer
required. Thus the normal Krebs cycle is restored, and the malig-
nant cells exhibit the typical citrate oxidation.

Testosterone and prolactin; the major endocrine
regulation of normal prostate citrate production

It has been well recognized from human and animal studies
that testosterone is a major hormone for the regulation of the
growth and maintenance of the prostate gland. Studies in animals
and with human prostate cell lines have consistently demonstrated
that prolactin is also a major regulator of the growth and develop-
ment of the prostate gland. 

However, that zinc and citrate levels are also regulated by
testosterone and prolactin12,13 has been largely ignored by contem-
porary clinicians and biomedical investigators. Both hormones
regulate the metabolic pathway and the expression of the metabol-
ic genes shown in Figure 3. In animal and human cells, both hor-
mone pathways co-exist in the same epithelial cell; not in separate
cells. In addition, the promotor regions of the metabolic genes, as
represented by mAAT, contain the androgen and prolactin response
elements that manifest their stimulation of the gene expression.13

This dual regulation by a steroid hormone and a protein hormone
emphasizes the importance of the metabolic functional role of
prostate citrate production.

Testosterone regulation of the expression of the meta-
bolic genes involved in net citrate production by the
normal prostate epithelial cells

The testosterone regulation of the metabolic genes is generally
in accord with the established pathway for testosterone trophic
effects. Figure 4 presents the regulation of mAAT, which is repre-
sentative of testosterone metabolic gene regulation. 

Prolactin regulation of the expression of the metabolic
genes involved in net citrate production by the normal
prostate epithelial cells

Unlike testosterone, prolactin cytokine regulation (e.g. devel-
opment, growth, proliferation) and its regulation of the metabolic
genes occur by different signaling pathways. The cytokine regula-
tion generally requires a JAK/STAT/MAPK cascading signaling
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Figure 2. A) The loss of zinc. B) The loss of ZIP1 transporter; C)
The silencing of ZIP1 expression; in early grade prostate cancer.

Figure 3. The metabolic transformation for citrate-producing
acinar epithelial cells. Blue, key reactions; EAAC, Asp trans-
porter; ZIP1, zinc transporter; MAAT, Asp aminotransferase;
PDH, pyruvate dehydrogenase; ACON, aconitase; CTP, mito cit-
rate transporter protein.



pathway of immediate-early genes, intermediate genes, and late-
acting (effector) genes (Figure 5). This is necessary to achieve the
high abundance of the final products, and the integration of the
related gene products that are necessary to manifest its cytokine
effect. This is a complex process that occurs over a relatively
extended period of time. 

In contrast, the regulation of the metabolic genes requires the
rapid production of the gene products (enzyme/transporter) to
manifest its cellular metabolic reaction, and this is achieved by the
direct prolactin PKC signaling pathway (Figure 6). In addition,
these enzyme and transporter exist in low abundance (nanomolar-
micromolar concentrations). To achieve these requirements, pro-
lactin regulation of the metabolic genes employs a direct PKC
pathway in which the immediate-early genes are the effector
genes, whose products are the enzymes and transporters. The
Michaelis-Menton kinetics of these metabolic enzymes and trans-
porters dictate that increased abundance greater than their Vmax
will not significantly increase their activity; so that increased gene
expression of ~2-fold or less will have a significant increased
metabolic activity.14

Unfortunately, the prolactin role and pathway of regulation of
prostate citrate-production has been largely ignored by contempo-
rary clinicians and biomedical investigators. This has resulted in
erroneous and untenable views that prolactin regulation of all
prostate functions occur via the complex cytokine pathway. This is
apparent from conclusions in contemporary reports and reviews
(such as15) that STAT5 is the only PRLR signaling pathway that is
activated to detectable levels by PRL in the prostate. 

Since this is a most important relationship for normal prostate
and its implications in prostate malignancy, the following presents
the compelling supporting evidence regarding the direct PKC path-
way for prolactin regulation of the prostate metabolic genes.13 i)
Exposure of prostate cells to prolactin and to TPA (phorbol-12-
myristate-13-acetate) increases PKC activation within five min-
utes, which is immediately followed by increased transcription of
the metabolic gene. ii) This stimulatory effect is abolished by PKC
inhibitors gossypol and staurosporine. iii) Prolactin specifically
activates two (PKCα and PKCε) of the eight PKC isoforms that

were identified in prostate epithelial cells. iv) PKCε antisense
abolishes prolactin stimulation of the metabolic gene. v) TPA-
response elements exist in the regulatory region of the metabolic
genes. vi) The inhibition of PKCε expression decreases the activa-
tion and nuclear protein binding to the metabolic gene TRE in
response to prolactin. vii) The down regulation of PKC does not
inhibit the prolactin effect on proliferation; but inhibits the effect
on the metabolic genes. viii) AG490 inhibition of the JAK/STAT3
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Figure 4. Testosterone regulation of metabolic genes in citrate-
producing prostate cells. BTC, basal transcription complex.

Figure 5. Representative Jak/Stat/MAPK cytokine pathway for
prolactin regulation of prostate cells.

Figure 6. The PKC pathway for prolactin regulation of the meta-
bolic genes for citrate-producing prostate cells. R, PRL receptor;
G-PR, G-protein coupled receptor; PLC, phospholipase C; PIP,
phosphatidylinositol phosphate; PIP3, Inositol triphosphate;
DAG, diacylglycerol; PKC, phosphokinase C; JNK1, c-Jun N-
terminal kinase; AP1, Activator Protein 1 Transcription factor;
TRE, TPA response element.
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pathway has no effect on the prolactin regulation of citrate produc-
tion. ix) prolactin treatment rapidly increases the level of phospho-
rylated c-jun. Collectively, these relationships establish the PKC
mediated pathway for prolactin regulation of metabolic genes
involved prostate citrate production. 

The genetic/metabolic concept of the oncogenic
development of prostate malignancy

The issue of the hormonal dependency of PCa malignancy
requires an understanding of the oncogenic events in the develop-
ment of malignancy. We have established that the ZIP1/zinc/citrate
relationship, which exists in the normal acini epithelial cells, is
down-regulated in the development of malignancy.16 This is essen-
tial to prevent the cytotoxic effects of the higher zinc levels that
exist in the normal cells. We incorporate this relationship in our
concept of the oncogenic development of malignancy as represent-
ed in Figure 7. The initiating event is the oncogenic transformation
of the normal cell to a neoplastic cell that has malignant potential.
The neoplastic cell then undergoes genetic/metabolic transforma-
tions to a premalignant cell; which leads to its development as a
malignant cell that manifests the malignant activities. This rela-
tionship shows that the downregulation of the ZIP1/zinc/citrate
transformation is evident in premalignancy and its development of
the malignant cells, as our studies have demonstrated occurs in all
cases of PCa.

Then the issue becomes the upstream factor(s) that lead to the
downregulation of ZIP1. We have established that the hZIP1gene
contains RREB1 (ras-responsive binding protein 1) binding sites;
and that RREB1 binding results in decreased ZIP1 transcrip-
tion.17,18 Our studies with IHC staining of human prostate tissue
sections have shown that the loss of ZIP1 transporter in the malig-
nant epithelial cells is accompanied by the up-regulation of
RREB1  in all eight PCa cases in this study.18

Although the upstream factor(s) and signaling pathway are not
well established (and no other studies of prostate cancer exist) for
the regulation of RREB1, it is thought to involve the
RAS→→ERK  pathway. Nevertheless, it is evident that RREB1
regulation is coupled to the oncogenic initiation of malignancy as
represented in Figure 7B. It is also possible that ZIP1 expression
might involve other oncogenic factors. In any event, it is apparent
that the oncogenic down-regulation of ZIP1 is independent of

testosterone and prolactin; and that the oncogenic down-regulation
over-rides the testosterone and prolactin effect in promoting the
expression of ZIP1 for zinc accumulation and citrate production.

Hormonal regulation of citrate production of nor-
mal human prostate and prostate cancer

The status and regulation of citrate in the normal prostate PZ
epithelial cells and in malignant cells need to be established for this
presentation. This is achieved from the direct studies with human
prostate, studies with animals, studies with human and animal
cells. 

Testosterone regulation
The studies in animal models and with animal and human

prostate cells have consistently demonstrated that testosterone reg-
ulates the metabolic pathway for citrate production. Dr. Huggins
received the Noble Prize in 1966 for his studies that demonstrated
testosterone promotion of PCa; and the regression of malignancy
following testosterone ablation. Marberger et al. in 196219 deter-
mined that primary site malignancy and metastatic malignancy
exhibit decreased citrate; and Cooper and Farid in 196320 also
identified the decreased citrate in PCa. That testosterone regulates
citrate production in animals has been established by several early
studies.21-23 Our studies, beginning ~1975 (described above),
established the identification of the citrate producing metabolic
pathway and its regulation by testosterone.

This led to the development of endorectal magnetic resonance
spectroscopy imaging (MRSI) of the prostate gland, which directly
identifies and confirms the production of high levels of citrate in
the normal PZ; and the loss of detectable citrate in malignancy
(Figure 8) (for reviews24,25). High citrate exists only in normal
acini epithelial cells, and all other cells in the PZ contain the low
concentrations of citrate typically found in normal mammalian
cells. This is shown in the voxels of the normal peripheral tissue,
and the voxels of malignant tissue that contain very low citrate lev-
els. The latter results from the oncogenic down-regulation of
ZIP1/zinc/citrate in the development of malignancy.

Prolactin regulation
Unlike testosterone, direct studies of prolactin regulation of

human prostate citrate production are lacking; mainly due to its
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Figure 7. The down-regulation of ZIP1/zinc/citrate in the oncogenic transformation that is required for the development and progres-
sion of prostate malignancy.



anterior pituitary origin; its peptide nature, and its limitations as a
medication for prostatic conditions. Consequently, studies with
animal models and with animal and human prostate cells must be
employed as representation of the likely conditions relating to the
role of prolactin in humans. This requires the appropriate models
and results that will provide compelling evidence for prolactin reg-
ulation of human prostate citrate production. The following pro-
vides such evidence: 

i) Human prostate: Nevalainen et al.26 had demonstrated pro-
lactin and prolactin receptor expression in human prostate.

ii) Animal studies: Grayhack et al.27 was the first to show that
prolactin and testosterone increased citrate levels in the lateral
prostate. Our studies13 and the report of Rui and Purvis28 have con-
firmed the stimulation of citrate production by prolactin and testos-
terone in rat lateral prostate; and that these are independent effects
of each hormone. That the rat lateral prostate exhibits homology
and analogy with the human PZ, strengthens the relationship. 

In studies with bonnet monkeys, Arunakaran et al.23 estab-
lished that prolactin and testosterone stimulates prostate citrate
production and the metabolic genes; and that the prolactin was
found to have a direct as well as a synergistic effect with androgen.

Thus all animal studies of prostate citrate production have con-
sistently demonstrated a co-existence of regulation by prolactin
and by testosterone in the prostate cells.

iii) Studies with cells: In vitro studies with isolated rat prostate
cells and human prostate cell lines have demonstrated both the co-
existence of prolactin and testosterone regulation of prostate citrate
production; and both hormones exhibit identical effects on the reg-
ulation of the metabolic genes, and on the accumulation of zinc. 

Especially notable is the hormonal regulation in LNCaP and
PC-3 cell lines. LNCaP cells express androgen receptor, whereas
PC-3 cells do not. Our studies13,29,30 of the regulation of aspartate
transporter (EAAC1) showed that aspartate transport was signifi-
cantly increased by both testosterone and prolactin in LNCaP cells.
In contrast, aspartate zinc accumulation in PC-3 cells was signifi-
cantly increased by prolactin, but testosterone had no significant
effect. When the PC-3 cells were transfected with androgen recep-
tor, testosterone significantly increased zinc accumulation. These
studies with human prostate cell lines demonstrate the independent
effect of prolactin regulation; and the co-regulation by prolactin
and testosterone on the prostate cells.

Collectively, these studies present compelling evidence for the
important role of prolactin, along with testosterone on human
prostate citrate-production. To consider otherwise requires the con-
clusion that the testosterone regulation in humans is consistent

with the animal and cell studies; but in regard to co-existing pro-
lactin regulation, it is uniquely different from the same animal and
cell studies. Such an expectation and conclusion are highly implau-
sible. 

The role of testosterone and prolactin in hormone-
dependent malignancy

The factors involved in the major issue of the development of
hormone-independent malignancy have been a focus of research
for decades. Studies to determine the factors and mechanisms have
been concentrated predominantly on androgen regulation; espe-
cially the status of androgen receptor during androgen-independent
malignancy following androgen ablation. As proposed by Quigley
et al.31 the androgen receptor gene exhibits more mutations than
that of any other transcription factor; due to the fact that the AR is
encoded by a single copy X-chromosomal gene (it is the only X-
chromosomal steroid receptor gene). There is near consensus that
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Figure 9. Concept of the development of testosterone-dependent malignancy; and development of prolactin-dependent (testosterone-
independent) malignancy following testosterone ablation.

Figure 8. In situ MRSI showing high citrate in normal PZ and
decreased citrate in the malignant site of the PZ. Ch, choline.
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androgen receptor mutations are largely implicated in the
decreased testosterone that develops during hormone-independent
malignancy.32-34

The reason for this is the prevailing view that the hormonal
regulation of development, maintenance, and function of the nor-
mal human prostate gland, and malignant prostate, is the exclusive
dependency on testosterone. Therefore, the development of thera-
pies (such as LHRH agonist and antiandrogen) have been targeted
on the elimination of testosterone and its effects; thereby resulting
in atrophy of the normal and malignant tissue. Yet, no efficacious
therapy exists that prevents the development of androgen-indepen-
dent malignancy. 

Thus, the question is: Why?. A plausible consideration is that
another hormone is associated with the regulation of the prostate
gland, and is implicated in the development of malignancy. The
compelling evidence of co-existing testosterone and prolactin reg-
ulated pathways of citrate production in the PZ epithelial cells
should be considered in relation to hormone-dependent malignan-
cy. Unfortunately, this important established relationship has been
largely ignored. 

New concept: PCa includes testosterone-dependent
malignancy and prolactin-dependent (i.e. testosterone-
independent) malignancy

Based on the relationships that we have thus far presented, and
that which follows, we propose that testosterone and prolactin are
involved in the development and progression of malignancy. 

The importance of the ZIP1/zinc/citrate relationship must be
emphasized. This pathway exists in the normal PZ acini to provide
the production and secretion of high citrate levels in the prostatic
fluid, and is regulated by testosterone and prolactin. However for
malignancy to develop, the zinc levels have to be decreased to pre-
vent its cytotoxic effects in malignant cells. This requires the onco-
genic down-regulation of ZIP1/zinc. This also results in decreased
citrate since the decreased zinc alleviates the inhibition of m-
aconitase; so that citrate oxidation via the Krebs cycle is active.
Therefore, the citrate level is a perfect metabolic marker for the
events of malignancy.

Normal or near-normal levels of testosterone and prolactin
exist in individuals prior to the development of PCa. Notably, dur-
ing aging, testosterone levels decrease and prolactin levels
increase.35 The integrity of the prostate tissue and its
functional/metabolic activities (such as citrate production) is main-
tained by testosterone; which indicates that the presence of testos-
terone suppresses the regulation by prolactin. In the absence of
testosterone, its suppression of prolactin regulation is alleviated
and prolactin-dependent regulation of the prostate occurs. This is a
reason why the citrate-producing cells exhibit co-existing testos-
terone and prolactin pathways. Reported studies (such as36,37) have
shown cross-talk between the two pathways (possibly mediated by
the status of androgen and/or prolactin receptor). No evidence
exists for separate prostate cells that contain only testosterone
pathway, and prostate cells that contain only prolactin pathway, for
the regulation of citrate production.

These relationships provide the basis for our new concept of
hormone-dependent malignancy in PCa, which is represented in
Figure 9. When PCa develops, oncogenic down-regulation of
ZIP1/zinc/citrate occurs; and leads to malignancy as shown in
Figure 7. This is testosterone-dependent malignancy because
testosterone maintains and promotes proliferation of the normal
and malignant acini epithelial cells. Testosterone ablation results in
the down-regulation of ZIP1/zinc/citrate in the PZ normal epithe-
lial cells followed by atrophy of the cells. The malignant cells,
which had already undergone oncogene down-regulation of

ZIP1/zinc/citrate, also atrophy in the absence of testosterone. At
the end of the androgen ablation effects, testosterone-dependent
acinar epithelial cells and the malignant cells no longer exists; and
this has occurred in the presence of prolactin. 

Then the progression of malignancy proceeds in the absence of
testosterone; which removes its suppression of prolactin regula-
tion. The malignant cells that exist soon after the initiation of
testosterone are then maintained and proliferate as prolactin-
dependent (testosterone-independent) malignancy. Prolactin abla-
tion then results in the atrophy of these cells.

This concept is supported by the MRSI study of Mueller-Lisse
et al.38 of the time-dependent changes in citrate and atrophy of nor-
mal and malignant PZ in androgen ablation-treated patients with
nonmetastatic, localized PCa. They observed that the loss of citrate
occurs prior to the subsequent atrophy of the normal and malignant
cells following androgen ablation. This is due to the absence of
testosterone regulation of citrate production and tissue mainte-
nance of the PZ. (Note: In a personal communication, Dr.
Kurhanewicz, co-author with Mueller-Lisse et al., agreed that this
is a reasonable interpretation of their study; see
Acknowledgements). 

It is also notable that at the end of the 34-week post-androgen
ablation period, when testosterone dependent atrophy of the PZ tis-
sue of this study had occurred, there remained citrate tissue in the
normal and malignant regions of the PZ. This likely represents the
development of androgen-independent citrate-producing acini, in
which the oncogenic transformation has been initiated during the
extended period of the absence of testosterone. We propose that
this represents prolactin-dependency, which over time promotes
and maintains proliferation of the androgen-independent malig-
nancy. Therefore, prolactin ablation is required to abort the pro-
gression of malignancy.

The relationships that we have described and represented in
Figure 9, propose that the presence of testosterone regulation sup-
presses the regulation by prolactin. An alternative possibility is that
both testosterone and prolactin regulation are co-actively opera-
tional; and the optimal regulation is achieved when both hormones
are available. Then, in the absence of testosterone following andro-
gen ablation, prolactin-dependency prevails. Over an extended
period of post-androgen ablation, prolactin maintenance and pro-
liferation of the PZ cells progresses. This would also be consistent
with reports of synergy between testosterone and prolactin regula-
tion of the prostate in animal studies (such as39-41). 

Nevertheless, in either of the above possibilities, the evidence
for prolactin-dependent malignancy following androgen-ablation
is well-founded based on the collective reported animal and human
prostate studies. This supports the concept that prolactin-ablation
is necessary to prevent or terminate the androgen-independent
malignancy.

The impact on the treatment for advancing prostate
malignancy

Of course, the prevention and/or treatment of early malignancy
is the optimal achievement. Once the primary site malignancy has
progressed beyond effective localized treatment, or has advanced
to metastasis, androgen ablation is targeted to abort the existing
malignancy. However, this introduces the problem of the develop-
ment and treatment of the androgen-independent malignancy that
follows; for which no efficacious treatment currently exists.

We have proposed a zinc treatment approach based on restor-
ing the accumulation of zinc and its cytotoxic effects in the ZIP1-
deficient malignant cells. This approach should be efficacious at
any stage from premalignant/early malignancy through advancing
primary site malignancy; and even metastatic malignancy; which
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reportedly exhibits the Zip1/zinc/citrate relationship.19,42 It should
be effective against androgen-dependent and prolactin-dependent
malignancy. Our studies43,44 with the zinc ionophore treatment for
ZIP1-deficient PC-3 tumors in the xenograft mouse model have
shown an ~80% inhibition of tumor growth.

The expectation that prolactin-responsive malignancy occurs
in human PCa leads to a prolactin ablation treatment approach.
Our studies and others described above have demonstrated that
bromocryptine treatment to inhibit prolactin production, attenuates
prolactin stimulation of citrate production in animals and in cells.
Similarly, hyperproloactinemia associated with prolactinomas in
females is effectively treated with cabergoline (a bromocryptine-
like dopamine agonist).45-47 A preliminary study48 suggests that
cabergoline treatment might be effective for breast cancer. The
possibility exists that cabergoline (or similar compound) could be
combined with androgen ablation or subsequent to androgen abla-
tion, which will result in atrophy of androgen-dependent and pro-
lactin-dependent malignant cells. 

Conclusions
Although the importance of testosterone in the development

and maintenance of the prostate gland has been well recognized;
its major metabolic/functional role of prostate citrate production
has been ignored by most contemporary clinicians and biomedical
investigators.

The importance of prolactin in the development and mainte-
nance of the prostate gland has received little attention; and its
well-established role in prostate citrate production has been com-
pletely ignored.

Thus, the contemporary understanding and views of the hor-
monal regulation of the prostate gland, and the implications in hor-
mone-dependent malignancy are questionable and likely to be
untenable. This new concept recognizes and incorporates the com-
pelling evidence of co-existing testosterone and prolactin roles in
the regulation of the prostate gland; along with our concept of the
oncogenic development of prostate malignancy. This relationship
should be incorporated for the prevention and treatment of hor-
mone-dependent malignancy. Studies with appropriate animal
models and clinical trials are now needed to establish the plausibil-
ity of this concept. The eradication of hormone-dependent untreat-
able terminal PCa is achievable.
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