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Abstract

Despite decades of research, no efficacious chemotherapy exists for the treatment of prostate 

cancer. Malignant prostate zinc levels are markedly decreased in all cases of prostate cancer 

compared to normal/benign prostate. ZIP1 zinc transporter down regulation decreases zinc to 

prevent its cytotoxic effects. Thus, prostate cancer is a “ZIP1-deficient” malignancy. A zinc 

ionophore (e.g. Clioquinol) treatment to increase malignant zinc levels is a plausible treatment of 

prostate cancer. However, skepticism within the clinical/biomedical research community impedes 

significant progress leading to such a zinc treatment. This report reviews the clinical and 

experimental background, and presents new experimental data showing Clioquinol suppression of 

prostate malignancy; which provides strong support for a zinc ionophore treatment for prostate 

cancer. Evaluation of often-raised opposing issues is presented. These considerations lead to the 

conclusion that the compelling evidence dictates that a zinc-treatment approach for prostate cancer 

should be pursued with additional research leading to clinical trials.

Keywords

Prostate cancer; Zinc; ZIP1 transporter; Clioquinol; Zinc ionophore; Chemotherapy; ZIP1-deficent 
malignancy

This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted 
use, distribution, and reproduction in any medium, provided the original author and source are credited.
*Corresponding author: Leslie C Costello, Department of Oncology and Diagnostic Sciences Dental School, University of Maryland 
650 West Baltimore Street Baltimore, MD 21201, USA, Tel: 410 706 7618 lcostello@umaryland.edu. 

Citation: Costello LC, Franklin RB, Zou J, Naslund MJ (2015) Evidence that Human Prostate Cancer is a ZIP1-Deficient Malignancy 
that could be Effectively Treated with a Zinc Ionophore (Clioquinol) Approach. Chemotherapy 4: 152. doi:
10.4172/2167-7700.1000152

HHS Public Access
Author manuscript
Chemotherapy (Los Angel). Author manuscript; available in PMC 2015 August 11.

Published in final edited form as:
Chemotherapy (Los Angel). 2015 June ; 4(2): . doi:10.4172/2167-7700.1000152.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Despite decades of research involving numerous agents and regimens, an efficacious 

chemotherapeutic approach for the treatment (and perhaps prevention) of prostate cancer 

does not exist. This is especially relevant for advanced primary site and metastatic 

malignancy. Moreover, the hormonal treatment approach has a transient effect that results in 

the development of untreatable hormone resistant prostate cancer within a few years. 

Consequently, the search for an effective chemotherapeutic approach to prostate cancer 

remains a high priority. In addition, the diagnosis of low volume and low grade malignancy 

is often followed by “active surveillance”; during which no treatment is employed until the 

appearance of malignant progression.

This report focuses on the plausibility that an appropriate zinc treatment regimen would be 

efficacious against early and advanced stage prostate cancer. Since we first identified in 

1999 [1] that exposure of malignant prostate cells to physiological concentrations of zinc 

inhibits cell growth, many reports have corroborated and extended the cytotoxic effects of 

zinc on prostate cells. This relationship becomes most relevant when such experimental 

studies are coupled with the established clinical condition that zinc levels are always 

decreased in prostate cancer; and that there is no reported confirmed case of prostate cancer 

with the high zinc levels that exist in normal prostate. Despite such compelling evidence, a 

zinc-treatment cytotoxic/tumor suppressor approach for prostate cancer has not reached 

fruition [2].

The purpose of this review is to consolidate the published clinical and experimental 

evidence with recent unpublished information and data; which, together, demonstrate the 

cytotoxic/tumor suppressor effects of zinc and support the plausibility of a zinc treatment 

approach for prostate cancer. We also describe the issues that are often presented in 

opposition to the employment of zinc for treatment of prostate cancer. In so doing, the 

reader will be presented with a focused and consolidated assessment of the current status of 

information that directly impacts the issue of the feasibility of a zinc-treatment approach for 

prostate cancer. In our view, the evidence will provide a strengthened basis for support of 

this concept; which, hopefully, will stimulate much-needed research that could lead to an 

effective chemotherapy for prostate cancer.

In order to maintain this focused presentation, we have omitted citations and results of many 

important reports of cytotoxic effects of zinc; which the reader can find in our earlier 

reviews [2-6].

The status of zinc in normal prostate and prostate cancer

It is important to emphasize that prostate malignancy arises and develops predominantly 

(~90%) in the peripheral zone, and about 10% in the transition zone. The normal peripheral 

zone occupies ~70% of the prostate gland, with the central zone and transition zone 

occupying ~25% and 5%, respectively. The peripheral zone is the major source of prostatic 

fluid composition. Table 1 shows the high zinc levels that typify the normal peripheral zone 

and the marked decrease (~75-90%) that characterizes malignant peripheral zone. 

Correspondingly, prostatic fluid from cancer subjects contain ~75%-90% less zinc than 
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normal prostatic fluid. Normal central zone contains ~75%-85% lower zinc than peripheral 

zone; and in BPH the central zone zinc levels will increase or decrease depending on the 

glandular/stroma ratio. For extensive reviews of the zinc status in normal prostate and 

prostate cancer, we refer the reader to [2-6].

In 1952, Mawson and Fischer [7] first described that zinc was markedly decreased in 

prostate cancer tissue samples versus normal and hyperplastic tissue samples. Since then, we 

identified 16 reports, which have confirmed the decrease in zinc in malignant tissue [6]. 

Compared with normal prostate, the mean decrease in zinc for the 16 reports is ~62%, with a 

mean standard error of less than 5%. This is an amazing statistical consistency when one 

considers the variables that exist among these studies; such as different populations, 

differing stages of cancer, differing composition of tissue components, differing zinc assay 

methods, and other variables. This is further revealed by figure 1 [8], which shows that all 

cancers exhibited marked and consistent decreased zinc; and none exhibited a zinc level 

equivalent to the mean value for normal prostate. Verification is also provided by studies of 

the in situ zinc levels in prostate tissue sections [9-12], which visibly reveal the major loss of 

zinc in prostate malignancy as compared to the high zinc levels in the normal/benign 

prostate acini epithelium (figure 2). It is also important to note that the loss of zinc is evident 

in highly-differentiated and advancing malignancy; in prostate intraepithelial neoplasia 

(PIN), and in normal-appearing adjacent cells [11-13]. This demonstrates that the loss of 

zinc is an early event in the development of prostate cancer, which precedes the 

histopathological appearance of malignancy. In contrast to this extensive corroborated and 

consistent zinc relationship, there exists no confirmed or corroborated report of prostate 

cancer in which zinc is not decreased. These overwhelming data clearly and directly 

establish that zinc is always decreased in prostate cancer. More importantly the data reveal 

that prostate cancer that retains the high zinc levels of normal prostate virtually never (or at 

best rarely) exists. Therefore, it is plausible to apply this relationship to the issue of zinc for 

the treatment of prostate cancer.

The cytotoxic implications of zinc in prostate malignancy

The relevant question is “Why is the zinc level markedly decreased in the development and 

progression of prostate malignancy?” An understanding of zinc relationships in mammalian 

cells is required (for reviews [14-17]. The survival, proliferation, metabolism, and functional 

activities of all cells are dependent upon the cell's maintenance of its total zinc concentration 

and its cellular distribution. All cells possess zinc regulatory mechanisms to achieve and 

maintain their required normal zinc status. Under conditions, in which the cellular 

composition of zinc is not maintained within its normal range, cytotoxic effects will result. 

However, the normal required zinc status (the cellular concentration and distribution) is not 

the same for all cells.

This is especially relevant to the normal peripheral zone prostate epithelial cells. These cells 

evolved for the specialized function and capability of accumulating high concentrations of 

zinc for secretion into prostatic fluid. As such, these secretory epithelial cells exhibit an 

intracellular concentration of zinc which is ~3-fold higher than most other mammalian cells 
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[17]. Yet, it is obvious that these cells must possess mechanisms that prevent cytotoxic 

effects of the high cellular zinc level.

There exists substantial and increasing evidence that malignant prostate cells (and other 

malignant cells) are susceptible to cytotoxicity by the zinc levels that exists in their 

corresponding normal cells [18,19]. Moreover, there exists abundant experimental evidence 

since our initial report [1] that the exposure of malignant prostate cells to physiological zinc 

treatment under conditions that result in increased cellular zinc will result in cytotoxic 

effects; including inhibition of cell proliferation, induction of apoptosis, and inhibition of 

cell migration and invasion [3,20]. These relationships provide the answer to the question 

posed above. In the development of prostate cancer, the high levels of zinc that exist in the 

normal epithelial cells are cytotoxic in the malignant cells. Therefore, the development of 

malignancy requires that the zinc levels are decreased to levels that are not cytotoxic to the 

malignant cells; but that also provide the appropriate zinc status for the proliferation, 

metabolism and functional malignant activities of the malignant cells. This “metabolic 

transformation” is initiated during premalignant cell transition to malignancy.

ZIP1: the functional and clinically important zinc uptake transporter in prostate cells

Now the important issue is the mechanism(s) involved in the decrease in zinc during the 

development of malignant cells. Cells obtain zinc from their extracellular environment; 

typically from the interstitial fluid derived from blood plasma. The normal range of zinc in 

plasma is ~12-16 microM of which ~5-7 microM appears in the interstitial fluid in the form 

of zinc ligands (such as ZnAlbumin, ZnAmino acids, ZnCitrate). These are relatively 

loosely-bound ZnLigands that constitutes the pool of exchangeable zinc for transport into 

the cells. It is important to note that the concentration of free Zn++ is negligible (in the pM 

range) in extracellular and intracellular fluids [14-17]. Many investigators fail to recognize 

this important relationship, which offen leads to misinformation regarding the zinc 

transporters and zinc trafficking. The cellular uptake of zinc requires the presence of a 

plasma membrane zinc uptake transporter, which is provided by the ZIP-family zinc 

transporters (SLC39A) [4,21-23]. Once within the cell, zinc is distributed between the 

cytosol and the organelles or is exported out of the cell by ZnT family transporters (Slc30A). 

Thus, combinations of zinc transporters are involved in the regulation of the total zinc in 

cells and its distribution within the cell.

Since the total zinc in the cell is first determined by the cell's uptake of zinc from its 

extracellular fluid, the identification of the cell's functional ZIP-family zinc uptake 

transporter is important. We first identified in 1999, and subsequently [24-26] that ZIP1 is a 

plasma membrane transporter in prostate cells that exhibits functional kinetic zinc uptake 

properties; which has been corroborated by others [23,27,28].

However, the most important clinical revelation occurred in 2005 [11] when we identified 

the status of ZIP1 and zinc in human prostate tissue sections, using ZIP1 

immunohistochemistry, in situ RT-PCR, and in situ zinc staining. The results (figure 3) 

reveal that ZIP1 gene expression, ZIP1 transporter protein, and cellular zinc are prominent 

in normal peripheral zone glandular epithelium. In contrast, ZIP1 gene expression is 

markedly down-regulated, and ZIP1 transporter protein and zinc are depleted in 
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adenocarcinomatous glands. These changes occur early in malignancy and are sustained 

during its progression in the peripheral zone. It is important to note that ZIP1 transporter is 

localized at the plasma membrane of the normal acinar epithelium, which is compelling 

evidence that ZIP1 is an important functional transporter for the uptake and accumulation of 

zinc by the epithelial cells. Thus the absence of the transporter in the malignant cells along 

with the concurrent loss of zinc is evidence of ZIP1 down regulation as the cause of 

decreased zinc levels in malignancy. These observations were confirmed in similar studies 

of Johnson et al [12]. Moreover, although several reports exists regarding the expression of 

ZIP and ZnT transporters in prostate, none has been identified to be functional and clinically 

relevant transporters associated with the concentration of zinc in normal prostate versus 

malignant prostate tissues. This brings us to the important clinical recognition that human 

prostate cancer is a “ZIP1-deficient” malignancy.”

It is also important that we identified that the cell lines (such as PC-3, LNCaP, DU-145), 

which were derived from malignant prostate tissues, exhibit constitutive expression of ZIP1 

under standard culture conditions [24-26]. This is important evidence that the loss of ZIP1 

expression in situ in prostate cancer is not due to gene deletion or fatal mutation. Instead, the 

loss of ZIP1 in prostate cancer likely results from in situ conditions that promote the 

epigenetic silencing of ZIP1 gene expression; and such conditions are not included under the 

cell culture conditions. Although ZIP1 transporter is evident in the malignant cell lines, its 

kinetic zinc transport activity is not necessarily equivalent to the level of zinc uptake that 

occurs in situ in the normal prostate acinar epithelial cells.

Because of its relevance to this presentation, we must address the issue of identification of 

functional zinc transporters; especially ZIP-family zinc uptake transporters. One must 

recognize that the determination of gene expression and its changes does not establish the 

functionality of the transporter in the cell; nor does the determination of the transporter 

protein presence and abundance by Western blot analysis of cell or tissue extracts. The 

localization of the ZIP transporter in the cell (such as immunohistochemistry) is essential, 

since cellular zinc uptake transporters must be localized at the plasma membrane in relation 

to the extracellular fluid that provides the zinc for the cellular uptake. In addition, the 

determination of the kinetic properties of cell uptake by the transporter (e.g. zinc Km value) 

under physiological conditions is important. In addition, such studies with cell lines must be 

substantiated by demonstration of the in situ status of the transporter in its tissue.

Because of the widespread misrepresentations and misleading translational conclusions 

resulting from genetic and proteomic studies, we have described these relationships with 

examples in our review [29]; which has led to the axiom that applies to metabolic enzymes 

and transporters, “Genetic transformations and proteomic changes have little relevancy if the 

genetic/proteomic alterations are not manifested as changes in cell metabolism and function. 

The absence of identified genetic transformations and proteomic changes does not 

demonstrate the absence of changes in cell metabolism and function.” The fact is that, 

despite the innumerable reports of genetic and proteomic identification of these transporters, 

very few have established the cellular functional capability of the transporter. This applies to 

the status of zinc transporters in prostate cells, and has had an adverse impact regarding the 

understanding of zinc effects and the role of zinc transporters.
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The zinc/ZIP1 relationship in the TRAMP prostate cancer animal model

We recently determined the zinc and ZIP1 status in normal and TRAMP mice [30]. TRAMP 

has been employed as a model for human prostate cancer; but the status of zinc and zinc 

transporters had not been determined. These studies were conducted in collaboration of 

Kurhanewicz et al; who established that the clinical citrate relationship in human prostate 

cancer also exists in TRAMP tumors. Since zinc is responsible for the citrate relationship in 

human prostate, it was important to determine if the zinc/ZIP1 relationship also exists in 

TRAMP. As shown in figure 4, the prostate lobe tumors exhibit marked loss of zinc. Also, 

plasma membrane ZIP1 transporter exists in the normal acini epithelium; and is absent in the 

TRAMP malignant acini. We also established that the TRAMP C-2 cell line exhibits 

constitutive ZIP1 transporter; and that exposure of the cells to zinc results in zinc 

accumulation, inhibition of proliferation and increased apoptosis (figure 5). It is somewhat 

surprising and extremely relevant to observe the virtually identical zinc/ZIP1 relationship 

(and also the associated citrate relationship) in both human prostate cancer and TRAMP. It 

re-enforces the validity that the development of prostate malignancy requires the decrease in 

zinc in order to prevent zinc cytotoxicity; and that ZIP1 down regulation is essential to 

prevent the cellular accumulation of high cytotoxic levels of zinc.

Experimental evidence that ZIP1 is the functional transporter for zinc uptake and 
accumulation

The above clinical identification of the in situ status of ZIP1 and zinc levels does not 

establish that ZIP1 is responsible for the cellular zinc levels. It is important to determine 

with corresponding genetic, proteomic and kinetic studies if the uptake, accumulation and 

effects of zinc under physiological conditions are dependent upon the ZIP1 status in the 

cells. Our discovery that ZIP1 is an important functional zinc uptake transporter for zinc 

accumulation and its cytotoxic effects has been based on studies of the effects of altered 

ZIP1 expression in prostate cells (mainly PC-3 cells) reported in [24-26]. (Figure 6) presents 

the comparative results obtained with wildtype PC-3 cells (PC3/wt) versus PC-3 cells 

transfected with ZIP1 expression vector (i.e. ZIP1 upregulated cells, PC3/+ZIP1). As 

mentioned above, the wildtype PC-3 cells exhibit a constitutive level of ZIP1 transporter, 

and ZIP1 transfection markedly increased the abundance of ZIP1 transporter. 

Correspondingly, the PC3/+ZIP1 cells exhibit increased concentration-dependent zinc 

uptake in the physiological range of 2-10 uM Zn (figure 6B). Notably the Km values 

demonstrate that ZIP1 is an effective zinc uptake transporter at the exchangeable zinc levels 

that exists in interstitial fluid. The increased zinc uptake is accompanied by an increase in 

cellular zinc accumulation, which results in inhibition of cell growth.

Correspondingly, we also developed a PC-3 cell line (PC3/-ZIP1) in which ZIP1 is 

downregulated to represent the ZIP1-deficient status as exists in the in situ malignant cells in 

prostate cancer [24-26]. Figure 7 shows the major decrease in expression and transporter 

protein abundance in the PC3/-ZIP1 cells, which results in decreases in cell uptake and 

accumulation of zinc. The decrease zinc in the PC3/-ZIP1 cells markedly increases the 

malignant activities of cell invasion and cell migration. The results demonstrate that other 

possible ZIP or ZnT plasma membrane zinc transporters, if expressed in the PC-3 cells, do 

not over-ride the functional role of ZIP1 in the uptake and accumulation of zinc or its 
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cytotoxic effects. We also transfected wild type PC3 cells with mutated ZIP1 [26] and 

determined the zinc uptake of the PC3/muZIP1 cells. Figure 7F shows that the PC3/muZIP1 

cells exhibit minimal zinc uptake, even compared to the PC3/wt cells. This is likely due to 

competition for the plasma membrane binding sites. The uptake curve is representative of 

zinc transporter kinetics; so it becomes even more apparent that, in the absence of ZIP1 

transport, no other functional zinc uptake transporters are operating in these cells. These 

results, when coupled with the clinical relationships presented in the preceding section, 

provide compelling evidence that ZIP1 is the major zinc transporter for the uptake and 

accumulation of zinc in prostate cells; and that its down regulation is responsible for the 

decrease in zinc in the malignant cells in prostate cancer.

The above descriptions of the clinical and experimental evidence illustrates the combination 

of experiments and data, which is required to identify functional zinc transporters in cells; 

and their involvement in establishing the in situ status of zinc in the cells in their natural 

tissue environment. This has not been achieved in the vast majority of studies relating to the 

role of zinc transporters in mammalian tissues. The ZIP1/zinc relationship in prostate is 

presently the most established functional and clinical zinc transport/zinc status relationship. 

Genetic/proteomic studies combined with kinetic studies under physiological conditions are 

required. The identification of the status of zinc and the transporter as exits in the tissue 

environment cannot be substituted by experimental studies with cells or animal models. Yet, 

many reports purport to demonstrate and provide conclusions regarding the functional and 

clinical role of zinc transporters and zinc changes based mainly on genomic and proteomic 

data; and/or on experimental studies employing unphysiological conditions. We describe 

these issues in the recent review [29].

The in vivo effects of zinc treatment on tumor growth

The preceding experimental studies demonstrate the cytotoxic effects of zinc under ex vivo 

conditions. However, it is essential to establish if such effects are manifested in malignant 

cells under the complex conditions that exist in in vivo tumor growth; and if the effects 

translate into tumor suppression. We presented the first report in 2003 of in vivo effects of 

zinc treatment on prostate tumor growth [31]. That study pre-dated the 2005 report [11], in 

which we identified that ZIP1 is down regulated in prostate cancer malignancy. Until then, 

we and others assumed that the malignant cell lines, which exhibit constitutive ZIP1 

transporter, represented the status that existed in prostate cancer. Consequently, that mouse 

ectopic xenograff study employed wild type PC-3 cells for tumor development and growth; 

thereby resulting in “ZIP1 tumors”. The animals were treated with a sustained subcutaneous 

dosage of zinc sulfate or vehicle (control). The treatment with zinc increased the plasma zinc 

concentration by ~90%; and resulted in ~50% inhibition (P<0.05) of tumor growth (figure 

8). Tumor analyses demonstrated an increase in zinc concentration in the treated tumors, 

which was accompanied by increased apoptosis, and increased Bax and Bax/BCL2 ratio. 

These are effects that we established to be direct effects of zinc in malignant prostate cell 

lines [32,33].

The study demonstrated that zinc treatment of prostate tumors under conditions that permit 

zinc accumulation in the tumor cells will exhibit its cytotoxic/tumor suppressor effect in 
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vivo. We mistakenly concluded that zinc treatment to increase the plasma concentration of 

zinc delivered to the tumor site would increase the uptake and accumulation of cytotoxic 

levels of zinc in the malignant cells; thereby providing an approach for treatment of prostate 

cancer. We later recognized that the study did not represent the clinical condition in which 

prostate cancer involves ZIP1-deficient malignancy; and that such an approach would not be 

plausible. Unfortunately, similar tumor studies by others continue to employ malignant cell 

lines that do not represent the ZIP1-deficient status that exists in prostate cancer; and this 

also applies to other cancers (such as pancreatic ductal adenocarcinoma, hepatocellular 

cancer, and likely other cancers). Such studies lead to questionable and even inappropriate 

clinical translational application.

The requirements for a zinc treatment approach for ZIP1-deficient prostate cancer

It is now evident that a zinc-treatment approach should address the following issues and 

conditions:

1. A treatment regimen that is based on increasing the concentration of zinc delivered 

to the malignant prostate gland (e.g. increasing the plasma zinc concentration) will 

not result in zinc uptake and accumulation in the ZIP1-deficient malignant cells; 

and thereby is not a viable approach for treatment of prostate cancer.

2. Instead, a vehicle or mechanism is required, which will deliver zinc into the ZIP1-

deficient malignant cells; and that the intracellular zinc must be in a mobile, 

reactive form that manifests the cytotoxic/tumor suppressor effects.

3. The zinc-treatment regimen must exhibit minimal and acceptable adverse systemic 

effects and contraindications.

With this in mind, we directed our attention and studies to identify a zinc-treatment 

approach that would meet these conditions; and would validate the underlying premise.

Evidence that a zinc ionophore (Clioquinol) approach will deliver zinc into ZIP1-deficient 
prostate cells resulting in cytotoxic effects; and will inhibit the growth of ectopic ZIP1-
deficient tumors in mice

For recent studies we elected to employ a cell-permeable zinc ionophore as the approach to 

deliver zinc into the ZIP1-deficient malignant cells in a mobile reactive form, so as to 

manifest the cytotoxic effects/tumor-suppressor effects of increased cellular zinc 

accumulation. Clioquinol (5-chloro-7-iodo-8-quinolinol) is an ionophore with a zinc-binding 

formation constant logKf~8, which should be an exchangeable reactive ZnLigand. It has 

been shown [34-37], to deliver zinc and induce cytotoxic effects in some malignant cells. 

However, none of the studies has demonstrated this in malignant cells that are deficient in 

their functional zinc uptake transporter, as exists in situ in the respective cancers.

In the following preliminary studies (unpublished) we employed our PC3/-ZIP1 cell line 

(figure 7) to determine if clioquinol would increase the zinc uptake and accumulation; and if 

so, would it result in inhibition of proliferation. Figure 9 shows the increased accumulation 

of zinc in response to clioquinol and physiological concentrations of zinc, which results in 

the inhibition of cell proliferation. Moreover, clioquinol in the presence of zinc results in 
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phosphorylation of JNK which is a pathway for apoptosis; whereas neither zinc alone nor 

clioquinol alone has any effect. It becomes evident that the zinc ionophore approach as 

represented by clioquinol achieves the requirement of delivery of zinc into ZIP1-deficient 

cells in the form of exchangeable reactive zinc.

We then determined if clioquinol would suppress ZIP1-deficient tumor growth under the 

complex conditions that exist in the in vivo environment. No reported studies exist using this 

ZIP1-deficient tumor model to represent human prostate cancer. For this, we employed 

PC3/-ZIP1 cells to develop ZIP1-deficent tumors in the ectopic xenograff animals and 

determined the effects of clioquinol treatment versus vehicle-treatment on tumor growth. 

(Unpublished information). The animals received 30 mg clioquinol/Kg or vehicle (IP 

administration) every other day for 5 weeks affer initial tumor development. This dosage 

regimen approximates the non-toxic dosage in humans [38,39] and in mice [34]. Figure 10 

shows that, over the treatment period of 5 weeks, clioquinol suppressed tumor growth by 

~85%; and similarly decreased the weight of the tumors by ~78%. These effects are 

apparent from the photographs that show the marked decrease in size of the tumors in the 

clioquinol-treated animals compared to the untreated control animals. Zinquin determination 

of tumor zinc levels showed 9.5 ± 0. 4 and 15.4 ± 3.7 ng/mg tissue for the control versus 

clioquinol-treated animals; which represents a 62% zinc increase in the clioquinol-treated 

tumors. Since Zinquin has a zinc-binding affinity of logKf~10, the increase is in the 

exchangeable reactive pool of zinc, which is responsible for the cellular effects of zinc. We 

also performed Western blot analysis of the tumors, which revealed that ZIP1 transporter 

was negligible in the control and clioquinol-treated tumors (figure 10). This demonstrated 

that the ZIP1-deficient status is retained during tumor development and growth in the 

animals.

The results of these initial experiments coupled with the relationships presented in the 

preceding sections present compelling experimental and clinical evidence that a zinc-

treatment regimen, which permits in situ malignant cell zinc uptake and accumulation can 

provide an efficacious approach for prostate cancer.

Assessment of issues that give rise to opposition of zinc chemotherapy for prostate 
cancer

Despite the wealth of supporting clinical and experimental evidence, there exists 

considerable skepticism in the plausibility of zinc treatment for prostate cancer. Such 

resistance arises from a number of issues; the validity of which needs to be addressed. Based 

on the available literature and on our personal experiences, the following are among the 

most prevalent issues.

The unfounded and adverse impact of epidemiology reports on the issue of zinc treatment 
and prostate cancer

We believe this to be the most influential detracting issue; which requires special attention 

and assessment in this review. The prevailing view of most prostate clinicians and 

biomedical investigators is that zinc consumption poses an increased risk of promoting 

prostate cancer. This view arose from an NIH-Harvard collaborative epidemiology report in 
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2003 [40], in which Leitzmann et al concluded that “we found that excessively high 

supplemental zinc intake was associated with an increased risk of advanced prostate cancer. 

“The immediate and continued notoriety given to this report is evident from the widespread 

pronouncements in various news media and notices from health institutions; such as: Health 

Day News (July 2, 2003) “Men who overdose on zinc supplements more than double their 

risk of prostate cancer, a government study finds”; the Washington Post (July 1, 2003), 

“Study Links Zinc, Prostate Cancer-Men who take too much zinc may be raising their 

prostate cancer risk, U.S. researchers said yesterday”; the Mayo Clinic Health Letter (May, 

2004) “Large doses of zinc may increase risk of prostate cancer.”

Prior to 2003, the various epidemiology reports had concluded that zinc intake (diet and 

supplement) either protects against prostate cancer; or promotes prostate cancer; or has no 

effect on prostate cancer [41,42]. Despite the fact that the Leitzmann report and conclusion 

had not been corroborated by any other epidemiology studies, and is not supported by the 

clinical status of zinc in prostate cancer; contemporary clinicians and investigators continue 

to cite the Leitzmann et al study as evidence that zinc treatment will exacerbate the 

development and progression of prostate cancer. Most importantly, two recent major 

epidemiology studies reached the following conclusion: “In this prospective cohort, long-

term supplemental zinc intake was associated with reduced risk of clinically relevant 

advanced disease” [43] and “These results suggest that high dietary intake of zinc is 

associated with lower prostate cancer-specific mortality affer diagnosis, particularly in men 

with localized disease” [44]. In addition, we have published rebuttals and reviews 

[41,42,45,46]. which describe the questionable results and conclusions inherent in the 

epidemiology study. Particularly important is our extensive review [46] that analyzes in 

detail the shortcomings of the Leitzmann et al data and conclusions. In addition, others also 

raised issue with the Leitzmann et al study and conclusions [47,48].

Relative to the issue of zinc treatment for prostate cancer, the epidemiology conclusions 

should not be weighed against the overwhelming clinical, physiological, and experimental 

evidence. If anything, the current assessment of the epidemiology reports would be 

supportive of a zinc treatment approach for prostate cancer. Unfortunately, we are 

confronted with the enigma expressed by outstanding epidemiologists [49]. Dr. 

Trichopoulos who stated that epidemiology studies “studies will inevitably generate false 

positive and false negative results with disturbing frequency... when people do take us 

seriously, we may unintentionally do more harm than good” and Dr. Walker who also stated 

“The first one or two papers about a suspected association spring into the general public 

consciousness in a way that does not happen in any other field of scientific endeavor. And 

once a possible link is in the public eye, it can be virtually impossible to discredit”. Affer 

twelve years of a dominant epidemiological misrepresentation of the zinc relationship in 

prostate cancer, this dilemma still confronts us.

Concerns regarding the potential toxic effects of zinc treatment in humans

The view of many, and probably most, clinical and biomedical investigators regarding zinc 

toxicity is not in accord with the physiological and pathophysiological relationships of zinc. 

It is a mistaken presumption and expectation that a treatment regimen based on increasing 
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the cellular zinc levels that are cytotoxic to malignant cells would also be cytotoxic in 

normal cells; and thereby would have pathophysiological consequences. There exists little, if 

any, substantial evidence in support of such a committed outcome from zinc treatment.

The eminent zinc biochemist/physiologist, Dr. Vallee, in the hallmark comprehensive 

reviews of the physiology and biochemistry of zinc [14,15] states “Clearly, a metal that is 

known to be essential to the inheritance of the genetic endowment and the induction of 

development, growth, and differentiation could not easily be intended to be deleterious to 

the perpetuation and evolution of the species. Instead, one would expect zinc to be regulated 

carefully to ensure the preservation and continuity of life. In fact, zinc is the only pre-, post-, 

and transitional element that has proven to be essentially nontoxic.” Several citations and 

examples are presented as evidence that zinc toxicity in humans rarely occurs, and is only 

evident under extreme conditions accompanied by exacerbating systemic pathophysiology.

The reviews also present extensive evidence exists that zinc deficiency is the more common 

pathophysiological consequence. Moreover, it is demonstrated that some zinc-deficient 

disorders are remedied by the administration of supplemental zinc. In relation to prostate 

cancer, it is notable that most reports (such as [50-55]) indicate a correlation between a low-

zinc status (such as hypozincemia) and prostate cancer, although other reports [56,57] 

conclude that plasma zinc changes are not associated with prostate cancer. In an individual 

with premalignant or undetected early stage malignancy, a zinc-deficient condition is likely 

to promote the development of prostate cancer.

It becomes evident that normal and also malignant mammalian cells evolved with 

mechanisms and conditions that provide and maintain a zinc concentration and status as 

required for their survival, proliferation, metabolism, and functional activities. However, the 

required concentration and status of zinc is different for the malignant cells compared to 

their corresponding normal cells; and the zinc levels that exist in the normal cells can be 

cytotoxic in malignant cells. Therefore, the malignant cells evolved with mechanisms that 

prevent the accumulation of the cytotoxic high zinc levels; and this event occurs during the 

oncogenic transformation of the normal cells to malignant cells [2,58]. Under such 

relationships, a zinc treatment regimen that increases the cellular zinc to a cytotoxic level in 

the malignant cells can be achieved in the absence of cytotoxic effects in the normal cells; 

and in the absence of systemic pathophysiological consequences.

The issue of zinc ionophore toxicity as represented by clioquinol

It is not the intent of this review to promote the use of clioquinol as a preferable agent for 

zinc treatment of prostate cancer. We employed clioquinol in our studies to demonstrate the 

plausibility of a zinc ionophore approach for increasing zinc uptake, accumulation and 

cytotoxicity in ZIP1-deficent malignant cells and tumors as exists in prostate cancer. 

Clioquinol had been employed as a zinc treatment for diarrhea and skin infections, and in 

clinical trials for the treatment of Alzheimer diseases. At effective therapeutic 

concentrations, clioquinol exhibits minimal or no adverse effects [38,39]. In animal studies 

clioquinol has been shown to exhibit anticancer effects with minimal side effects [34,35]. 

However, clioquinol was withdrawn from the market due to an incident of purported 

potential toxic effects of subacute myelo-optic neuropathy, despite the evidence of its 
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relatively safe use in conditions described above. Rather than imposing this issue as a 

deterrent to the potential use of a zinc ionophore approach for prostate cancer, it would seem 

to be more prudent to be supportive of the necessary studies to validate the zinc-treatment 

approach. If studies are successful, the issue of contraindications at an effective therapeutic 

regimen in humans should be addressed.

The clinical application of zinc treatment for prostate cancer

The xenograff model reflects the effects of zinc treatment on primary site tumor growth of 

established human malignant cells. The model does not permit the determination of zinc 

effects on the development of malignancy, nor generally on metastases and metastatic cells; 

the latter being the major untreatable condition leading to death. Studies of such effects are 

essential to the practicality of the application of zinc treatment for prostate cancer. As 

described above, clinical evidence exists for the expectation that the cytotoxic effects of zinc 

will be manifested during the initiation and early development of prostate malignancy, Our 

studies [11] and those of Johnson et al [12] have shown that the down regulation of ZIP1 

and the decrease in zinc are evident in PIN and in well-differentiated malignancy. Cortesi et 

al [13] employing in situ zinc levels in peripheral zone similarly described that “the zinc 

depletion occurs not only in the cancerous tissue segments but also... in the non-cancer 

components surrounding the lesion.” Horn et al [59] with in situ MRS imaging showed that 

PIN lesions exhibit decreased citrate, which would be due to loss of zinc. Such clinical 

observations are consistent with our view that the events of down regulation of ZIP1 and 

loss of zinc occur in pre-malignancy, and prior to the histopathological identification of 

malignancy. Such relationships make it plausible to suggest that the zinc treatment regimen 

described above could prevent the development of malignancy in at-risk individuals, such as 

individuals with elevated PSA and no histopathological confirmation of malignancy. Since 

the zinc treatment would likely be somewhat innocuous, its employment to abort potential 

early development and progression of malignancy would be advantageous over the absence 

of any mitigating interventions in an “active surveillance” protocol.

Regarding metastatic and advanced hormone-independent prostate cancer, the determination 

of the zinc status has not been established. However, some existing evidence is indicative of 

the likelihood that the loss of zinc persists in the advanced stages of malignancy. Heijmink 

et al [60] showed with magnetic resonance spectroscopy that the citrate is absent in lymph 

node metastasis; and this would be indicative of decreased zinc. Kim et al [61] reported that 

promotion of prostate cancer invasion and metastasis occurs by decreasing intracellular zinc 

levels. Compelling evidence is also provided by identification of the loss of citrate, zinc, and 

ZIP1 in the metastatic lymph nodes in TRAMP. Based on such evidence, it is reasonable to 

expect that clioquinol treatment will increase zinc accumulation and cytotoxic effects in 

metastatic cells.

Conclusions

Studies of cytotoxic/tumor suppressor effects of zinc in support of a potential zinc treatment 

approach for prostate cancer is scattered among many published reports. This places a 

burden on clinical and biomedical researchers in extracting and assimilating the existing 
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supporting evidence for zinc chemotherapy. This is compounded by the complexity of zinc 

and zinc transport physiology, biochemistry, and molecular biology; which, if not well 

understood, offen leads to misinterpretation and misapplication of zinc relationships in 

mammalian systems. This comprehensive report provides the reader with some of the most 

relevant background and data of published reports, along with important recent unpublished 

information, as evidence in support of a zinc treatment approach for prostate cancer. Over 

the ~15 years since elevated cellular zinc levels were first identified as an inhibitor of 

malignant cell growth, many reports have extended and corroborated the cytotoxic effects of 

zinc. Animal model studies have confirmed that zinc treatment that results in increased zinc 

accumulation in malignant cells inhibits tumor growth; thereby identifying the potential of 

zinc as a tumor-suppressor agent,

However, the success of a zinc treatment regimen must consider the important identification 

of human prostate cancer as a ZIP1-deficient malignancy; which requires a mechanism or 

factor that will facilitate zinc uptake into the cell and its availability as exchangeable 

reactive zinc. In vitro studies demonstrate that the zinc ionophore, clioquinol, facilitates zinc 

uptake and accumulation which exhibits cytotoxic effects in ZIP1-deficient malignant cells. 

In support of this, the zinc ionophore approach with clioquinol treatment has been shown to 

markedly suppress the growth of ZIP1-deficient tumors in the xenograff animal model.

Thus, the collective experimental and clinical evidence provides compelling support for the 

plausibility of an appropriate zinc treatment regimen for prostate cancer. Such an approach 

could be efficacious for primary site malignancy and for metastatic malignancy; and also for 

prevention of development of malignancy in at-risk individuals. We hope that the 

relationships and data provided in this presentation will lead to additional supporting 

experimental studies and to clinical trials of a zinc treatment regimen for prostate cancer. 

We look forward to responses to this presentation; especially clinical and scientifically-

credible comments that might be in support or in opposition to the plausibility of a zinc-

treatment approach for prostate cancer.
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Figure 1. 
Zinc levels in normal prostate and prostate cancer. (Modified from [8]).
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Figure 2. 
In situ zinc staining (dithizone; black stain) of human prostate tissue sections. A Gyorkey et 

al [9]. B. Costello and Franklin (unpublished). PZ: Peripheral Zone.
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Figure 3. 
Human normal prostate peripheral zone and prostate cancer tissue sections. A. Shows in situ 

zinc staining (yellow) in normal epithelium and loss of zinc (red) in early stage malignant 

acini cells. Arrows point to the acini glandular epithelium B. ZIP1 IHC shows (arrows) 

plasma membrane localized transporter in normal epithelium and absence in malignancy. C. 

In situ RT-PCR shows high gene expression (green stain) of ZIP1 in the normal glandular 

epithelium (arrows) and ZIP1 downregulation in malignancy. (Modified from [11]).
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Figure 4. 
Zinc and ZIP1 status in TRAMP mice prostate tumors. A. Shows prostate tumors in ventral 

prostate lobes.B. Dithizone staining showing loss of zinc in tumors. C. IHC showing 

(arrows) prominent basilar and apical membrane staining of the normal glandular epithelium 

and absence of plasma membrane staining in malignancy. (Modified from [30]).
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Figure 5. 
ZIP1 status and zinc effects in TRAMP C-2 cells. A. Western blot shows abundance of ZIP1 

transporter in C-2 cell extract and cell membrane fraction. The a-band is free ZIP1; b and c 

bands are membrane-bound ZIP1.B, C, D show that treatment of C-2 cells with 15 uM zinc 

results in increased zinc accumulation, which results in decreased proliferation and 

increased apoptosis (Tunel assay). (Modified from [30]).
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Figure 6. 
Effects of upregulation of ZIP1 in PC-3 cells. A. shows transfection increased ZIP1 

transporter abundance. B, C, D show increased zinc uptake in +ZIP1 cells; which results in 

increased zinc accumulation and inhibited cell growth. (Compiled and adapted from 

[25,26]).
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Figure 7. 
A. Effects of downregulation of ZIP1 in PC-3 cells. A. Shows knockdown of ZIP1 

transporter abundance. B, C. Show decrease of zinc uptake and accumulation in PC3/–ZIP 

cells. D, E. Show increased invasion and migration capability of PC3/–ZIP1 cells. F. Shows 

the loss of zinc uptake in PC-3 cells that are transfected with mutated ZIP1. (Compiled and 

adapted from [25,26]).
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Figure 8. 
Effect of zinc treatment on wildtype PC-3 tumor growth in the xenograft mouse model. A. 

Shows inhibition of tumor growth in zinc-treated animals. B. Shows increased tumor zinc in 

treated animals. C. Shows increased apoptosis (Tunel assay) in zinc treated tumors. D. 

shows increased Bax and Bax/Bcl2 ratio in treated tumors.(Modified from [31]).
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Figure 9. 
Effects of clioquinol on ZIP1-deficient PC-3 cells. A. Shows increased zinc accumulation in 

the presence of clioquinol. B. Shows inhibition of cell proliferation in the presence of CQ

+Zn. C. Shows increased phosphorylation of JNK in the presence of CQ+Zn. Cells were 

exposed to 5 uM CQ treatment for 16 hours. A and C treated with 5 uM Zn.
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Figure 10. 
Effects of clioquinol treatment on growth of ZIP1-deficient tumors. A. Picture showing the 

size of tumors in the mice following five weeks of clioquinol treatment compared to 

untreated animals. B. Shows the comparative rates of tumor growth over the five week 

treatment period. C. Shows the average weights of the resected tumors from the treated 

versus untreated animals. D. Western blots of ZIP1 transporter abundance in the PC-3/-ZIP1 

cells inoculated into the mice; and shows the negligible ZIP1 transporter in the tumors.
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Table 1

Human prostate zinc levels.

Human prostate zinc levels (nmol/g)

Peripheral zone- normal 3,000–4,500

Peripheral zone- cancer 400–800

Prostatic fluid- normal 8,000–10,000

Prostatic fluid- cancer 800–2000

Other soft tissues 200-500

Blood plasma 150
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