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Introduction: 
 
In the United States alone, Prostate cancer affects 1 in 6 men, making it the most 

common non-skin cancer in America (1, 2).  As many as 30,000 men die from this 
disease each year in the US, making prostate cancer the second biggest cancer killer of 
men, behind lung cancer.  Androgen deprivation is the most effective non-surgical 
therapy of localized prostate cancer. Treatments initially result in high responsiveness. 
However a proportion of patients develop locally advanced or metastatic disease that is 
refractory to anti-hormone therapy (3, 4). No currently available therapy is able to cure 
prostate cancer once it has metastasized. Several distinct features of the prostate gland 
open up unique opportunities for treatment of this cancer. First, the prostate is a 
nonessential organ, often making complete surgical resection a viable option, albeit one 
with permanent unpleasant side effects for the patient. Secondly, during early phases of 
the disease, the malignant prostatic lesions tend to remain focal and restrictively 
localized to the prostate gland itself. This, combined with the anatomic accessibility of 
the prostate gland, makes direct intra-tumoral injection of carcinotoxic and carcinostatic 
agents a real possibility for effective and relatively noninvasive treatment (2). We 
proposed to focus on development of novel anti-cancer strategies, based on our recent 
data showing that zinc kills all types of tumor cells (3, 4) including prostate cancer cells. 
In light of the observations that zinc is toxic to prostate cells but that oral 
supplementation of zinc is an ineffective means of regulating the levels of zinc in the 
prostate, we proposed to develop targeted zinc-containing liposomes to prostate cells 
and, as a result, elicit selective killing of those cells.  
 

Decreased levels of Zn have been associated with the growth of prostate cancer 
cells (5-7). Clinical studies have attempted to evaluate the possibility that Zn 
replenishment could alter the growth of such cells. Individuals were given high amounts 
of Zn over the course of several years. In one case, an elevated risk of prostate cancer 
was noted, in another a decreased risk, and in another, no change (5). A limitation to 
these studies is the lack of evidence that oral supplementation alters Zn concentrations 
in the prostate. There is, however, evidence that Zn can inhibit the growth/survival of 
prostate cells should they become directly exposed to Zn (8, 9).  
 

In the past year (year three) we examined aspects of Zn killing of PC3, LNCaP 
and DU145 cell lines. These cell lines are distinctly different in their morphology and 
tissue origin as well as in their gene expression profile for components such as the 
androgen receptor (10-13). These differences would simulate the genetic and 
phenotypic heterogeneity characteristic of prostate cancer and thus show the general 
applicability of a particular treatment (10-13). Significantly, previous studies of these 
cell lines have demonstrated that they display differential sensitivities to currently used 
chemotherapeutics (13-15). 
 
We also have explored the effectiveness of direct intra-tumoral injection of liposomes 
containing zinc acetate into malignant prostatic tumors (7). To our knowledge, this is the 
first examination of intra-tumoral of a zinc delivery system as a treatment strategy for 
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prostate cancer, and we feel that these data form powerful preliminary evidence 
indicating that such a minimally invasive strategy could be efficacious.  

 
Body: 
 
This is the final report on the grant. I have included some of the material from last year 

to give a better understanding of our progress toward our aims. I have made this clear in the 
text by indicating the year into the grant the data was acquired. 

  
During the first year of the grant we made significant progress on Aim 1-  

Aim 1.  Liposome Delivery and Efficacy.  We had proposed to compare the efficacies of 
acidic and non-acidic liposomes (26-28) and the effectiveness of different chemical forms. We 
also set out to determine the most effective targeting molecule and or combination of 
molecules.  We determined in the first and second year that neutral (non-acidic) liposomes are 
the most stable and most efficacious liposomes.  We also found that many different zinc salts 
were efficacious. Therefore, we completed this section of Aim1 in years 1 and 2.  

 
During the second year of the grant we initiated studies to study combinations of zinc 

plus other known therapeutic drugs.  Zinc in combination with other well described cancer 
therapeutic, including taxol were tested. Although these studies were not included in the 
original proposal we thought that combination therapy might give significant therapeutic benefit 
and that this idea fit with our original proposal. We have devised isobolagrams from in vitro 
data (data not shown) and our studies suggest that in the addition of zinc lowers the effective 
dose of taxol. Thus zinc and taxol appear to act synergistically.  These data are not completed 
and we intend to use these data to generate a small Internal Grant to finish the studies for 
publication.  

 
Testing of Zinc and Zinc Liposomes in Other Cell Lines: 
 
 We started these studies in the second year, finished  them in the third and the 
paper has been accepted for publication (Christopher L. Kriedt, Joseph Baldassare, 
Maulik Shah and Claudette Klein,” Zinc functions as a cytotoxic agent for prostate 
cancer cells independent of culture and growth conditions”,  Journal of Experimental 
Therapeutics and Oncology). To test the ability of liposomes to kill other prostate tumor 
cells, we choose three prostate tumor cell lines; LNCap-FGC, LNCaP-r, and DU145. 
These cell lines are distinctly different in their gene expresssion profile such as the 
androgen receptor.  LNCap-FGC and LNCaP-r are androgen-sensitive and androgen-
resistant line and constitute a model for development of androgen resistance in prostate 
cancer (16, 17). The three cell lines differ in their intrinsic apoptotic and thioredoxin 
pathways and p53 status, as well as in their morphology and tissue origin (18, 19). 
These differences would simulate the genetic and phenotypic heterogeneity 
characteristic of prostate cancer (18, 19) and thus show the general applicability of zinc 
treatment.  Furthermore, previous studies of these cell lines have demonstrated that 
they display differential sensitivities to currently used chemotherapeutics.  Cisplatin 
treatment of PC3 and LNCaP results in approximately 10% cell death after a 24 h 
incubation while similar treatment results in approximately 30% death of DU145 cells 
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(20, 21).  PC3 and DU145 cells are significantly more resistant to doxorubicin and taxol 
treatment than are LNCaP cells (22, 23), while DU145 cells are the most sensitive to 
vorinostat, followed by LNCaP cells, with PC3 cells being resistant to such treatment 
(24, 25).  
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Figure 1 Effect of Zinc on various Prostate Cell 
lines. Each cell line was plated at 70% confluency. One day 
after plating the cells were treated with Zinc (at the indicated 
conc.) and then 18 hrs after Zinc treatment the cells were 
stained with trypan blue and scored for trypan blue exclusion. 

 
Figure 2. Pyrithione Reduces the Effective 
Concentration of Zn. Exponentially growing PC3 cells 
were incubated with the indicated concentrations of 
ZnSO4 in the presence of 5μM pyrithione. After an 18 h 
incubation, cell viability was determined using the MTT 
assay  

In year two we found significant 
cell death occurred within 18 hrs (Data 
not shown). We then studied zinc 
concentration responses for several 
prostate  cell lines utilizing either trypan 
blue exclusion (Figure 1) or MTT assay 
(Data not shown).  Both methods of 
scoring for cell death gave similar 
results. PC3 cells displayed 40% and 
80% death with 175 uM and 250 uM Zn 
respectively (Figure 1). At 175 uM and 
250 uM Zn, Du145 cells responded 
similarly to PC3 while both LNCaP cells 
seemed less susceptible.  However, 
almost complete cell death was achieved 
with all cell lines using 350 uM Zn 
(Figure 1). In the experiments shown, Zn 
was added in the form of ZnSO4.  
Similar results were obtained when ZnCl2, ZnAc, or Zn perchlorate were used, 
indicating that Zn is the active ligand (Data 
not shown).  
 

In the past year (year three) we 
showed that cytotoxicity required 
internalization. When cells were incubated 
with pyrithione, the heavy metal ionophore, 
significantly lower Zn concentrations were 
cytotoxic (Figure 2). Greater than 95% cell 
death occurred within an 18 h period using 
25μM Zn in the presence of pyrithione. 
Thus much lower concentrations of zinc 
were required for killing in the presence of 
the ionophore than in the absence. The 
data indicate that internalization of Zn is 
necessary for its cytotoxic effects 

 
Although monolayer culture systems 

are commonly used to evaluate the cytotoxic effects of drugs, it is believed that 3-D 
culture systems more accurately model the behavior of cells in a tumor. With this in 
mind, we examined the ability of Zn to kill PC3 cells grown in a collagen extracellular 
matrix ECM. With 3-D cultures crosshatched and grey bars), approximately 40% cell 
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PC12 10

TrampC2 8

HELA 2

MCF-7 12

ES2 2

SKOV 3

Cell Line % Survival

PC12 10

TrampC2 8

HELA 2

MCF-7 12

ES2 2

SKOV 3

Cell Line % Survival

 
Table1 Cell survival after 
treatment with Zinc Cells were plated 
at 75% confluency. The following day 
they were treated with 350uM zinc. and 
18 hours after zinc treatment were 
scored for cell survival by MTT assay 

 
Figure 3 Culture Conditions Do Not Alter the 
Cytotoxic Effects of Zn. PC3 cells were plated as 2-D 
cultures or as 3-D cultures. When cells had achieved a level 
of either 8 x 105, the indicated concentrations of ZnSO4 were 
added. After an 18 h incubation, cell viability was determined 
using the MTT assay 

death was seen with 175 μM Zn and 
approximately 75% death with 250 μM 
(Figure 3). Notably, there did not 
appear to be differences between the 
responses of cell plated in 2 or 3D. 
Thus using 2-dimensional and 3-
dimensional cultures, we observed 
that zinc cytotoxicity was independent 
of both the culture conditions and the 
rate of cell growth. The attractive 
properties of zinc cytotoxicity 
demonstrated in this paper suggest 
that is can be developed as a novel 
and effective chemotherapeutic agent 
for prostate cancer treatment 
 
These data indicate that all cell lines respond to Zn in 
a time and dose dependent manner. We next 
determined the ability of zinc to kill a number of 
cancer cells lines, including PC12, TrampC2, HELA, 
MCF7, ES2 and SKOV (Table1). While the 
concentration dependence was different with the 
different cell lines, treatment with concentrations of 
400uM resulted in over 95% cell death for all cell 
lines tested. These data indicate that zinc treatment 
can be generalized to other prostate cancer cells and 
potentially to other cancers, for example breast 
cancers.as zinc treatment resulted in cell death of 
ES2 and SKOV cells.  
 
We have completed these studies and have a 
submitted a paper (Accepted for publication in Journal 
of Experimental Therapeutics and Oncology).  . 

 
Comparison of liposomes prepared by the Reverse Phase Evaporation 

protocol  
 
During the past three years of the grant we have completed this aim as described 

below. To compare the Reverse Phase method with the Freeze/Thaw extrusion protocol 
liposomes were prepared with identical lipid compositions.  The liposomes were coupled 
to transferring as a targeting molecule. We generated zinc entrapped liposomes utilizing 
established protocols for preparing lipid vesicles. These liposomes contained dioleoyl 
phosphatidylycholine. For both protocols the vesicles of approximately 100 microns 
were prepared by passing liposomes through polycarbonate membranes and then 
passing the final preparation through G200 Sephadex column to remove untrapped 
zinc. Transferrin (CD71) was used as a targeting agent to deliver Zn into PC3 cells 
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(Figure 4).  Cell death was determined at 
8 and 18 hours after addition of the 
liposomes (Figure 4).  These data clearly 
show that liposomes prepared by 
Freeze/Thaw protocol were more 
effective than those prepared by the 
Reverse Phase protocol.  These 
differences are not a result of more 
efficient coupling of Fab’ fragments, 
because coupling for either preparation 
was approximately identical (data not 
shown). We think the Freeze/Thaw 
preparation may trap zinc more 
efficiently. However, we have not been 
successful at obtaining good 
quantization of trapped zinc 
concentrations.  
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Figure 4 Comparision of different Liposome 
Preparations-PC-3 cells were plated at 75% 
confluency. The following day after platting the 
cells were incubated 8 and 18 hrs with 250 uliters 
of Liposomes() prepared either by Freeze/Thaw 
or ReversePhase protocols After 18 hours the 
cells were scored for cell survival by either trypan 
blue exclusion or MTT assay Data not shown).  
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Figure 5 Slot blot screening to assess 
presence of antibody Media (500), fractions from 
protein A column or purified antibody were dotted onto 
membrane and probed with HRP labeled anti-mouse 
secondary antibody. Each slot blot was then scanned 
and analyzed by densitometry. Lane 1 10ul of control 
antibody, lane 2 100ul of media. Lane 3 10ul of protein A 
purified antibody, lane 4100ul of flow through of protein A 
antibody. Blot was visualized by enhanced 
chemiluminescence 

 
We utilized our Freeze /Thaw liposome protocol in future studies in mice (see below). 

This decision is based on our ability to kill PC-3 cells in cell cultures and our in vivo mouse 
data (see below, and included paper). We have shown that our Freeze/Thaw liposomes are 
superior to those prepared by the Reverse Phase protocol.  

   
 

Testing of Other Targeting Molecules 
 
  We proposed to test other targeting molecules (specifically antibodies) and to 
then employ combinations of these molecules for example transferrin plus antibody to 
target liposomes to protate tumor cells.  
These studies have taken longer than 
expected.  Our strategy was to use the 
hybridoma facility at Saint Louis 
University to generate media from which 
we could isolate monoclonal antibody 
employing affinity purification by passing 
the media over a protein A column.  To 
initially test our ability to produce, isolate 
and couple the Fab’ fragments to 
liposomes, we had the hybridoma 
facility produce 500 ml of media.  
Antibody screening of the media 
showed moderate titer (Figure 5). We 
next tested whether we could 
successfully isolate the antibody and 
couple the Fab’ fragments to liposomes 
(16-18). For immunoliposomes, Fab’ 
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was covalently conjugated to liposomes after zinc loading. Conjugation was via a 
thioether linkage between the free thiol near the COOH terminus of the MAb fragment 
and to maleimide groups at the termini of PEG chains (PEG-MAb linkage) as described 
(16). To assess coupling efficiency of the antibodies, the liposomes were solubilized in 
Western blot buffer and run on Western blot against known amounts of antibody (Data 
not shown). A coupling efficiency of 80% was routinely be achieved by this procedure. 
Thus we have worked out the techniques for isolating antibody, preparing Fab’ 
fragments and coupling the fragments to Freeze/Thaw prepared liposomes. The next 
step is to scale up, isolate and test Fab’ labeled liposomesn for their ability to kill.   
 
 Because we had limited recourses we focused on testing of transferrin labeled 
liposomes in our Murine Model . We think that this will be the most efficient use of our 
resources.  
  
Determine the Antitumor Activity and Biological Toxicity of Zn in Murine Models 
of Prostate Carcinoma 

 
We have addressed the ability of 

zinc to kill tumor cells in a murine 
prostate carcinoma model. Aim 2 
Determine the Antitumor Activity and 
Biological Toxicity of Zn in Murine 
Models of Prostate Carcinoma.  
Experiments were performed in situ to 
evaluate the application of Zn 
compounds (Zn salts) in human 
zenograft and syngeneic murine 
prostate cancer models to evaluate the 
efficacy of both direct intra-tumoral 
injection and systemic administration of 
these compounds on tumor size, 
histological characteristics and animal 
survival.  

 
Figure  6.  Effect of Intra-Tumoral Zinc Injection on 
Survival. Prostate cancer cell xenografts were placed into SCID 
mice and allowed to grow to a size of 200 mm3. Every 48 hours 
for 14 days, mice were then anesthetized and injected with 200 μL 
of either saline or 3 mM zinc acetate.  

As a measure of the potential 
usefulness of zinc as a component of prostate cancer chemotherapeutics, we assayed the 
ability of the intra-tumoral zinc injection protocol to extend the life of animals in our prostate 
cancer xenograft model (Figure 6).  intra-tumoral injection of zinc acetate significantly 
extended the lifespan of animals in this xenograft model of prostate cancer. Dramatically, 
although the treatment protocol extended for only two weeks, the enhanced survival of animals 
in the zinc treatment group was persistent for several weeks beyond (Figure 1). In the control 
group, all animals had succumbed to the debilitating effects of the growing tumor within eight 
weeks of the beginning of the treatment protocol. However, in the same time period, 80% of 
those treated with zinc acetate injections remained alive (Figure 6). This dramatic result was 
significant (p = 0.002) by Kaplan-Meier Survival Analysis and revealed the intra-tumoral 
injection can halt the growth of prostate cancer in vivo with marked in gains in survival. 
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Figure 7 Tissue Zinc Concentration After Acute or 
Chronic Zinc Administration. Levels of zinc were measured 
in specific tissues following either a single (A) or chronic (B) 200 
μL injections of 3 mM zinc acetate. Data is presented as an 
average and errors bars indicate the standard deviation of four 
mice (n = 4). 

 
Figure 8 Effect of direct intra-tmoral 
Injection of zinc liposomes on PC3 
growth. Prostate cancer cell xenografts were 
placed into SCID mice and allowed to grow to a 
size of 300 mm3. Every 48 hours for 14 days, 
mice were  anesthetized and injected. Tumor 
size was measured at the indicated intervals. 
Error bars represent average size for 10 mice 
and “*” represents significance at p<0.05 by 
ANOVA. 

 We also sought to examine the homing of zinc to different tissues, following a 
single intra-tumoral injection 
(Figure 7).  Although the liver 
displayed the greatest 
concentration of zinc, there is no 
significant difference in zinc 
levels after zinc administration, 
although we observed 
considerable variability between 
animals. Similarly, there appears 
to be a reproducible but 
statistically insignificant 
accumulation of zinc within the 
xenograft tumors, even after a 
single administration (Figure 7). 
We then extended these 
observations to conditions of 
chronic zinc administration and 
found that our intratumoral zinc 
injection protocol results in a 
substantial increase in zinc 
levels within the tumor xenograft cells, but not in any brain, heart, kidney, or liver. This 
confirms our supposition that intra-tumoral injection allows for a much higher local 
concentration of zinc, which in turn may overcome impaired zinc import and thus, 
increased partitioning of therapeutic zinc into the diseased prostate tissue. 

These results show that despite rapid 
dissipation of zinc into total body water there 
was a local effect of diminishing tumor growth 
over time. Although our administration 
schedule is an impractical method for the 
treatment of local disease in humans, our 
studies have established that administration of 
zinc in the tumor microenvironment can have a 
potent anti-tumor effect. Direct injection into 
tumors did result in increasing tumor tissue 
zinc levels and altered growth over time, an 
effect that persisted long after zinc injections 
were ceased.  

 
 We next tested whether our zinc 
entrapped liposomes in our mouse zenograft 
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model. These experiments were performed in year 3 of the grant. We injected a bolus of 
PC3 cells subcutaneously into the dorsal region of SCID mice. In a pilot study, we 
observed that a single dose of zinc liposomes did not affect tumor growth (data not 
shown). In addition, because previous studies have established that zinc is rapidly 
distributed in total body water and cleared within 24 hours (see above), we elected to 
administer repeated doses at 48 hours intervals in order to establish a chronic treatment 
protocol. When the tumors reached approximately 300 mm3, treatments were begun: 
100 μL of liposomes by direct intratumoral injection every 48 hours for a period of two 
weeks.  Because In a small trial experiment we found that only liposomes containing 
zinc and a targeting molecule transferrin were effective in arresting tumor growth (Datya 
not shown), the liposomes were targeted with transferring in addition to containing zinc.  
After eight days zinc liposomes injections dramatically halted the aggressive growth of 
PC3 xenografts when compared to non-injected xenografts or xenografts injected with 
liposomes that do not contain zinc (Figure 8).  Because These data indicate that 
administration ofliposomes containing  zinc in have a potent antitumor effect. 

 
 
KEY RESEARCH ACCOMPLISHMENTS: 
 
(1) Direct injection of liposomes containing zinc slow the growth of tumors in vivo 

 
(2) Zinc treatment is an effective agent for killing different prostate tumor cells including PC-3, 
LNCap and DU145 cells 
 
(3) Freeze/Thaw combined with extrusion through polycarbonate membranes appears to be an 
excellent protocol for preparing zinc entrapped liposomes.  
 
(4) Successfully coupled antibody to Freeze/Thaw prepared liposomes 
 
(5) Direct injection of zinc halt the growth of prostate cancer in vivo with marked in gains in 
survival. 
 
(6) Direct injection of zinc does not result in pathology in tissues after zinc 
administration suggesting that zinc treatment may not lead to significant side effects. 
 
(7) Combinations of zinc plus other cancer therapeutic drugs increases the efficacy of 
zinc when added alone  
 
REPORTABLE OUTCOMES:  
 
(1) We have applied for an “In House” Presidential Award   The grant focuses on the 

extending our animal studies  
 
(2) We have published two papers:   
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Shah MR, Kriedt CL, Lents NH, Hoyer MK, Jamaluddin N, Klein C, Baldassare J. 
“Direct intra-tumoral injection of zinc-acetate halts tumor growth in a xenograft model 
of prostate cancer”, .J Exp Clin Cancer Res. 2009, 28; 84. 

 
 Christopher L. Kriedt, Joseph Baldassare, Maulik Shah and Claudette Klein,” Zinc 

functions as a cytotoxic agent for prostate cancer cells independent of culture and 
growth conditions”,  Journal of Experimental Therapeutics and Oncology Accepted 
for publication 

 
 
CONCLUSION:  
 

 During the tenure of the grant we determined a method of preparation of 
liposomes. The Freeze/Thaw method of liposome preparation is the better preparation 
for preparation of liposomes containing zinc.  We demonstrated that direct injection of 
zinc dramatically halts tumor growth in a xenograft model of prostate cancer. 
Furthermore, direct injection into the xenografts did not result in pathology to other 
organs despite rapid dissipation of zinc into total body water content. These data 
suggest the use of zinc would likely have limited systemic toxicity. The data also 
suggest that injection of biogels or depot formulations of zinc may be an alternative 
strategy to increasing intraprostatic zinc resulting in anti-tumor effect with limited 
toxicity. 
 
Finally, direct injection of liposomes that contain zinc slows the growth of the tumors 
when added to prostate cancer cells. Only those liposomes containg zinc and 
transferring were efficacious. These data are preliminary but suggest the possibility of 
using liposomes as a vehicle for the delivery of zinc.    
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Abstract  
 

Intracellular levels of zinc have shown a strong inverse correlation to 

growth and malignancy of prostate cancer.  To date, studies of zinc 

supplementation in prostate cancer have been equivocal and have not 

accounted for bioavailability of zinc.  Therefore, we hypothesized that direct 

intra-tumoral injection of zinc could impact prostate cancer growth.  In this 

study, we evaluated the cytotoxic properties of the pH neutral salt zinc acetate 

on the prostate cancer cell lines PC3, DU145 and LNCaP.  Zinc acetate killed 

prostate cancer cell lines in vitro, independent of androgen sensitivity, in a 

dose-dependent manner in a range between 200 and 600µM.  Cell death 

occurred rapidly with 50% cell death by six hours and maximal cell death by 

18 hours.  We next established a xenograft model of prostate cancer and 

tested an experimental treatment protocol of direct intra-tumoral injection of 

zinc acetate.  We found that zinc treatments halted the growth of the prostate 

cancer tumors and substantially extended the survival of the animals, whilst 

causing no detectable cytoxicity to other tissues.  Thus, our studies form a 

solid proof-of-concept that direct intra-tumoral injection of zinc acetate could 

be a safe and effective treatment strategy for prostate cancer. 
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Background  
 

In the United States alone, 200,000 men are diagnosed with prostate 

cancer each year and one out of six men will be diagnosed in their lifetime.  

As many as 30,000 men die from this disease each year in the US, making 

prostate cancer the second biggest cancer killer of men, behind lung 

cancer[1].  However, several distinct features of the prostate gland open up 

unique opportunities for treatment of this cancer.  First, the prostate is a 

nonessential organ, often making complete surgical resection a viable option, 

albeit one with permanent unpleasant side effects for the patient.  Secondly, 

during early phases of the disease, the malignant prostatic lesions tend to 

remain focal and restrictively localized to the prostate gland itself.  This, 

combined with the anatomic accessibility of the prostate gland, makes direct 

intra-tumoral injection of carcinotoxic and carcinostatic agents a real 

possibility for effective and relatively noninvasive treatment[2].  In this study, 

based in part on promising in vitro results from our laboratory, we explore the 

effectiveness of direct intra-tumoral injection of zinc acetate into malignant 

prostatic tumors. 

Zinc is the most abundant trace element in the human body and is vital 

for the function of many enzymes and proteins in all cells and tissues of the 

body.  There are over 300 zinc-dependent enzymes and zinc is required for 

the formation of the zinc-finger motif that is an essential component for nearly 

all transcription factors and many other proteins that bind nucleic acids[3].  It 

has long been known that chronic insufficient dietary zinc leads to many 

debilitating developmental defects, but emerging evidence now links 
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marginally deficient zinc consumption, such as that which affects more than 

10% of the US population, to such diseases as anorexia nervosa, Ahlzeimer’s 

Disease, and cancer.  Several studies have found that men who consume 

below the USDA recommended daily allowance (RDA) of 11mg/day are at 

increased risk of developing prostate cancer[4].  Conversely, other studies 

have shown that high-dose supplements of zinc can increase the risk of 

prostate cancer[5].  Thus, the role of dietary zinc in the predisposition to 

prostate cancer requires further study. 

The relationship between dietary zinc and prostate cancer likely stems 

from the vital role that zinc plays in prostate function.  Zinc is known to 

accumulate in the prostate, and this gland typically harbors the highest 

concentration of zinc in the body[6].  This is because the secretory cells of the 

prostate require high levels of zinc to inhibit the enzyme m-aconitase, which 

normally functions to oxidize citrate during the Krebs cycle.  Because citrate is 

a principle component of seminal fluid, prostate secretory cells do not 

complete the oxidation of citrate in the mitochondria and the zinc-mediated 

inhibition of m-aconitase is crucial for the accumulation of citrate in these 

cells, and thus the subsequent secretion of citrate into seminal fluid[7].  The 

accumulation of zinc in the prostate epithelium is accomplished by the zinc 

transporter ZIP1, which is highly expressed in normal prostate tissue[8].  

Because zinc is thus antagonistic to the synthesis of ATP in the cells of 

the prostate gland, it is not surprising that both ZIP1 expression and the 

accumulation of zinc are markedly attenuated in a cancerous prostate [9].   

[10].  Indeed, ZIP1 is considered a prostate tumor suppressor as the inhibition 

of its function is requisite for malignant transformation, and prostatic zinc 
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levels have shown an inverse relationship with tumorigenicity [11].  Thus, the 

restoration of zinc levels in prostate cancer cells is a logical strategy for 

clinical treatment.  Further, zinc has been shown to be required for 

mitochondrial apoptogenesis in prostate cells in vitro [12], and infusions of 

moderate doses of zinc reliably lead to apoptosis of prostate cancer cell lines 

[13].  This has led to the hypothesis that clinical administration of zinc could 

be an effective chemotherapeutic for prostate cancer.  However, studies of 

zinc dietary supplementation for cancer prevention have had mixed results 

[14, 15].     

Recently, vascular delivery of zinc was evaluated as a potential 

treatment in a mouse model of prostate cancer [6].  Although an increase in 

apoptosis was observed in the prostate cancer xenografts of the mice 

receiving high doses of zinc, there was little effect on the overall growth and 

aggressiveness of the prostate tumors themselves.  Because ZIP1 function is 

known to be impaired in prostate cancer cells, we presume that there was 

limited homing of zinc to the prostate cancer xenografts.  Thus, we reason 

that a localized infusion of zinc, and thus a greater local concentration, could 

circumvent the reduced ZIP1 activity and allow greater bioaccumulation of 

zinc in the diseased prostate.  This is important because intravenous doses of 

zinc are limited due to the cellular toxicity of this heavy metal at super-

physiologic concentrations. 

In this study, we hypothesize that the direct intra-tumoral injection of 

zinc could be a safe and efficacious treatment for prostate cancer. To our 

knowledge, this is the first examination of intra-tumoral zinc delivery as a 

treatment strategy for prostate cancer, and we feel that these data form 
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powerful preliminary evidence indicating that such a minimally invasive 

strategy could be efficacious.  Furthermore, because of the preferential 

accumulation of zinc in prostate tissue, it is conceivable that such a strategy 

could be entirely free of the debilitating and dose-limiting side effects typical of 

other cancer chemotherapeutics. 
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Methods 
Cell lines – PC3, DU148, LNCaP cells were originally obtained from ATCC 

(Rockville, MD).  Cells were maintained at 37oC, 5% CO2 and 95% humidity in 

DMEM (CellGro, Herndon, VA) supplemented with 10% (v/v) heat inactivated 

fetal bovine serum (BioWhittaker, Walkersville, MD), 2 mM L-glutamine and 

100 units/ml penicillin and 1000 ug/ml streptomycin (Invitrogen, Carlsbad, 

CA).   

 

Animals – NOD/SCID mice at 8 weeks of age were purchased from Charles 

River Laboratories (Wilmington, MA) and were housed at the Saint Louis 

University comparative medicine facility.  Animals were allowed to acclimate 

for 2 weeks prior to experimentation.  The animals were under the care of a 

staff veterinarian and managed in accordance with the National Institutes of 

Health Guide for the Care and Use of Laboratory Animals.  

 

Xenografts – PC3 cells grown to 70% confluence were harvested and injected 

in the dorsum of animals subcutaneously.  Each inoculum consisted of 100µL 

of cell suspension at a concentration of 107 cells/ml in phosphate-buffered 

saline.  Tumors were allowed to grow to a size of 300 mm3 prior to intra-

tumoral injection.  Tumors were injected with 200µL of 3mM zinc acetate 

solution every 48 hours.  Tumors were measured every 2-3 days with digital 

calipers.  Tumor volume was determined using the following formula:  Volume 

= Length X Width2.   
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Zinc Measurements - Zinc was quantified in serum and tissues using the TSQ 

fluorophore (Invitrogen, Carlsbad, CA).  50mM TSQ was prepared in 10mM 

Tris buffer (ph=8.0).  TSQ was added to samples and standard zinc solutions 

to a final concentration of 10µM in black round-bottom 96 well plates.  

Endpoint fluorescence was read on a Spectfluor with excitation wavelength of 

360 nm and emission wavelength of 535 nm.  Tissue zinc levels were 

measured similarly, after weighing and homogenizing tissue in water by 

repeated freeze/thaw cycles.  

 

MTT Assay - Cell viability was determined via MTT assay.  Briefly, media was 

aspirated from cells grown in 6 well plates and 1ml of MTT (1mg/ml) solution 

was added.  After 1 hour incubation, MTT solution was aspirated and 0.04 N 

HCL was added to solubilize the cells and absorbance at 540nM was 

measured. 
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Results  
 

Zinc has been shown to be cytotoxic to a variety of cancer cell lines[16-

18].  In these studies, different formulations of zinc have been utilized.  

Unfortunately, in vivo measurements regarding the bio-pharmocokinetics of 

these different zinc salts are lacking.  For this study, we have selected zinc 

acetate as it is pH neutral in aqueous solution with minimal effect on 

osmalarity, relative to other formulations of zinc.  Cytotoxic effects of zinc 

acetate have not been reported. 

 

In order to examine the general effectiveness of zinc in inducing cell 

death in prostate cancer cells, we selected three cell lines with distinct 

properties, representative of the distinct forms in which prostate cancers 

emerge.  For example, PC3 and DU145 cells are androgen-independent, 

while LNCaP cells are androgen-dependent[19].  The molecular pathways 

associated with carcinogenesis vary as well between these cell lines[20] as 

determined by gene expression analysis.  For example, PSA is upregulated in 

PC3 but not expressed in LNCaP.   Using markedly different prostate cancer 

cell lines allowed us to analyze the effect of  zinc irrespective of underlying 

pathways of transformation.     

 

Induction of apoptosis of prostate cancer cells by zinc.   

In figure 1, we show that treatment with zinc acetate leads to 

widespread cell death within 18 hours in three different prostate cancer cell 

lines (figure 1A).  Importantly, cell death is sharply dose-dependent over a 
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broad range from 100-600µM and the cytotoxicity curves indicate that 300-

400µM zinc acetate, depending on cell line, is effective at inducing cell death 

in ~80% of the cell population within just 18 hours (figure 1A).  Having 

established that zinc acetate has a rapid cytotoxic effect on prostate cancer 

cell lines, we next established the time course of cell killing in vitro.  Although 

only data for PC3 cells are shown, for all three cell lines, 400µM zinc acetate 

induced cell death quite rapidly, with 50% cell death occurring by 6 hours 

(figure 1B and data not shown).  By 24 hours, greater than 95% of the cells 

had perished.  Interestingly, zinc dose had minimal effect on the kinetics of 

cell death, as doubling the dose to 800µM zinc only reduced the EC50 by 

approximately 90 minutes (figure 1B).   

Although maximal cytotoxicity is seen within 24 hours with doses of 

400µM zinc or higher, we reasoned that longer incubations with lower doses 

of zinc might also have a cytotoxic effect on prostate cancer cells.  Thus, we 

next evaluated zinc-induced cytotoxicity in PC3 cells at lower doses and found 

that, surprisingly, at each dose, maximum cell death again occurred by 24 

hours with little further cell death thereafter (data not shown).  However, 

prolonged exposure to zinc, even at the lowest dose of 100µM, has a 

cytostatic effect: cellular proliferation halted and the number of cells remained 

constant over time (data not shown).  Indeed, this cytostatic effect of 

prolonged exposure to zinc was observed at all doses explored in this study. 

 

Effect of Zinc Acetate on PC3 Xenograft Growth.  

Given these promising in vitro results, we next examined whether zinc 

treatments could affect prostate cancer cells in vivo.  To that end, we 
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established a human prostate cancer xenograft model by injecting a bolus of 

PC3 cells subcutaneously into the dorsal region of SCID mice.  To date, 

detailed toxicity reports of zinc acetate in mice are lacking.  However, 

experiments with mice have revealed an LD50 of approximately 50mg/kg for 

zinc chloride [21].  Because the maximal tolerable dose of zinc acetate has 

not been established and given that chronic liver changes were observed at 

the LD50 dose, we elected to use a dose that approximated one-eighth of the 

LD50, 200µL of 3mM zinc acetate.  In a pilot study, we observed that a single 

dose of zinc acetate had no measurable effect on tumor growth (data not 

shown).  In addition, because previous studies have established that zinc is 

rapidly distributed in total body water and cleared by renal filtration within 24 

hours[22], we elected to administer repeated doses of zinc acetate in 48 

hours intervals in order to establish a chronic treatment protocol, while limiting 

untoward zinc bio-toxicity and stress to animals due to the repeated 

anesthesia and injection. 

 

When the prostate tumor xenografts reached 300mm3, treatments were 

begun: 200µL of 3mM zinc acetate by direct intratumoral injection every 48 

hours for a period of two weeks.  We selected this somewhat large tumor size 

for both ease of intratumoral injection, and also for greater accuracy and 

consistency when using size as an outcome measure.  Figure two 

demonstrates the effect of the zinc injections on tumor growth and it is 

immediately clear that intratumoral injections of zinc have a profound negative 

effect on growth of the tumor xenografts.  The injection of zinc dramatically 

halts the aggressive growth of PC3 xenografts and, importantly, the growth 
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arrest persists after the injection schedule is terminated on the fourteenth day 

(figure 2).  Importantly, the growth of xenografts was unaffected by the 

anesthesia and injection procedure per se as vehicle-injected tumors display 

growth kinetics indistinguishable from that of non-injected xenografts.   

 

Bioavailability of zinc following intra-tumoral injection 

 Because of the promising results of arrested prostate cancer cell 

growth following zinc injection, we next turned our attention to the 

biodistribution of the zinc in this context.  We began with simple subcutaneous 

injections of zinc acetate in otherwise un-treated SCID mice and found that 

single injections of zinc result in a rapid increase in serum zinc levels as early 

as 10 minutes after administration (figure 3A).  However, serum zinc levels 

peak in 90 minutes and return to normal physiological levels within 24 hours 

(figure 3A).  We next examined the pharmacokinetics of intra-tumoral injection 

of zinc acetate into our prostate cancer xenografts model.  The resulting 

kinetics of zinc distribution are similar: serum zinc levels rise quite rapidly after 

tumor injection, reaching a maximum within 90 minutes, followed by a steady 

decline to baseline levels within 24 hours (figure 3B).  A significant difference 

is that peak serum zinc levels are considerably less when injected into tumors 

then subcutaneously indicating either slower release from tumor tissue or 

significant uptake into tumor tissue.  

 

We also sought to examine the homing of zinc to different tissues, 

following a single intra-tumoral injection.  As shown in figure 4A, although the 

liver displayed the greatest concentration of zinc, there is no significant 
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difference in zinc levels after zinc administration, although we observed 

considerable variability between animals.  Similarly, there appears to be a 

reproducible but statistically insignificant accumulation of zinc within the 

xenograft tumors, even after a single administration (figure 4A).  We then 

extended these observations to conditions of chronic zinc administration and 

found that our intratumoral zinc injection protocol results in a substantial 

increase in zinc levels within the tumor xenograft cells, but not in any brain, 

heart, kidney, or liver (figure 4B).  This confirms our supposition that intra-

tumoral injection allows for a much higher local concentration of zinc, which in 

turn may overcome impaired zinc import and thus, increased partitioning of 

therapeutic zinc into the diseased prostate tissue.   

 

Zinc Biosafety 

Over the course of our experiments, we were able to limit prostate 

xenograft growth over a period of two weeks.  Even after zinc administration 

was discontinued, tumor growth was slower than in control animals (figure 2).  

Importantly, at the dosage delivered to the animals, we did not observe any 

evidence of biotoxicity during the treatment protocol and no animal death was 

recorded.  Further, a blinded pathologist performed a full post-mortum 

histological analysis of tissues and uncovered no evidence of tissue toxicity in 

the animals enrolled in the zinc treatment protocol (data not shown).  Liver 

changes reported by others at the LD50 level were not seen with our 

substantially lower dosage even with the chronic administration schedule. 
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Survival of Animals following treatment of prostate cancer xenografts 

with zinc 

 As a final measure of the potential usefulness of zinc as a component 

of prostate cancer chemotherapeutics, we assayed the ability of the intra-

tumoral zinc injection protocol to extend the life of animals in our prostate 

cancer xenograft model.  Because they are growing subcutaneously rather 

than orthotopically xenograft tumors may grow to significant size without 

causing animal death.  For humane reasons, a scoring system was 

established to assess animal welfare and animals not able to meet two 

requirements were euthanized.  The scoring system consisted of the 

following:  1. Maintenance of normal weight (Weight loss > 12%); 2. Normal 

ambulation; 3. Normal grooming;  4. Normal feeding.  Importantly, the 

decision to remove an animal from the protocol due to extreme tumor burden 

was made by an animal care technician unaware of the treatment group of the 

particular animal at the time of the decision.   

 

Thus, humane removal of an animal from the protocol was recorded as 

a death event, and with these data we evaluated survival.  As seen in figure 

five, intra-tumoral injection of zinc acetate significantly extended the lifespan 

of animals in this xenograft model of prostate cancer.  Dramatically, although 

the treatment protocol extended for only two weeks, the enhanced survival of 

animals in the zinc treatment group was persistent for several weeks beyond 

(figure 5).  In the control group, all animals had succumbed to the debilitating 

effects of the growing tumor within eight weeks of the beginning of the 

treatment protocol.  However, in the same time period, 80% of those treated 
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with zinc acetate injections remained alive (figure 5).  This dramatic result was 

significant (p = 0.002) by Kaplan-Meier Survival Analysis and revealed the 

intra-tumoral injection can halt the growth of prostate cancer in vivo with 

marked in gains in survival. 
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Discussion  
Prostate cancer represents a unique clinical problem with respect to 

treatment options.  90% of men will present with localized disease [23].  For 

these men, the current treatment paradigm is prostatectomy or radiotherapy.  

For men with advanced disease, androgen therapy offers the best opportunity 

for long term survival.  However, treatment may be limited by the androgen 

responsive nature of the tumor.  Given the age at which many men present 

with prostate cancer and the slow growing nature of this cancer, in many 

cases, the treatment options may have equivalent morbidity in comparison to 

the cancer itself.  Hence, less invasive methods of treatment with fewer side 

effects would be very advantageous for men presenting with localized 

disease.   

 

There is much to suggest that treatment with zinc has real clinical 

potential.  It is solidly established that reduced intracellular zinc levels are 

necessary for maintaining the malignant phenotype of prostate cancer cells 

[24] and that malignancy and tumor aggressiveness are inversely proportional 

to tumoral zinc levels [25].  Thus, the current paradigm for zinc in prostate 

cancer suggests that loss of intracellular zinc is vital to the transformation of 

normal prostate tissue into cancerous prostate tissue, likely due to the 

metabolic effects of zinc in the Krebs cycle.  That is, because zinc inhibits m-

aconitase, loss of zinc allows for greater energy utilization, supporting the 

substantially increased cellular metabolism that is necessary for rapid 

proliferation [26].   
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Because systemic (i.e. intravenous) injection of zinc has limitations and 

is poorly targeted to diseased prostate, in this study we evaluated whether 

increasing zinc bioavailability through direct injection into tumors would impact 

prostate cancer malignancies.  Although repeated intratumoral injections may 

not be a desirable treatment modality for human prostate cancer patients, we 

have provided proof of concept that increase of intraprostatic zinc can 

effectively moderate prostate tumor growth. 

 

In our in vitro experiments, we have shown that increasing zinc in the 

microenvironment to 200-600µM can cause rapid prostate cancer cell death.  

Cell death was independent of the mechanism of molecular carcinogenesis 

and independent of androgen sensitivity.  Others have reported that the 

mechanism of zinc associated prostate cancer cell death is apoptotic with a 

shift in Bax/BCL2 ratios[27] and the morphological changes seen in our 

studies are consistent with apoptotic cell death.  Cell death was also quite 

rapid indicating that prolonged exposure is not necessary for zinc effects on 

prostate cancer cells.   

 

Human physiological serum zinc levels are approximately 45 µg/dL.  

This represents total zinc and not any particular salt form.  As such, it is 

difficult to reconcile levels with molar doses used in our in vitro studies, but it 

is clear that our in vitro doses could not be achieved systemically in a whole 

animal without undue toxicity.  However, we hypothesized that, given the 

rapid nature by which zinc-mediated cell death occurs in prostate cancer cells, 

the local microenvironment could be altered to a level sufficient to impact 
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tumor growth whilst avoiding widespread toxicity.  Thus, in an attempt to 

maximize the anti-tumor effect and minimize the biotoxicity, we selected a 

dose that was approximately 8-fold less than the LD50 toxic dose reported for 

rodents.  Based on the fact that we had no observed tissue biotoxicity, future 

studies could determine the maximum tolerable dose for direct zinc 

administration.   
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Conclusions  
Our results showed that despite rapid dissipation of zinc into total body 

water there was a local effect of diminishing tumor growth over time.  

Although our administration schedule is an impractical method for the 

treatment of local disease in humans, our studies have established that 

administration of zinc in the tumor microenvironment can have a potent anti-

tumor effect.  Direct injection into tumors did result in increasing tumor tissue 

zinc levels and altered growth over time, an effect that persisted long after 

zinc injections were ceased.  Our data indicate that methods to increase zinc 

in the prostate tumor microenvironment could be useful as a way of 

modulating growth of localized disease.  Given rapid physiological clearance 

of zinc, the use of zinc would likely have limited systemic toxicity.  

Consequently, injection of biogels or depot formulations of zinc may be an 

alternative strategy to increasing intraprostatic zinc resulting in anti-tumor 

effect with limited biotoxicity.  
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Figures 

Figure 1  - Kinetics and Toxicity of Zinc Acetate on Prostate Cancer Cell Lines 

Prostate cancer cell lines (Panel A: PC3, DU145, and LNCaP; Panels B and C: PC3) 
were treated with the indicated concentrations of zinc acetate for either 18 hours (A) 
or indicated length of time (B and C).  Data represent mean cell viability as assessed 
by MTT assay (n = 3 independent cell populations) and error bars represent standard 
deviation.   

Figure 2  - Effect of Direct Intra-Tumoral Zinc Injection on PC3 Growth 

Prostate cancer cell xenografts were placed into SCID mice and allowed to 
grow to a size of 300mm3.  Every 48 hours for 14 days, mice were then 

anesthetized and injected with 200µL of either saline (black squares) or 3mM 
zinc acetate (grey circles).  Tumor size was measured at the indicated 
intervals.  Error bars represent average size for 10 mice and “*” represents 
significance at p<0.05 by ANOVA. 
 

Figure 3  - Serum Zinc Levels after Subcutaneous or Intratumoral Zinc Injection 

Serum levels were measured at the indicated times following either a 

subcutaneous (A) or an intratumoral (B) single 200µL injection of 3mM zinc 
acetate.  Data is presented as an average and errors bars indicate the 
standard deviation of four mice (n=4). 

Figure 4  - Tissue Zinc Concentration After Acute or Chronic Zinc 
Administration 

Levels of zinc were measured in specific tissues following either a single (A) 

or chronic (B) 200µL injections of 3mM zinc acetate.  Data is presented as an 
average and errors bars indicate the standard deviation of four mice (n=4). 

Figure 5  - Effect of Intra-Tumoral Zinc Injection on Survival 

Prostate cancer cell xenografts were placed into SCID mice and allowed to 
grow to a size of 200mm3.  Every 48 hours for 14 days, mice were then 

anesthetized and injected with 200µL of either saline or 3mM zinc acetate.  
Mice were evaluated by a blinded technician and sacrificed when tumor 
burden reached predetermined criteria for humane maintenance and care.  
Difference in mean survival between treatment and control groups was 
significant (p<0.002) by Kaplan-Meier Survival Analysis. 
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The effects of zinc on the viability of PC3, LNCaP and 
DU145 prostate cancer cell lines in vitro were examined. 
The data indicate that, despite their distinctly different 
gene expression profiles, morphology and tissue origin, 
all cell lines responded to zinc in a similar time and 
dose dependent manner. Experiments using pyrithione 
indicated that cell death is mediated by internalized 
zinc. Zinc effects on cells plated as monolayers were 
compared to its effects on cells plated in a collagen 
matrix. Although the rate of cell growth in the matrix was 
delayed compared to cells in 2-dimensional cultures, 
the cytotoxic effects of zinc were unaltered. Using both 
2-dimensional and 3-dimensional cultures, we observed 
that zinc cytotoxicity was independent of both the cul- 
ture conditions and the rate of cell growth, results that 
contrast the activity of the current chemotherapeutics 
used to treat prostate cancer. The attractive properties 
of zinc cytotoxicity demonstrated in this paper suggest 
that is can be developed as a novel and effective chemot- 
herapeutic agent for prostate cancer treatment.

Key words: zinc, prostate, cancer, cell lines, in vitro, 
chemotherapy

Abbreviations: zinc, Zn; two dimensional, 2-D; three-
dimensional, 3-D; extracellular matrix, ECM

INTRODUCTION

Prostate cancer affects 1 in 6 men, making it the most 
common non-skin cancer in America (1,2). Androgen 

deprivation is the most effective non-surgical therapy of 
localized prostate cancer. Treatments initially result in 
high responsiveness. However a proportion of patients 
develop locally advanced or metastatic disease that is 
refractory to anti-hormone therapy (3,4). No currently 
available therapy is able to cure prostate cancer once it 
has metastasized. We are investigating the possibility of 
using Zn as a novel chemotherapeutic for prostate can-
cer. Our previous studies using IIC9 embryonic fibrob-
lasts, indicated that Zn possesses a number of attractive 
properties for its use in this regard, including its ability 
to kill serum arrested cells (5). 

Decreased levels of Zn have been associated with 
the growth of prostate cancer cells (6-8). Clinical stud-
ies have attempted to evaluate the possibility that Zn 
replenishment could alter the growth of such cells. Indi-
viduals were given high amounts of Zn over the course 
of several years. In one case, an elevated risk of prostate 
cancer was noted, in another a decreased risk, and in 
another, no change (6,9,10). A limitation to these stud-
ies is the lack of evidence that oral supplementation 
alters Zn concentrations in the prostate. There is, how-
ever, evidence that Zn can inhibit the growth/survival 
of prostate cells should they become directly exposed 
to Zn (6,11,12). Here we examined aspects of Zn kill-
ing of PC3, LNCaP and DU145 cell lines. These cell 
lines are distinctly different in their morphology and 
tissue origin as well as in their gene expression profile 
for components such as the androgen receptor (13-16). 
These differences would simulate the genetic and phe-
notypic heterogeneity characteristic of prostate cancer 
and thus show the general applicability of a particular 
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treatment (13-16). Significantly, previous studies of 
these cell lines have demonstrated that they display dif-
ferential sensitivities to currently used chemotherapeu-
tics (16-18). 

We also compared the effects of Zn on cells grown in 
2-D and 3-D cultures to assess if/how the ECM and cell 
architecture could influence the outcome of Zn treat-
ment. Differences in the responses to currently used 
anticancer drugs have been demonstrated in cells under 
these two types of culture systems (18-22). Given the 
important regulatory role of the ECM in tissue mor-
phology and signaling, 3-D conditions are believed 
to more favorably model the events in early onco-
genesis as they occur in tumor models (23,24). Thus, 
3-D cultures allow for more facile characterization of 
drug properties e.g. dose-responses, than using a more 
complex xenograph model (23,24). The data reported 
here indicate that Zn is a potent cytotoxic agent when 
internalized and that, unlike current therapeutics, the 
cytoxicity of Zn is independent of cell type and growth 
characteristics. 

MATERIALS AND METHODS

Tissues culture media was purchased from GIBCO. 
FCS was purchased from Sigma. All other reagents 
were purchased from Sigma.

Cell Lines and Culture Conditions

PC3, LNCaP and DU145 cells were maintained as 
exponentially growing cells in DMEM supplemented 
with 10% FCS. To monitor growth, cells were harvested 
by trypsinization at the times indicated, stained with 
trypan blue, and counted on a hemocytometer. Trypan 
blue staining confirmed that untreated cells were >95% 
viable. 3-D cultures were established by plating cells 
at the indicated densities in a collagen matrix that was 
established according to the published literature (25). 
Briefly, under sterile conditions, 0.75 ml collagen solu-
tion containing 0.7 ml twice concentrated medium, 0.26 
ml H

2
0, 0.09 ml 0.1N NaOH, 0.2 ml FCS and 0.5 ml 

type I collagen (2mg/ml in 18 mM HAc) were mixed 
on ice and added to 35 mm Petri dishes. Then 0.25 ml 
of a cell suspension (0.4 x 106 cells/ml) was added to 
the collagen solution. To monitor growth in such cul-
tures, the ECM was digested with collegenase and the 
cells retrieved by centrifugation. The cell pellet was 
resuspended in medium, stained with trypan blue and 
counted. Again, trypan blue staining confirmed 95% 
viability of untreated cells. All growth experiments 

were performed a minimum of two times, with dupli-
cate samples.

MTT Assay

For 2-D cultures, MTT was added to the medium at 
a final concentration of 0.5 μg/ml. After 45 min., the 
media was removed, the insoluble formazan product 
dissolved, and the OD570 determined as previously 
described (5). For 3-D cultures, cells were released from 
the collagen matrix as described above prior to the addi-
tion of MTT. All MTT experiments were performed a 
minimum of three times, with triplicate samples.

RESULTS

Zn is cytotoxic to a variety of prostate  
cancer cell lines

The effects of Zn on the viability of PC3, LNCaP 
and DU145 prostate cancer cell lines are shown in Fig-
ure 1. All cell lines that were incubated with Zn for 
8h (Fig. 1A) showed modest cell death at 175 µM, 
with about 40% death at 250 µM. With 350 µM Zn, it 
appeared that LNCaP cells were more susceptible to 
the toxic effects of Zn, however this did not hold true 
for longer incubation times. After 18 h, PC3 cells dis-
played 40% and 80% death with 175 µM and 250 µM 
Zn respectively (Fig. 1B). At 250 µM Zn, DU145 cells 
responded similarly to PC3 while LNCaP cells seemed 
less susceptible. However, almost complete cell death 
(>90%) was achieved, independent of cell line, using 
350 µM Zn for 18 h. In the experiments shown, Zn 
was added in the form of ZnSO

4
. Similar results were 

obtained when chloride, acetate or perchlorate salts 
were used, indicating that Zn is the active component 
(data not shown). 

Zn cytotoxicity requires its internalization

The data indicate that all cell lines respond to Zn  
in a time and dose dependent manner. We chose to 
continue our studies with PC3 cells. When cells were 
incubated with pyrithione, the heavy metal ionophore, 
significantly lower Zn concentrations were cytotoxic. 
Figure 2 shows that under such conditions, approxi-
mately 25% cell death was noted after an 8-h incuba-
tion with 25 μM Zn. More dramatic responses were 
seen with longer incubation times, with cell death 
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Figure 1. Effect of Zn on the Viability of Varied Prostate Cancer Cell Lines. Exponentially growing PC3, DU145 and 
LNCaP cells were treated with the indicated concentrations of ZnSO4 for either 8 h (A) or 18 h (B). At that time, cell 
viability was determined by the MTT assay as described in Materials and Methods.
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being noted with concentrations as low as 1μM Zn. 
Greater than 95% cell death occurred within an 18 h 
period using 25μM Zn in the presence of pyrithione. 
The data indicate that internalization of Zn is necessary 
for its cytotoxic effects. 

Zn cytotoxicity is not affected by cell  
growth conditions

Although monolayer culture systems are com-
monly used to evaluate the cytotoxic effects of drugs, 
it is believed that 3-D culture systems more accurately 
model the behavior of cells in a tumor (19,23). With 
this in mind, we examined the ability of Zn to kill PC3 
cells grown in a collagen ECM. First we compared the 
growth properties of cells in 2-D versus 3-D cultures. 
Figure 3A shows that cells plated in an ECM at relatively 
low density underwent a lag period of approximately 
6-7 days, after which they doubled in approximately  
3 days. Cells seeded at a higher density did not exhibit 
a significant lag period and displayed a doubling  
time of 3 days by day 2. Cells plated as a monolayer 

(Figure 3B) displayed similar behaviors with respect 
to both the initial plating densities and the presence or 
absence of a lag period. Cells in the 2-D culture condi-
tions, however, did exhibit a faster doubling time, of 
approximately 1.5 days. 

Since our goal was to compare the toxicity of Zn 
in monolayer and ECM cultures, we first determined 
if any differences could reflect the different growth 
rates of the cells under these two conditions. Thus, we 
examined the effects of Zn on cells that had reached 
two different cell densities; one that would test  
the response of cells at their maximal growth rate  
(8 x 105) and another when cells were nearing station-
ary phase (1.2 x 106). The data in Figure 4 demonstrate 
the results obtained after an 18-h incubation. With 3-D 
cultures (crosshatched and grey bars), approximately 
40% cell death was seen with 175 µM Zn and approx-
imately 75% death with 250 µM. Notably, there did 
not appear to be differences between the responses of 
cell plated at the different cell densities. Additionally, 
the behavior of cells plated in the ECM mimicked that 
seen with cells in 2-D cultures at the same densities 
(filled and clear bars). Thus, it appeared that neither 
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Figure 2. Pyrithione Reduces the Effective Concentration of Zn. Exponentially growing PC3 cells were incubated 
with the indicated concentrations of ZnSO4 in the presence of 5µM pyrithione. After an 8h (filled bars) or 18 h (clear 
bars) incubation, cell viability was determined using the MTT assay described in Materials and Methods.
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the plating conditions nor the growth rate affect cell 
sensitivity to Zn.

To confirm that cell death in 3-D cultures required Zn 
internalization, we performed experiments in the pres-
ence of pyrithione. Figure 5 shows the results obtained 
when cells were grown in the ECM until they reached 

the indicated densities and then treated with Zn in the 
presence of pyrithione (crosshatched and grey bars). 
The results are compared with those obtained with 2-D 
cultures treated at the same cell densities (filled and 
clear bars). In all cases, death was observed with Zn 
concentrations lower than those required in the absence 
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Figure 3. Effect of Culture Conditions on Cell Growth. PC3 cells were plated in an ECM (A) or as monolayers 
(B) at either 5 x 104 cells (squares) or 2 x 105 cells (circles). Cell growth was monitored on the indicated days as 
described in Materials and Methods.
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Figure 4. Culture Conditions Do Not Alter the Cytotoxic Effects of Zn. PC3 cells were plated as 2-D cultures (filled 
and clear bars) or as 3-D cultures (crosshatched and grey bars). When cells had achieved a level of either 8 x 105 
(filled and crosshatched bars) or 1.6 x 106 (clear and grey bars), the indicated concentrations of ZnSO4 were added. 
After an 18 h incubation, cell viability was determined using the MTT assay as described in Materials and Methods.
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Figure 5. Intracellular Zn Mediates Cell Toxicity Under All Culture Conditions. PC3 cells were plated as 2-D 
cultures (filled and clear bars) or as 3-D cultures (crosshatched and grey bars). When cells had achieved a level 
of either 8 x 105 (filled and crosshatched bars) or 1.6 x 106 (clear and grey bars), 5µM pyrithione and the indicated 
concentrations of ZnSO4 were added. After an 18 h incubation, cell viability was determined using the MTT assay 
as described in Materials and Methods.
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of pyrithione. A slightly greater sensitivity of the lower 
density 2-D cells was observed in this experiment but, 
in general, cell death was detectable with 1 µM Zn 
and almost complete with 25 µM Zn under all culture 
conditions.

DISCUSSION

The attractive properties of Zn cytotoxicity demon-
strated in this paper suggest that is can be developed as a 
novel and effective chemotherapeutic agent for prostate 
cancer treatment. One attractive feature of this reagent 
is that cell death is achieved rapidly, with a time-course 
of hours, as opposed to days/weeks needed with other 
therapeutics. For example, Zoledronate and Docetaxel, 
currently used chemotherapies for prostate cancer, result 
in approximately 60% death of PC3 cells after a 72 h 
incubation (26), compared with the > 95% cell death 
with Zn after an 18 h incubation. Another attractive fea-
ture is that the effectiveness of Zn is not altered by the 
cells micro-environment: Whether cells were tested in 
2-D or in 3-D cultures, they responded similarly to Zn 
treatment. 3-D cultures have provided some important 
insights into the behavior of cancer cells, including cel-
lular proliferation, differentiation, and gene expression 
and the role of intercellular and cell-ECM interactions 
in these processes. Comparisons of these two types of 
culture systems have shown critical differences in the 
behavior of cells and, importantly, in their responses to 
currently used anticancer drugs (18-22). This contrasts 
with the relatively uniform responses to Zn that we 
observed in PC3 cells under varied culture conditions, 
and, more recently, in a xenograph model (12). That the 
cytotoxic effects of Zn appear independent of the model 
system suggests that other features e.g. synergy with 
other therapeutics, its molecular mechanism of action, 
can be readily studied in the simpler and more defined 
conditions of 2-D cultures.

Using cells grown in ECM and as monolayers, we 
were also able to demonstrate that the potency and effi-
cacy of Zn killing was not influenced by the growth rate 
of the cells. PC3 cells grow twice as slowly in the ECM 
as when tested as monolayers, yet they show the same 
dose and time dependence for Zn killing. By using cells 
near/at stationary phase to even further limit their growth 
rate, we observed that the time and dose dependency of 
Zn killing was still unaltered in either culture condition. 
Thus the rate of cancer cell growth is not a factor in 
determining the outcome of Zn treatment, a result that 
contrasts the activity of many of the current chemother-
apeutics directed toward rapidly growing cells. This is 
of particular interest in the treatment of prostate cancer, 
which is often a more slowly growing cancer. 

Another attractive feature of Zn treatment is that it 
appears to be equally effective against a variety of pros-
tate cancer cells. Here we have examined its potency 
and efficacy in killing three different, well-studied 
prostate cancer cell lines, PC3, DU145, and LNCaP. 
These cell lines are distinctly different in their gene 
expression profile for components such as the andro-
gen receptor and psa. They also differ in their intrin-
sic apoptotic and thioredoxin pathways, as well as in 
their morphology and tissue origin (13-16). These dif-
ferences would simulate the genetic and phenotypic 
heterogeneity characteristic of prostate cancer (13-16) 
and thus show the general applicability of a particular 
treatment. Previous studies of these cell lines have dem-
onstrated that they display differential sensitivities to 
currently used chemotherapeutics. Cisplatin treatment 
of PC3 and LNCaP results in approximately 10% cell 
death while similar treatment results in approximately 
30% death of DU145 cells (20). PC3 and DU145 cells 
are significantly more resistant to doxorubicin and taxol 
treatment than are LNCaP cells (17,27), while DU145 
cells are the most sensitive to vorinostat, followed by 
LNCaP cells, with PC3 cells being resistant to such 
treatment (15). In contrast, all of the cell lines displayed 
similar sensitivities to Zn, and did so in relatively short 
time periods. Given the role of p53 in determining drug 
sensitivity (16,28-31), it is also of interest to note that 
the similar responsiveness of LNCaP (p53 wild type), 
DU154 (p53 mutant) and PC3 (p53 null) cells indicate 
that the cytotoxic effects of Zn are independent of p53 
status.

Although the concentrations of Zn necessary to 
induce cell death within an 18-h period appear somewhat 
high, it is clear from our experiments using pyrithione 
that this reflects the concentrations necessary to allow 
for sufficient Zn uptake. This interpretation is consist-
ent with the findings of Albrecth et al (2008) who, upon 
incubating these different cell lines with 75 µM Zn for 
24 h, showed no significant change in their Zn content. 
Thus, higher external concentrations are necessary to 
change the intracellular levels of Zn. Notably, in agree-
ment with our data, Albrecth et al (2008) observed no 
loss of cell viability under conditions where no change 
in intracellular Zn concentrations occurred. It is also of 
interest to note that, under normal conditions, cells of 
the prostate gland contain high levels of Zn, much of 
which is present in the cytosol where it is believed to 
be bound to citrate (6). A general finding in the case of 
prostate cancer is that Zn homeostasis is altered such 
that the cellular content of Zn is significantly reduced 
(6). The reasons behind the reduced levels of cellular 
Zn are not yet known but our data suggest that condi-
tions that allow for those levels to increase can result 
in an effective cancer treatment. In our experiments, 
Zn uptake was facilitated by the presence of the heavy 
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metal ionophore, pyrithione. Under those conditions, 
Zn concentrations could be dramatically reduced, over 
100-fold to low μM concentrations, to achieve almost 
complete cell death in 18 h. We are currently devel-
oping alternative conditions/vehicles to facilitate Zn 
delivery into a cell and evaluate its effectiveness as a 
cytotoxic agent.

CONCLUSIONS

The attractive properties of Zn cytotoxicity demon-
strated in this paper suggest that Zn can be developed as 
a novel and effective chemotherapeutic agent for prostate 
cancer. One attractive feature of this reagent is that cell 
death is achieved rapidly, with a time-course of hours, 
as opposed to days/weeks needed with other therapeu-
tics. Additionally, the potency and efficacy of Zn kill-
ing is not influenced by the growth rate of the cells, a 
feature of particular interest in light of the fact that often 
times, prostate cancers are slow growing. Another attrac-
tive feature of Zn treatment is that, in contrast to other 
chemotherapeutics, it appears to be equally effective 
against a variety of prostate cancer cells and not influ-
enced by the growth conditions. Relatively low doses of 
Zn are required under conditions that facilitate Zn inter-
nalization, suggesting that its use as a therapeutic would 
unlikely have adverse side-effects once conditions/vehi-
cles that assure its uptake by the cells are developed.
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