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Abstract

BACKGROUND—Normal human prostate accumulates the highest levels of zinc of any soft 

tissue in the body. In contrast, the zinc level in prostate cancer is markedly decreased from the 

level detected in nonprostate tissues. Despite these relationships, the possible role of zinc in the 

growth of normal and malignant prostate has not been determined.

METHODS—Growth inhibition and various regulatory responses were investigated in two 

human prostate carcinoma cell lines (LNCaP and PC-3), treated with or without zinc.

RESULTS—Incubation of the prostate carcinoma cell lines with physiological levels of zinc 

resulted in the marked inhibition of cell growth. A lower 50% inhibition of cell growth (IC50) 

value for zinc (about 100 ng/ml) was detected in LNCaP cells, which are androgen-responsive, 

whereas androgen-independent PC-3 cells exhibited a higher IC50 for zinc (about 700 ng/ml). 

Incubation with 1 μg/ml zinc resulted in maximum inhibition of growth in both cell lines. These 

inhibitory effects of zinc correlated well with the accumulation of zinc in the cells. 

Simultaneously, cell flow cytometric analyses revealed a dramatic increase of the cell population 

in G2/M phase, in both LNCaP (2.3-fold vs. control) and PC-3 (1.9-fold vs. control), and a 

decreased proportion of cells in S phase (LNCaP, −51.4%; PC-3, −23%), indicating a G2/M phase 

arrest. The cell growth inhibition and G2/M arrest in these cells were accompanied by an increase 

in apoptosis, as demonstrated by the characteristic cell morphology and further confirmed by 

cellular DNA fragmentation. The specificity of zinc-induced apoptosis was identified by 

ethylenediamine-tetraacetic acid (EDTA)-chelation, which abolished the zinc effect on cellular 

DNA fragmentation. The zinc-induced G2/M phase arrest and apoptosis were accompanied by 

increased mRNA levels of p21Waf1/Cip1/Sdi1 in both LNCaP (p53+/+) and PC-3 (p53−/−) cells.

CONCLUSIONS—These results suggest that zinc inhibits human prostatic carcinoma cell 

growth, possibly due to induction of cell cycle arrest and apoptosis. There now exists strong 

evidence that the loss of a unique capability to retain high levels of zinc is an important factor in 

the development and progression of malignant prostate cells.
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INTRODUCTION

Normal human prostate accumulates the highest levels of zinc of any soft tissue in the body. 

This unique capability is retained in benign prostatic hyperplasia (BPH). In contrast, the zinc 

level in prostate adenocarcinoma (PCa) is markedly decreased from the level associated with 

typical nonprostate tissues. Such relationships indicate that, under natural in situ conditions, 

malignant prostate epithelial cells, in contrast to normal or BPH prostate epithelial cells, 

have lost the ability to accumulate high levels of zinc. Moreover, substantial information 

exists which implicates the changes in zinc accumulation in the development and 

progression of prostate malignancy. For a recent detailed review of these and other 

relationships of zinc in normal and malignant prostate, we refer the reader to Costello and 

Franklin [1].

Studies from different groups have provided some information regarding the effects of zinc 

on prostate cells, the mechanisms of zinc accumulation, and the regulation of zinc 

accumulation in normal or malignant human prostate cells [2–4]. Previous studies from this 

laboratory demonstrated that the accumulation of high zinc levels inhibits mitochondrial (m

−) aconitase activity and citrate oxidation of prostate epithelial cells [5]. The accumulation 

of zinc in rat lateral prostate cells is upregulated by testosterone and by prolactin in vivo and 

in vitro [6]. Recent studies revealed that the malignant prostate cell lines LNCaP and PC-3 

exhibit the capability to accumulate high zinc levels under in vitro culture conditions; and, 

like rat lateral prostate cells, prolactin and testosterone upregulate zinc accumulation in these 

cells (Costello et al., unpublished data).

In typical normal mammalian cell physiology, an optimal availability of zinc is essential for 

normal growth and proliferation of cells. However, accumulation of zinc in cells has varied 

effects from stimulation to inhibition of cell growth, depending upon the level of zinc and 

the cell type [7]. These relationships led us to investigate the possible effects of high zinc 

accumulation on the growth of malignant human prostate cells. For present purposes, we 

define “growth effects” as the ability of cells to increase in cell number in culture. Such an 

effect would be the sum of the rates of the proliferation and the death of cells. The present 

report reveals (for the first time, to our knowledge) that exposure of LNCaP and PC-3 cells 

to physiological levels of zinc results in inhibition of cell growth, and that this effect is due 

to the induction of cell cycle arrest and apoptosis.

MATERIALS AND METHODS

Cell Lines and Cultures

Human prostate cancer cell lines LNCaP and PC-3 (American Type Culture Collection, 

Rockville, MD) were maintained in RPMI-1640 medium with glutamine, supplemented with 

10% fetal bovine serum (FBS) and 1% penicillin, at 37°C in a humidified atmosphere with 

5% CO2. The passages for both cell lines were within the range of 10–35.
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Growth Experiments

Cells were subcultured in 100-mm dishes at a density of 5 × 105 cells in the same conditions 

as described above. Twenty-four hours before the zinc treatment, fresh serum-free medium 

was added to the cells, and followed by zinc treatment (ZnSO4) at 0, 100, 250, 500, 750, and 

1,000 ng/ml, respectively. Fresh serum-free medium with zinc was replaced every 24 hr. 

Triplicate cultures were used for each dosage, and on day 3 of incubation with zinc, the cells 

that had attached to the culture dishes were harvested by trypsinization and counted through 

a blood cell-counter (Coulter-Z1, Coulter Electronics, Ltd., Luton, Beds., England). For each 

cell line, at least three individual experiments were performed.

Cellular Zinc Measurement

LNCaP and PC-3 cells harvested from each treatment were digested in trichloracetic acid/

nitric acid (1:1) in a boiling water bath until the digestion mixture was clear (approximately 

30 min). The digests were assayed for zinc by atomic absorption with a spectrophotometer 

210 VGP (Buck Scientific, Inc., East Norwalk, CT). Aliquots of the cell preparations prior 

to digestion were assayed for protein by the method of Bradford [8]. Zinc values are 

reported as μg zinc/mg protein.

Flow Cytometric Analysis

For cell cycle analysis, cells were incubated in 100-mm plates and allowed to grow to 

subconfluence, and then treated with 1 μg/ml zinc. After 3, 6, 24, 48, and 72 hr of incubation 

with zinc, cells were harvested by trypsinization, washed with phosphate-buffered saline 

(PBS), and fixed with 70% ice-cold ethanol for 12 hr at 4°C. Fixed cells were then 

centrifuged and the cell pellets were resuspended and stained with 1 ml of a mixture of 

propidium iodide (PI, 50 μg/ml) and RNase A (1 mg/ml). The stained cells were subject to 

analysis by two-parameter flow cytometry [9].

Detection of DNA Fragmentation

DNA was extracted as described previously [10]. Briefly, cell pellets were lysed with 100 

mM NaCl/10 mM Tris-HCL/25 mM EDTA, pH 8.0/0.5% sodium dodecyl sulfate/0.1 mg/ml 

proteinase K, followed by extraction with an equal volume of phenol/ chloroform/isoamyl 

alcohol (25:24:1) and by ethanol precipitation with 7.5 M ammonium acetate. Samples were 

then subjected to RNase A (40 μg/ml) digestion at 37°C for 1 hr, followed by phenol-

extraction. Samples were then precipitated again as described above. The DNA (10 μg) was 

electrophoresed in a 1.5% agarose gel and stained with ethidium bromide, and the results 

were visualized under ultraviolet (UV) light and photographed.

Acridine Orange Staining for Detection of Cell Apoptosis

A cell suspension was adhered to a slide by cyto-spin and air-dried. The cells were then 

fixed with chilled acetone and stained with acridine orange solution (10 μg/ml in PBS) 

containing Dnase-free RNase A (1 mg/ml) for 15 min. The slides were rinsed with double 

distilled (dd) H2O, air-dried, and covered by coverslip with mounting fluid. The cells were 

examined under a microscope (Axiovert 10, Zeiss, Oberkochen, Germany) with a 
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fluorescence attachment. Fluorescence was detected between 500–525 nm. Cells exhibiting 

brightly fluorescent condensed or fragmented nuclei were considered apoptotic.

Northern Blot Analysis

Cells were treated with 1 μg/ml zinc in 100-mm plates as described above, for 0, 12, and 24 

hr. Total cellular RNA was prepared by acid guanidine thiocyanate-phenol-chloroform 

extraction, as previously described [11]. Northern blot analysis was carried out with 50 μg of 

total RNA for each sample, using di-goxigenin-labeled p21 cDNA probes (a gift of Dr. B. 

Volgelstein, Johns Hopkins University, Baltimore, MD), as described previously [12]. The 

intensity of corresponding 28S rRNA was used as an internal control to monitor the amount 

of loaded RNA. The intensities of specific hybridization bands were quantitated with an 

LKB Ultra Scan XL laser densitometer (Image Quant, Molecular Dynamics, Sunnyvale, 

CA). Relative mRNA levels were determined as the ratio of the integral intensity value of 

the target to the 28S rRNA bands.

RESULTS

Zinc Inhibits LNCaP and PC-3 Cell Growth in a Dose-Dependent Manner

The first studies were concerned with the effects of varying concentrations of zinc added to 

medium on the growth of LNCaP and PC-3 cells (Fig. 1). The growth of LNCaP cells was 

markedly inhibited (54% decrease) by medium containing 100 ng zinc/ml, and 86% with 

1,000 ng zinc/ml (P < 0.01). The growth of PC-3 cells was significantly less sensitive to zinc 

than were LNCaP cells. At 100 ng zinc/ml medium, the growth of PC-3 cells was essentially 

unaffected (P > 0.05). For a 50% decrease in cell growth, LNCaP cells required about 100 

ng zinc/ml, as opposed to 700 ng zinc/ml for PC-3 cells. The highest zinc concentration 

(1,000 ng/ml) utilized in this study induced a maximum growth inhibition observed in both 

cell lines.

Zinc Uptake Is Higher in LNCaP Than in PC-3 Cells

The greater sensitivity of growth inhibition of LNCaP to extracellular zinc correlates well 

with the level of intracellular zinc (Fig. 2). After 24-hr incubation with 100 ng/ml zinc, the 

accumulation of zinc was increased 52% in LNCaP cells but unchanged in PC-3 cells. Our 

data are in accordance with a previous zinc uptake study which showed that LNCaP cells 

have a higher basal endogenous zinc level than PC-3 cells, and consistently accumulate 

significant higher intracellular zinc levels than do PC-3 cells when both cell types are 

exposed to identical conditions (Costello et al., unpublished data). In contrast, zinc was 

found to have very little effect on the growth of squamous carcinoma cells, which do not 

accumulate high cellular levels of zinc (Costello et al., unpublished data). Consequently 

there exists a cell-specificity for the effect of zinc on malignant prostate cells, and the 

growth-inhibitory effect requires that the intracellular concentration of zinc is increased.

Zinc Induces Cell Cycle Arrest at G2/M Phase

In human prostatic carcinoma cells (Fig. 3), DNA content histograms from flow cytometry 

studies demonstrated that after 24-hr incubation with zinc (1,000 ng/ml), the number of cells 

containing G2/M phase DNA was dramatically increased in both LNCaP (4.9-fold) and 
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PC-3 (1.8-fold) cells. This correlated well with the higher sensitivity of LNCaP cells to 

growth inhibition by zinc. Between 24–72 hr of zinc treatment, the significantly increased 

cell population in G2/M phase was associated with decreased cell numbers in S phase, as 

observed in both cell lines. The effects of zinc on G2/M phase were evident after 24 hr of 

zinc treatment and remained constant over the 72 hr of culture. However, total cell numbers 

were significantly reduced over the 72-hr incubation period due to the elimination of the 

apoptotic cells, which presumably resulted from those arrested in G2/M phase (Fig. 1). It 

was evident that zinc treatment increased the population of “floating dead cells” compared 

to cultures which had minimal cell death in the absence of zinc. These results suggest that 

zinc induces a G2/M phase arrest in human prostate cancer cells.

Zinc Induces Apoptosis in Human Prostate Carcinoma Cells

Cell apoptotic morphological features were observed in both LNCaP and PC-3 cells treated 

with zinc (1,000 ng/ml) for 24 hr, as shown in Figure 4. Apoptotic changes, including the 

appearance of cell membrane “blebbing,” nuclear chromosome condensation, and eventually 

the formation of apoptotic bodies, were significantly induced by zinc compared with 

controls. Apoptosis was further confirmed by genomic DNA fragmentation (Fig. 5). 

Multiple 180-bp DNA fragments, resulting from internucleosomal cleavage, were clearly 

visible in LNCaP and PC-3 cells treated with 500 and 1,000 ng/ml of zinc for 24 and 48 hr. 

The effect was evident in both cell lines after 24-hr treatment with 500 ng/ml of zinc, and 

was more pronounced with 1,000 ng/ml. Thus, the ability of zinc to inhibit the growth of 

these cells is due in part to zinc induction of apoptosis.

To further show that a mobile reactive form of zinc was specifically responsible for the 

inhibitory effects on prostate tumor cell growth, an experiment utilizing EDTA chelation of 

zinc was performed [13]. The results showed that chelation of zinc with Ca-EDTA (1 mM) 

abolished the apoptotic effect of zinc on LNCaP cells, and that EDTA itself has no effect on 

the cell apoptosis (Fig. 6).

Alteration of p21Waf1/Cip1/Sdi1 Gene Expression During Zinc-Induced Apoptosis in Human 
Prostate Cancer Cells

It is believed that the initiation of apoptosis can take place at any phase in the cell cycle. The 

flow cytometric data (Fig. 3) demonstrated that zinc arrested both cell lines in G2/M phase, 

followed by apoptotic cell death. p21Waf1/Cip1/Sdi1, a cyclin-dependent kinase inhibitor, is 

known to be involved in G2/M phase arrest [14]. Thus, to further investigate whether 

p21Waf1/Cip1/Sdi1 is also implicated in zinc-induced inhibition of prostate cancer cell growth, 

p21Waf1/Cip1/Sdi1 gene expression was examined in both LNCaP and PC-3 cells following 

exposure to zinc. Northern blot analyses showed that p21Waf1/Cip1/Sdi1 mRNA levels were 

significantly up-regulated in both cell lines treated with zinc (Fig. 7). In LNCaP cells, an 

increase of p21Waf1/Cip1/Sdi1 mRNA levels was observed at 24-hr incubation with zinc 

(1,000 ng/ml); in contrast, in PC-3 cells the maximum elevation of p21Waf1/Cip1/Sdi1 mRNA 

was detected by 12 hr of incubation and had declined by 50% at 24 hr. The extent of 

p21Waf1/Cip1/Sdi1 mRNA induction was similar in LNCaP and PC-3 cells.
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DISCUSSION

Zinc is an essential trace element and plays important roles as a component of many 

cofactors and enzymes involved in gene regulation and/or protein synthesis [15–17]. 

Clearly, there exists in all cells an optimal zinc requirement for growth and function. There 

have been numerous and inconsistent reports concerning the involvement of zinc in the 

growth of cells [7]. Beyond this fundamental relationship, the effect of zinc on cell growth 

has been a controversial issue. The present study revealed that the growth of LNCaP and 

PC-3 cells was inhibited by exposure to physiological levels of extracelluar zinc. The 

plasma level is about 1 μg/ml, of which about 67% is mobile, transportable zinc available for 

uptake by cells [1]. This effect of zinc was associated with and dependent upon the unique 

ability of prostate cells to accumulate high intracellular zinc levels. Squamous carcinoma 

cells, which do not accumulate high intracellular zinc levels, exhibited no inhibited growth 

when exposed to physiological levels of extracellular zinc (data not shown).

Interpretations of the zinc effect on apoptosis have varied. Several studies reported that zinc 

inhibits apoptosis in various cell types [18–22]. This is in contradiction to other studies 

which showed that zinc increased apoptosis [23–25]. However, it is important to note that in 

most of these studies, unphysiological levels of zinc (mM range) were employed. Zinc 

concentrations in this range are much higher than circulating levels of zinc, and represent 

zinc concentrations that cells would never be subjected to in situ. In contrast, our data 

clearly showed that zinc treatment at lower, physiological concentrations induced 

internucleosomal cleavage and DNA fragmentation. In addition, the zinc effect on induction 

of apoptosis was abolished by treatment with Ca-EDTA. These results indicate that specific 

chelation of zinc was responsible for eliminating zinc-induced apoptosis.

The mechanism of the zinc inhibition of prostatic cell growth involved the effect of zinc on 

cell cycle progression (cells arrested in G2/M) and apoptosis. It is known that p21, a cyclin-

dependent kinase inhibitor, can induce cell cycle arrest in G1 and/or G2 by inhibiting kinase 

activity [14]. Interestingly, we have now found that the zinc-induced elevation of p21 

mRNA levels is associated with a G2/M cell cycle arrest in both LNCaP and PC-3 cells, 

with a time-course correlation.

As described previously, p21 is a nuclear factor which not only acts on cell cycle 

progression, but is also associated with apoptosis [26]. However, at present, the possible role 

of p21 in the regulation of apoptosis is still not clear. It has been shown that prolonged 

expression of p21 could induce apoptosis in breast carcinoma cells [27]. On the other hand, 

p21 has also been reported to decrease apoptosis [28,29]. Our study showed that in prostatic 

carcinoma cells, the elevation of zinc-induced p21 mRNA levels was detected prior to the 

onset of apoptosis. Thus, zinc-induced p21 gene expression is significantly consistent with 

the effect of zinc on the inhibition of prostate cancer cell growth.

While p21 has most often been implicated as a mediator of p53-induced growth inhibition, 

p21 gene expression is also regulated by p53-independent pathways [30]. That zinc-induced 

p21gene expression and growth arrest were observed in p53-negative PC-3 cells suggests 
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that the inhibitory effect of zinc on prostatic carcinoma cell growth occurs through a p53-

independent pathway.

Several reports have shown that G2/M arrest is associated with decreased activity of the 

Cdc2/cyclin complex [31–33]. Moreover, zinc acts as a potent inhibitor of Cdc2 kinase 

activity in Schizosaccharomyces pombe [34]. Thus, Cdc2 kinase is a possible target site of 

action for zinc in these studies. The inhibitory effect of zinc may be mediated by the 

interaction of zinc with the p13suc1 subunit of Cdc2. Zinc promotes inter-conversion among 

three forms of p13suc1 [35]. This interconversion of p13suc1 forms likely generates different 

binding sites for Cdc2 and may modulate the availability of functional Cdc2 kinase subunits 

at different stages of the cell cycle [35]. Therefore, these studies set the stage for more 

detailed studies of the mechanism of the zinc effect on growth at the molecular level in 

mammalian cells.

This report opens the door to investigate the mechanism of zinc inhibition of growth in 

prostate cancer cells. Zinc induction of cell cycle arrest in G2/M suggests that the transition 

from G2 to M is inhibited and/or that the mitotic process is inhibited. An important issue to 

resolve is the possibility that the increased apoptosis results from enhanced susceptibility of 

arrested cells to apoptosis. Alternatively, zinc may have distinct and separate effects on cell 

cycle progression and on apoptosis.

We have now described two significant effects of zinc on prostate cells. In addition to 

inhibitory effects on growth, zinc also inhibits citrate oxidation by virtue of its specific 

inhibitory effect on mitochondrial aconitase [5]. This metabolic effect has obvious 

implications in altering the energy metabolism and adenosine triphosphate (ATP) production 

of prostate cells. Cell cycle events and apoptosis involve energy-dependent reactions. In 

recent studies (unpublished findings), we observed that zinc treatment induces the 

mitochondrial release of cytochrome C and activation of caspase 3. Thus, zinc induces the 

proapoptotic actions of mitochondria. This suggests that the effect of zinc on growth may be 

linked to the metabolic-energy effect as well as the direct nuclear effect of zinc. We 

previously described the role of zinc in preventing the progression of prostate malignancy 

based on metabolic effects [1]. The present study further demonstrates the growth effect of 

zinc in two different types of prostatic carcinoma cells.
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Fig. 1. 
Dose-dependent inhibitory effects of Zinc on growth of LNCaP and PC-3 prostatic 

carcinoma cells treated with 100–1,000 ng/ml zinc for 72 hr. Data represent the mean of 

three experiments. Each individual experiment produced the same results, as represented 

here. Statistical analyses were conducted using StatView 4.5 program (Abacus, Berkeley, 

CA) by Student’s t-test (P < 0.01 in LNCaP cells; P < 0.05 in PC-3 cells, except for the 

group of PC-3 cells treated with 100 ng/ml zinc, P > 0.05).
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Fig. 2. 
Zinc uptake in LNCaP and PC-3 cells treated without or with zinc at 100 or 1,000 ng/ml for 

48 hr. Data represent the mean of three experiments. Each individual experiment produced 

the same results, as represented here.
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Fig. 3. 
Induction of G2/M phase arrest by zinc in LNCaP and PC-3 cells. Logarithmically growing 

cells were treated with 1,000 ng/ml zinc or without zinc (controls). At different time points 

as indicated, cells were harvested and analyzed for DNA content by propidium iodine 

staining and flow cytometry. Left: Representative histographs show that zinc induces G2/M 

phase arrest appeared after 6-hr incubation compared with controls. Right: DNA 

distribution of the cell cycle was analyzed by the program mPLUS and mCYCLE from 

Phenix Flow Systems (San Diego, CA).
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Fig. 4. 
Zinc-induced apoptosis in LNCaP and PC-3 cells. Prostatic carcinoma cells were incubated 

in the presence or absence of zinc (1,000 ng/ml) for 24 hr. Cells were stained with acridine 

orange for detection of apoptosis and photographed under a fluorescence phase contrast 

microscope (Axiovert 10, Zeiss) with magnification ×100.
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Fig. 5. 
Effect of zinc on DNA fragmentation in LNCaP and PC-3 cells. Shown is representative 

electrophoretic fragmentation pattern of DNA isolated from LNCaP and PC-3 cells treated 

with or without zinc (500 and 1,000 ng/ml) for 24 and 48 hr, as indicated. Medium and the 

zinc treatment were replaced every 24 hr.
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Fig. 6. 
Induction of DNA fragmentation by zinc in LNCaP cells was abolished by chelation of zinc 

with Ca-EDTA. LNCaP cells were incubated without (control) or with zinc (1,000 ng/ml) in 

the presence and/or absence of Ca-EDTA (1 mM) for 24 hr. Cells were also treated with Ca-

EDTA (1 mM) alone, as indicated. Cells were harvested and DNA was extracted as 

described in Materials and Methods.
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Fig. 7. 
A: Northern blot analysis of p 21Waf11/Cip1/Sdi1 gene expression induced by zinc in LNCaP 

and PC-3 cells. Prostatic carcinoma cells were incubated with zinc (1,000 ng/ml) for 

different times, as indicated. Total RNA was extracted, and 50 μg of total RNA were loaded 

in each lane; the loading variation was adjusted by 28S rRNA signals. B: Relative 

p21Waf1/Cip1/Sdi1 mRNA levels were determined by the densitometry scanning.
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