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Abstract: Numerous studies show that prevalence of prostate cancer (PCa) drastically increases with age, these 
malignant tumours are mainly formed in the peripheral zone of the prostate gland, and a high intake of red meat is 
associated with a statistically significant elevation in risk of PCa. The factors which cause all these well-specified 
features of the PCa are currently unclear. Here we describe one factor which can play an important role in etiology of 
malignant transformation of the prostate and is connected with the above-mentioned features of PCa. It is hypothesized 
that the prostatic intracellular Zn concentrations are probably one of the most important factors in the etiology of PCa. 
For an endorsement of our standpoint the estimation of changes of intracellular Zn concentrations over males’ lifespan 
was obtained using morphometric and Zn content data for the peripheral zone of prostate tissue, as well as Zn 
concentration in prostatic fluid. It was shown that the Zn concentrations in prostatic cells for men aged over 45 years are 
10-fold higher than in those aged 18 to 30 years and this excessive accumulation of Zn may disturb the cells’ functions, 
resulting in cellular degeneration, death or malignant transformation. We hypothesize this excessive intracellular Zn 
concentration in cells of the prostate gland periphery has previously unrecognized and most important consequences, 
associated with PCa.  

Keywords: Human prostate gland, peripheral zone, prostatic cells, prostatic fluid, zinc, histological parameters, 
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INTRODUCTION 

Prostate cancer (PCa) is an internationally 
important medical problem that needs considerable 
attention as the disease is indolent and shows 
prolonged latency in association with high morbidity 
and mortality [1,2]. PCa is the most common male 
cancer in developed countries of Europe [3]. In North 
America, it is the most common cancer in males and, 
after lung cancer, is the leading cause of death in 
males from cancer [4,5]. 

Although carcinoma of the prostate is one of the 
most extensively studied malignancies, its causative 
factors remain unclear. The following well defined 
characteristics of PCa are relevant. Clinical PCa is a 
neoplasm of the aged for the prevalence of PCa 
drastically increases with age, being three orders of 
magnitude higher for the age group 40–79 years than 
for those younger than 39 years [6,7]. About 80% of 
PCa tumours are formed in the peripheral zone of the 
prostate gland [8,9]. A 120-fold difference in rates of 
prostate cancer among different countries suggests 
that environmental factors are of importance [3,10]. For 
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example high consumption of red meat was associated 
with a statistically significant (two-fold) elevation in risk 
of PCa, compared to a low consumption [2, 11-14].  

All these well-specified features of the PCa imply 
there is an etiological factor (or factors) for malignant 
transformation which may be located in, or selectively 
affects, the peripheral zone of the prostate gland. This 
effect increases with age and acts synergistically with a 
factor (or factors) linked to red meat consumption. In 
our opinion the trace element Zn can play a role in 
such an etiological intra-prostatic factor. The prostate 
differs markedly from other organs and tissues 
because of its exceptionally high Zn content [15]. In the 
normal prostate, Zn accumulates up to 10-fold higher 
levels than in other tissues [16-18]. Prostatic Zn levels 
depend on age and increase exponentially from 
puberty to young adulthood [19-21] and then continue 
increasing up to age 55-60 years [22-32]. The element 
is non-uniformly distributed within the glandular volume 
and the highest concentration of Zn is located in the 
prostate’s peripheral zone [33-35]. Red meat is a main 
source of Zn intake for humans [36] and a high red 
meat intake provides elevated level of Zn in prostate 
tissue [17,18]. 

All these data concern the Zn content of the 
prostate gland. According to Deering et al. [37], 
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prostatic tissue contains three main components: 
glandular epithelium (E), prostatic fluid contained in the 
glandular lumina (L), and fibromuscular tissue or 
stroma (S). In our previous studies it was shown that 
the Zn concentration in prostatic fluid is almost 3 times 
higher than in prostate tissue [38] and the prostatic fluid 
contained in glandular lumina is the main pool of 
prostatic Zn [39-44]. Moreover, it was found there was 
an increase of relative volume of prostatic fluid in the 
gland with age [44]. This raises a question about 
behavior of intracellular Zn concentration because the 
mainly intracellular Zn appears to be involved in the 
etiology of PCa.  

There are two ways to investigate the prostatic 
intracellular Zn: directly and indirectly. The direct way 
includes measurement of Zn concentration in cells 
using different imaging techniques. One of the oldest 
such techniques is the dithizone Zn stain in prostate 
sections [34,45]. One of the newest methods used for 
this purpose is XRF analyses of Zn with scanning 
beam of synchrotron radiation induced X-ray emission 
[46]. The main disadvantages of all these techniques 
are the necessity to fix the tissue samples, using 
certain chemical compounds, and having to cut thin 
tissue sections. During these procedures some 
prostatic fluid is lost and so Zn redistribution in prostate 
tissue takes plase. Thus, results of such studies give 
only qualitative and often contradictory values of the Zn 
distribution [45].  

In this study an indirect but quantitative way of 
intracellular Zn estimation in the prostate gland was 
used. The study’s primary purpose was to obtain data 
about changes of morphometric and Zn concentration 
in the peripheral zone of nonhyperplastic prostate 
gland of apparently healthy males at different ages. 
The second aim was to collect and assess published 
relevant results of Zn concentration in prostatic fluid, 
which are needed to perform calculations, allowing an 
estimation of possible changes of Zn concentration in 
prostatic cells with age. 

AGE-RELATED HISTOLOGICAL AND ZN CON-
CENTRATION CHANGES IN PROSTATE TISSUE  

To clarify the age-related histological and Zn 
concentration changes in peripheral zones of 
nonhyperplastic prostate glands, a quantitative 
morphometric and four analytical methods of Zn 
determination were used. The prostates were obtained 
from autopsies of 99 subjects (European-Caucasian) 
aged 0–87 years who died mainly from sudden infant 

death syndrome, acute pulmonary etiologies (infants), 
pneumonia (children), and trauma (adults). Age ranges 
for subjects were divided into the seven groups listed in 
Table 1 and below. The available clinical data were 
reviewed for each subject. None of the subjects had a 
history of an intersex condition, endocrine disorder, 
neoplasm or other chronic disease that would affect the 
normal development of the prostate. None of the 
subjects was receiving medications known to affect 
prostate morphology, function or Zn content. All 
samples of peripheral zone of prostate glands were 
divided (with an anterior-posterior cross-section) into 
two portions. One tissue portion was reviewed by an 
anatomical pathologist while the other was used for the 
Zn concentration determination. 

All histological slides prepared for use were 
examined by an anatomical pathologist to detect any 
focus of benign prostatic hyperplasia, carcinoma, or 
intraepithelial neoplasia, to exclude all these samples 
and those with artifacts and to select appropriate slides 
for further morphometric evaluation. Morphometric 
evaluations were then performed quantitatively using a 
stereological method [47]. The mean volume fractions 
of the stroma (S), glandular epithelium (E), and 
glandular lumina (L) in prostate tissue were determined 
for each prostate specimen. Details ofthe stereological 
method and procedures used here were presented in 
our earlier publications concerning quantitative 
morphometric studies of the human prostate gland [39-
44]. 

After the samples intended for Zn determination 
were weighed, they were freeze-dried and 
homogenized. The Zn concentrations were estimated 
using four analytical methods: energy dispersive X-ray 
fluorescence (EDXRF), instrumental neutron activation 
analysis with high resolution spectrometry of long-lived 
radionuclides (INAA-LLR), inductively coupled plasma 
atomic emission spectrometry (ICP-AES), and 
inductively coupled plasma mass spectrometry (ICP-
MS). There was a good agreement between Zn 
concentration obtained by all these different methods 
and means of the four results for Zn concentration in 
every sample were used in the study. Details of the 
analytical methods and procedures used and 
appropriate details of relevant nuclear reactions, 
radionuclides, gamma-energies, wavelength, isotopes, 
spectrometers, spectrometer parameters and operating 
conditions have been presented in our earlier 
publications concerning the chemical elemental content 
of human prostate gland [19-21, 24-32]. For quality 
control of results, samples reference materials, certified 
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Table 1: Certain Statistical Characteristics of the Zn Concentration (mg/dm3, Wet Tissue) and the Histologic 
Components (Fraction of dm3, Wet Tissue) in the Peripheral Zone of Nonhyperplastic Prostate Gland of Males 
of Ages 0–87 Years  

Age group no 
Age range 
Mean age 

n 

Parameter M SD SEM Min Max Median P0.025 P0.975 

Group 1 Zn 32.6 26.7 4.9 11.9 155 27.1 12.9 84.8 

0-13 years Stroma 0.752 0.130 0.026 0.444 0.913 0.804 0.497 0.905 

3.3 years Epithelium 0.203 0.084 0.017 0.097 0.413 0.170 0.101 0.382 

n=29 Lumen 0.045 0.047 0.009 0.003 0.158 0.029 0.0036 0.158 

Group 2 Zn 91.0 43.6 19.5 40.5 160 81.0 44.2 153 

14-20 years Stroma 0.480 0.067 0.030 0.401 0.546 0.496 0.403 0.545 

18.2 years Epithelium 0.389 0.037 0.016 0.349 0.439 0.388 0.350 0.436 

n=5 Lumen 0.131 0.049 0.022 0.093 0.211 0.105 0.094 0.204 

Group 3 Zn 105 43.1 10.5 50.6 187 90.4 52.4 180 

21-30 years Stroma 0.460 0.121 0.032 0.267 0.709 0.457 0.280 0.696 

26.4 years Epithelium 0.384 0.096 0.026 0.254 0.559 0.385 0.259 0.550 

n=16 Lumen 0.156 0.055 0.015 0.037 0.241 0.160 0.045 0.231 

Group 4 Zn 127 51.5 14.7 50.7 216 115 59.9 213 

31-40 years Stroma 0.512 0.078 0.025 0.377 0.616 0.532 0.382 0.610 

35.8 years Epithelium 0.320 0.052 0.016 0.259 0.414 0.314 0.259 0.410 

n=12 Lumen 0.168 0.034 0.011 0.103 0.209 0.164 0.112 0.209 

Group 5 Zn 250 190 47.3 89.8 853 213 91.6 674 

41-50 years Stroma 0.450 0.086 0.025 0.339 0.574 0.433 0.340 0.572 

45.4 years Epithelium 0.323 0.055 0.016 0.253 0.389 0.312 0.253 0.388 

n=16 Lumen 0.227 0.070 0.020 0.103 0.298 0.247 0.104 0.296 

Group 6 Zn 216 137 41.0 42.5 475 202 48.3 448 

51-60 years Stroma 0.528 0.115 0.038 0.397 0.726 0.498 0.398 0.707 

55.6 years Epithelium 0.267 0.073 0.024 0.146 0.375 0.273 0.152 0.363 

n=11 Lumen 0.205 0.093 0.031 0.097 0.343 0.194 0.097 0.340 

Group 7 Zn 189 79.8 25.2 60.2 294 192 74.8 294 

61-87 years Stroma 0.608 0.085 0.032 0.516 0.767 0.603 0.518 0.751 

68.8 years Epithelium 0.256 0.059 0.022 0.146 0.319 0.273 0.156 0.316 

n=10 Lumen 0.136 0.040 0.015 0.087 0.205 0.131 0.089 0.199 

All groups  Zn 131 123 12.6 11.9 853 96.5 14.6 373 

0-87 years Stroma 0.576 0.164 0.018 0.267 0.913 0.539 0.339 0.892 

31.0 years Epithelium 0.289 0.100 0.011 0.097 0.559 0.288 0.125 0.467 

n=99 Lumen 0.135 0.087 0.010 0.003 0.343 0.142 0.0051 0.298 

n – number of samples, M – arithmetic mean, SD – standard deviation, SEM – standard error of mean, Min – minimum value, Max – maximum value, Med. – median, 
P0.025 – percentile with 0.025 level, P0.975 – percentile with 0.975 level. 

by appropriate international bodies, were used [19-21, 
24-32].  

Table 1 presents basic statistical parameters 
(arithmetic mean, standard deviation, standard error of 

mean, minimal and maximal values, median, and 
percentiles with 0.025 and 0.975 levels) of the Zn 
concentrations (mg/dm3, wet mass basis) and the 
histologic components (fraction of dm3, wet tissue) in 
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peripheral zone of nonhyperplastic prostate glands of 
males in the age range 0–13 years (group 1), 14–20 
years (group 2), 21–30 years (group 3), and 31–40 
years (group 4), 41–50 years (group 5), 51–60 years 
(group 6), and 61–87 years (group 7). In our previous 
publications statistical significant age-dependent 
changes were found and a good agreement between 
our results and the medians of reported means, after 
assessment, for some age groups was shown [19-21, 
24-32]. From results in Table 1 we can conclude that 
Zn concentration in prostate tissue increases with age, 
particularly after 35 years, and at about the age of 50 it 
is nearly 2.5 times higher than in prostate glands of 
males 25 years of age. Virtually the same trend can be 
seen for the relative volume of prostatic fluid, which 
equals the relative volume of the glandular lumina. 

AGE-RELATED ZN CONCENTRATION CHANGES IN 
PERIPHERAL ZONE PROSTATE CELLS  

There are few publications on Zn concentration in 
prostatic fluid [48-52]. Median of reported means of 
these concentrations agrees well with our finding [38]. 
It is well established that Zn concentration in prostatic 
fluids is independent of age [38, 48-50]. Next, relevant 
prostatic fluid characteristics have been taken from the 
literature and used in our subsequent calculations. The 
mean Zn concentration in prostatic fluid equals 590 
mg/dm3 and does not vary with age. From this value of 
the Zn concentration in prostatic fluid and values of 
relative prostatic fluid volume (L) (Table 1) we can 
calculate the Zn content of prostatic fluid in 1 dm3 of 
wet prostatic tissue (ZnL) for different age groups, as  

ZnL mg = 590 mg/dm3 · L · dm3, 

where L is the relative volume of the prostatic glandular 
lumina. If the prostate’s peripheral zone is divided into 
two compartments comprising (a) fluid (L) and (b) solid 
tissue, or stromal and epithelial cells taken together, 
(S+E), then for these the relative volumes of (a) and (b) 
we can calculate the Zn content of prostatic cells in 1 
dm3 of wet peripheral zone prostatic tissue (ZnS+E) for 
different age groups, as  

ZnS+E mg = ZnT mg - ZnL mg, 

where ZnT is the Zn content of 1 dm3 of wet prostatic 
tissue, because T the relative volume of the prostatic 
tissue equals 1 and T= S+E+L. Table 2 presents 
results of these calculations.  

Before the next step of the calculation it is 
necessary to accept two alternative boundary 
conditions: Case 1 – Zn is uniformly distributed in all 
cells of prostate tissue (stromal and epithelial cells), or 
Case 2 – Zn is contained only in epithelial cells. Using 
data in Table 2 for Case 1 we can calculate the 
intracellular Zn concentration for different age groups 
as  

ZnAll cells mg/dm3 = ZnS+E mg / [(S+E) · dm3], 

and for Case 2 as 

Zn Epithelial cells mg/dm3 = ZnS+E mg/ (E · dm3). 

Figure 1 depicts an age-dependence of intracellular 
Zn concentration for Case 1 and 2. In Case 1 the level 
of intracellular Zn concentration very slowly increases 
in the age range from newborns to 30 years. In the age 
range from 18 to 30 years it is virtually constant and 
equals about 15 mg/dm3. A marked increase in the 

Table 2: Mean values of Zn contents in all prostatic cells of peripheral zones, contained in 1 dm3 of wet prostatic 
tissue for the different age groups 

Group No Mean age 
years 

ZnT 
mg 

L 
dm3 

E 
dm3 

S+E 
dm3 

ZnL 
mg 

ZnS+E 
mg 

Group 1 3.3 32.6 0.045 0.203 0.955 26.6 6.00 

Group 2 18.2 91.0 0.131 0.389 0.869 77.3 13.7 

Group 3 26.4 105 0.156 0.384 0.844 92.0 13.0 

Group 4 35.8 127 0.168 0.320 0.832 99.1 27.9 

Group 5 45.4 250 0.227 0.323 0.773 134 116 

Group 6 55.6 216 0.205 0.267 0.795 121 95 

Group 7 68.8 189 0.136 0.256 0.864 80.2 109 

ZnT – Zn content in 1 dm3 of wet prostatic tissue; L – volume fraction of lumen (prostatic fluid) in 1 dm3 of wet prostatic tissue; S – volume fraction of stroma (stromal 
cells) in 1 dm3 of wet prostatic tissue; E – volume fraction of epithelium (epithelium cells) in 1 dm3 of wet prostatic tissue; (S+E) – volume fraction both of stromal and 
epithelium cells taken together in 1 dm3 of wet prostatic tissue; ZnL – Zn of prostatic fluid in 1 dm3 of wet prostatic tissue; ZnS+E – Zn of all prostatic cells in 1 dm3 of 
wet prostatic tissue. 
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intracellular Zn level begins around age 35 years and 
reaches a maximum at about the age of 45 years. This 
maximum approximately equals 150 mg/dm3 and is 10-
fold higher than in prostate glands of males aged 18 to 
30 years. After the age of 45 years intracellular Zn 
concentration is maintained in the range 120-150 
mg/dm3. In Case 2 the level of intracellular Zn 
concentration very slowly increases in the age range 
from newborns to 30 years and in males aged 18 to 30 
years it is stable and equals about 35 mg/dm3. A 
marked increase of the intracellular Zn level begins 
after 35 years and continues up to 70 years. Males 70 
years of age have the intracellular Zn level in their 
epithelial cells about 430 mg/dm3. This level is 12 times 
higher than in the prostate glands of males 18 to 30 
years of age. 

 
Figure 1: Age dependence of intracellular Zn concentration 
(mg/dm3, wet mass basis) in the peripheral zones of the 
prostate. 

Case 1. (■) intracellular Zn concentration in the prostate, 
presuming there is uniform distribution of Zn in both stromal 
and epithelial cells. 

Case 2. (♦) intracellular Zn concentration in epithelial cells, 
presuming there is an accumulation of Zn only in the 
epithelial cells. 

Despite long-term studies of Zn metabolism, its 
specific role in prostate function remains uncertain and 
reasons for the accumulation of the element in the 
gland are unknown. There is the well established 
hypothesis that a main function of prostatic epithelial 
cells is a production of citrates. The normal epithelial 
cells selectively accumulate Zn, because Zn acts as an 
inhibitor of an enzyme (m-aconitase), and high level of 
intracellular Zn arrest the Krebs cycle at the step of 
citrate oxidation [53]. Besides that, specialized Zn 
uptake transporters in prostate epithelial cells were 
found [54]. However, Zn was detected not only in 

prostatic glandular epithelium but also in the cells of 
stromal component [55]. Thus, the observed changes 
in the prostatic intracellular Zn concentration at 
different ages lie somewhere between Case 1 and 
Case 2, but in any case there is an increase of about 
one magnitude in intracellular Zn, starting after the age 
of 30 years. 

Another important finding of this study is the levels 
of intracellular Zn concentration in the age range from 
18 to 30 years. On average the intracellular Zn 
concentrations in prostate glands of males younger 
than 30 years do not increase beyond the range 15-30 
mg/dm3. This level of Zn concentration in the prostate 
cells is similar to mean values of this element’s content 
in all other soft tissues or organs of the human body, 
including skeletal muscle (35-70 mg/dm3), liver (30-60 
mg/dm3), lung (25-100 mg/dm3), and kidney (25-70 
mg/dm3) [56]. Since the function of the prostate gland 
in the age range from 18 to 30 years is presumably 
normal, we must conclude that there is no 
accumulation of Zn by epithelial cells of the prostate 
which differs markedly from accumulation levels in cells 
of other human organs and tissues. It seems that in 
normal conditions prostatic epithelial cells absorb Zn, 
utilize this element, and then secrete it together with 
the prostatic fluid into the glandular lumen. It is there 
that the Zn accumulates. In normal conditions (in the 
age range 18-30 years) the rate of Zn absorption 
equals that of Zn transmission out of the cells and so 
the intracellular Zn level is maintained in the stable 
range 15-30 mg/dm3. This range of intracellular Zn 
concentration is normal for all other cells of human 
body. After the age of 35 years the situation for Zn 
metabolism changes markedly and results in the 
differences of prostatic Zn levels described above The 
previous equilibrium between Zn absorption and 
transmission is no longer maintained, so Zn begins to 
accumulate within cells.  

The intracellular Zn levels in prostate glands at age 
over 45 years are between 150-430 mg/dm3 or 10-fold 
higher than in men aged 18 to 30 years. Excessive 
intracellular Zn concentrations may be harmful to 
normal metabolism of cells [57]. By now much data has 
been obtained related both to the direct and indirect 
action of intracellular Zn on the DNA polymeric 
organisation, replication and lesions, and to its vital role 
for cell division [58-60]. Moreover, it is known that Zn is 
an inhibitor of the Ca-dependent apoptotic 
endonuclease, which takes part in the internucleosomal 
fragmentation of DNA. Consequently there is a 
reduction of cell apoptosis [61]. Other actions of Zn 
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have been described. They include its action as a 
potent anti-apoptotic agent [62-65]. All these facts 
imply that age-related excessive intracellular Zn 
concentrations are probably one of the main factors in 
etiology of PCa. 

When PCa was first described in 1853 it was called 
“a very rare disease” [66]. From that time lifespan has 
become much longer, diets and living conditions have 
changed greatly within the last two centuries or so. 
Evolution has not been able to “catch up” with these 
important changes and so these significantly different 
situations have probably contributed to the relatively 
large increase in PCa during this time, which is an 
infinitesimal interval on the scale of human existence. 
The counter argument that the high levels of 
intracellular Zn are coincidental to the massive rise in 
PCa prevalence is less likely, for there is no clear 
associative mechanism with the other risk factors 
mentioned. 

CONCLUSIONS 

PCa is a multietiological and multifactorial complex 
disease. However, from results of our measurements 
and calculations we see there is strong evidence for 
the prostatic intracellular Zn concentrations to be one 
of the main factors in the etiology of this malignancy. 
The values of the Zn concentrations in prostatic cells 
increase with age. By ages over 45 years the prostatic 
Zn levels described above are 10-fold higher than in 
men aged 18 to 30 years. It is well known that 
excessive accumulation of Zn may disturb the cell 
functions and may result in cellular degeneration, death 
or malignant transformation. In addition our hypothesis 
gives a possible answer to questions about the age-
dependence of PCa prevalence, the location of 
malignant tumours (mainly in the peripheral zone of the 
prostate gland), and also the association of high red 
meat intake with an elevation in risk of PCa. All these 
observations and results of calculations support the 
hypothesis that the great increase of Zn concentrations 
in cells of the prostate gland with age plays a most 
important role in the etiology of PCa. 
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