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Abstract

The goal of this research was to demonstrate the feasibility of the dog model of spontaneous prostate
carcinogenesis as a valuable model system to evaluate chemopreventive agents. Our work has led to significant
progress in elucidating the complex relationship between the essential trace mineral selenium and DNA damage,
apoptosis, and androgens in the prostate. Our work has generated the first evidence of a non-linear, U-shaped
dose : response relationship between selenium status and DNA damage within the prostate. Importantly, the
dose : response curve from elderly beagle dogs accurately predicts the relationship between selenium status and
prostate cancer risk in men. Moreover, we have demonstrated for the first time that supranutritional selenium
intake is associated with increased apoptosis of prostatic epithelial cells in vivo. Our experimental paradigm has
also yielded the first information on the influence of dietary selenium intake on intraprostatic levels of
androgens. Interestingly, in the dog model, six months treatment with the 5-alpha reductase inhibitor finasteride
(with or without selenium) induces prostatic atrophy without significantly reducing the extent of prostatic DNA
damage. Our experience indicates the dog model provides a useful model system to study the effects of cancer

: preventive agents on prostate cells in an appropriate context — in vivo within an aging prostate.
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INTRODUCTION

Dogs and humans share a vulnerability for the spontaneous development of prostate
cancer. Prevention rather than treatment may be the best approach to reduce the morbidity
and mortality associated with prostate cancer. Our previous work documented the high
prevalence of high-grade prostatic intraepithelial neoplasia in elderly pet dogs and its close
assoclation with invasive carcinoma. /n vivo screening of promising chemopreventive agents
using the dog model of spontaneous prostate carcinogenesis represents a novel approach to
the prevention of prostate cancer. The goal of this Phase II Idea Development Award is to utilize
the dog model to define further the anticancer effects of the trace mineral selenium. The scope
of this final report includes: (1) continued evaluation of data collected from our Phase I studies
on dogs receiving daily supplementation with selenium; (2) dog experiments testing the extent
to which manipulation of the androgen milieu within the prostate (using the Sa-reductase
inhibitor finasteride) significantly influences the response of the aging prostate to selenium
supplementation; and (3) evaluation of data from Phase I and Phase II experiments to address
specific questions relevant to the complex relationship between DNA damage, androgens,
and apoptosis within the prostate and the reliability of non-invasive biomarkers of prostatic
homeostasis. The long-term objective of this research is to utilize the dog as a pre-clinical model
to test innovative ideas in cancer prevention and treatment, as well as to further understand
the factors that regulate the response of the aging prostate to chemopreventive agents.

BODY

[. Continued Evaluation of Data Collected from Phase I Experiments

1A. What is the Relationship Between Selenium Status and the Level of Genotoxic Stress within
the Aging Prostate and Brain?

Using the dog model, we have explored the dose : response relationship between
selenium status and DNA damage within the prostate. We studied 49 (8.5 — 10.5 year old)
sexually intact male, retired breeder dogs that were randomly assigned to either a control group
or to receive daily supplementation with selenomethionine or high selenium yeast at 3 or 6 pg/kg
body weight. After 7 months, toenail and prostate tissue specimens were collected immediately
after euthanasia and analyzed for total selenium concentration using neutron activation analysis.
Dogs from control and selenium-treated groups were combined and subdivided into quartiles
based on their toenail selenium level to evaluate the relationship between selenium status
and prostatic DNA damage. The extent of DNA damage within the prostate was measured by
alkaline Comet assay. We found a non-linear, U-shaped relationship with a relatively narrow
range of selenium that optimizes homeostasis within the prostate in terms of DNA damage
reduction (Figure 1A). This U-shaped relationship between micronutrient status and biological
response was predicted more than 20 years ago by Mertz [1] (Figure 1B). According to the
Mertz model, a region of optimal nutrient status lies between two suboptimal (low and high)
regions and the extreme values of deficiency and toxicity. Our data provide the first in vivo
confirmation that Mertz’s model is operational for an essential nutrient within the prostate.
Importantly, this non-linear U-shaped relationship between selenium status and genotoxic stress
within the prostate predicts that not all men will benefit from increasing their selenium status.
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Figure 1. A U-Shaped Dose-Response Curve Defines the Relationship Between Selenium
and Genotoxic Stress in Prostate. (A) U-shaped dose-response relationship between toenail
selenium concentration and prostatic DNA damage in 49 elderly dogs that were physiologically
equivalent to 65-year old men. (B) Model adapted from Mertz [1] predicting the biological
response to an essential nutrient. The data from dogs provides the first in vivo confirmation that
the Mertz model fits for selenium and procarcinogenic events within the prostate.



To determine whether the U-shaped relationship between selenium status and
DNA damage in dogs was unique to the aging prostate, we measured DNA damage in the
brain. Similar to our findings in the prostate, there was a U-shaped dose-response
relationship between toenail selenium concentration and DNA damage within the aging
brain. Importantly, we [ound the toenail selenium concentration that optimized DNA
damage reduction in the prostate also minimized the extent of DNA damage with in
the aging brain (Figure 2).

" Prostatic DNA damage

% of cells with extensive DNA damage

8 Brain DNA damage

1.4

Toenail selenium concentration (ppm)

Figure 2. U-Shaped Dosc-Response Defines the Relationship Between Toenail Selenium
Concentration and Genotoxic Stress in the Brain and Prostate of Elderly Dogs.



IB. Does the U-Shaped Relationship Between Toenail Selenium Concentration and Extent of
Prostatic DNA Damage in Elderly Beagle Dogs have Relevance to Selenium and Human
Prostate Cancer Risk?

Using data from the Health Professionals Follow-Up Study (HPFS), Yoshizawa et al. [2]
found a strong inverse association between toenail selenium concentration and risk for advanced
prostate cancer. Interestingly, multivariate analysis demonstrated an apparent threshold effect,
with no additional prostate cancer protective effect at toenail concentrations exceeding 0.82 ppm.
[n another study, Brooks et al. [3] found a similar threshold effect.

We found that toenail concentrations in the lowest and highest quartiles of elderly beagle
dogs n our study (mean of 0.50 ppm and 1.03 ppm, respectively) were quite similar to toenail
concentrations seen in the HPFS (median of 0.66 ppm in lowest quintile; median of 1.14 ppm
in highest quintile). Fitting the human data from the HPFS to the dog curve produced an
intriguing result — the same level of selenium status that minimizes prostatic DNA damage in
dogs also minimizes prostate cancer risk in men. In the HPES, the highest risk for prostate
cancer was in men in the lowest quintile of toenail selenium (median 0.66 ppm) — a value well
outside the optimal range predicted by our model. Lowest prostate cancer risk was in men with
a median value of 0.82 ppm, which falls within the optimal range of our model. Thus, movement
along our dog curve from low suboptimal to optimal selenium status (bold arrow in Figure 3)
was associated with a 65% reduction in human prostate cancer risk.

Canine
Dose-Response
Curve
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no additional benefit
to men who had higher
selenium concentrations
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Figure 3. Canine Dose-Response Curve Explains the Effect of Selenium Status on Human Prostate
Cancer Risk Reduction in the Health Professionals Follow-Up Study. Men with median selenium
status of 0.66 ppm had the highest risk for advanced prostate cancer. Men with median selenium status of
0.82 ppm, a value equivalent to the optimal selenium concentration in the dog model, had the lowest
prostate cancer risk. Movement along the dog curve from 0.66 to 0.82 ppm (bold arrow) parallels the
65% reduction in prostate cancer risk for men in the Health Professionals Follow-Up Study.



In addition, we analyzed data from the Nutritional Cancer Prevention Trial of Clark et al.
[4, 5], converting plasma selenium to an equivalent toenail selenium concentration.” Again,
the dog curve correctly predicted that men in the lowest tertile of baseline selenium status
(<0.71 ppm) would benefit from selenium supplementation (Figure 4). Men in the highest tertile
in Clark’s study had baseline selenium status (>0.81 ppm) already within the optimum range
prior to selenium supplementation; these men did not benefit from selenium supplementation
and their post-selenium supplementation selenium status was very high (median, 1.27 ppm).

Taken together, these findings provide strong rationale for using the aging dog prostate
to mimic the aging human prostate to further understand the response of prostate cells to
selenium. Our results support the hypothesis that toenails are a readily accessible surrogate
tissue for monitoring the effects of dietary selenium supplementation on carcinogenic events
within the aging prostate. The possibility of a threshold for the prostate cancer protective effects
of selenium that can be assayed non-invasively warrants further investigation.

A manuscript reporting these results has been published (Waters et al, Carcinogenesis
2005; 26:1256-1262) and appears in the appendix of this report.
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Figure 4. Canine Dose-Response Curve Explains the Effect of Baseline Selenium Status on Human Prostate
Cancer Risk Reduction in the Nutritional Prevention of Cancer Trial. Men with baseline selenium status <0.71
ppm had lower than the optimal selenium concentration predicted by the dog model; these men had a 92% reduction
in prostate cancer risk after selenium supplementation. Men with baseline selenium status >0.81 ppm were already
within the optimal or high suboptimal range predicted by the dog model prior to supplementation; these men had no
significant reduction in prostate cancer after selenium supplementation. Following selenium supplementation, men
in the highest baseline selenium tertile had a median selenium level of 1.27 ppm, a value clearly exceeding the
selenium concentration that minimized DNA damage within the dog prostate. These men had an 88% increased total
cancer incidence.

' We simultaneously measured toenail and plasma selenium concentration in 12 healthy human volunteers to generate a ratio
(6.7 £ 0.7) to convert plasma selenium concentration to predicted toenail values. This technique appears valid because using our
conversion, the average plasma selenium concentration in U.S. men (123 ng/ml) is equivalent to a concentration of 0.82 ppm

in toenails, which is identical to the median selenium concentration measured in the toenails of men in the HPFS.



[I. Evaluation of Data from Phase II Experiments

We conducted a 6 month intervention study in elderly sexually intact male dogs to
determine the effect of selenium and antiandrogen on biomarkers of carcinogenesis within the
prostate. After prostatic biopsy, 57 dogs were randomized to one of 6 treatment groups:

(1) no treatment; (2) selenium supplementation (3pg/kg SelenoExcell yeast); (3) selenium plus
low dose (0.25 mg/kg/day) finasteride; (4) selenium plus high dose (1mg/kg/day) finasteride;
(5) low dose finasteride without selenium; and (6) high dose finasteride without selenium.
After euthanasia, prostate tissues were collected for biomarker analysis. Urine, serum, and
toenails were also collected for subsequent measurement of biomarkers. Selenium and
finasteride supplementation was well tolerated by all dogs. No technical problems were
encountered.

2A. Does Selenium Supplementation Influence the Anti-trophic Effect of Finasteride on the Aging
Prostate?

As an initial step in analyzing our experimental results, we focused on the effects of
treatment on prostate volume. For each dog, prostate size in 3 dimensions was measured with
calipers prior to treatment and after 6-7 months treatment. Prostate weight was calculated using
the formula: weight (g) = volume (cm3) x 0.602 + 1.16. The anti-trophic effect of finasteride on
the prostate was assessed by calculating the percent change in prostate volume over the treatment
period. Actual prostate weight recorded at the end of the study was strongly correlated with
prostate weight calculated from prostate volume (r = 0.963; p < 0.0001), validating prostate
volume as a robust and reliable index of prostate growth. Dogs in the control group had
a median change in prostate volume of +15% over the treatment period. Similarly, dogs
recelving supranutritional selenium supplementation had a 16% median increase in prostate
volume. In contrast, finasteride-treated dogs had a 42% median reduction in prostate volume
after 6 months of treatment (p<<0.0001 vs. control group). Finasteride-treated dogs that received
supranutritional selenium had a 38% median reduction in prostate volume, which did not differ
from dogs treated with finasteride alone (p=0.52).

These data suggest that selenium status does not significantly influence the anti-trophic
effects of finasteride on the aging prostate. The dog model enables us to study in vivo how
differences in selenium status (i.e., nutritionally adequate versus supranutritional dietary intake)
influence prostate cell response to other potential cancer preventive agents.

9



2B. Does Treatment with Finasteride or Finasteride + Selenium Decrease DNA Damage within
the Aging Prostate?

Compared with control dogs, finasteride-treated dogs had a non-significant 10%
reduction in prostatic damage; no difference in DNA damage was seen between low dose
and high dose finasteride groups (Table 1). Dogs that received a combination of
finasteride plus selenium did not experience a significant reduction in prostatic DNA damage
compared to the other groups (Table 1).

Table 1. The Effect of Finasteride or Finasteride + Selenium on DNA Damage, Apoptosis, and
Proliferative Index within the Prostate of Elderly Dogs.

Treatment Group Prostatic DNA Damage* Apoptosis ** Proliferative Index ***
Mean (SD) Mean (SD) Mean (SD)

Control

(N=10) 84.1 (12.07) 611 (781 1.50 (.663)

Finasteride Treatment

Low Dose 76.6 (10.09) 1.00  (1.32) 215 (1.09)
(N=10)

High Dose 77.6  (14.29) 500 (.755) 122 (.696)
(N=10)

All Dogs Tl {1215 764 (1.09) 1.66 (1.00)
(N=20)

Finasteride+Selenium
Treatment

Low Dose 77.3 (19.44) 777 (.666) 1.87 (.751)
+Selenium
(N=10)

High Dose 80.8 (14.41) 555 (.527) 1.34  (.580)
+Selenium
(N=10)

All Finasteride 79.1 (16.70) 666 (.594) 1.60 (.706)
+Selenium
(N=20)

*Prostatic DNA Damage: For each dog, the percentage of prostatic cells that had extensive DNA damage (alkaline Comet assay)
was determined.

**Apoptosis: For cach dog, the median number of prostatic epithelial cells per 200X microscopic field with positive nuclear
staining (I'UNEL assay) was determined.

***Proliferative Index: For each dog, the percentage of immunopositive prostatic epithelial cells (MIB-1 immunohistochemistry)
was determined.
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2C. Does Treatment with Finasteride or Finasteride + Selenium have Significant Effects on
Apoptosis or the Proliferative Index of Prostatic Epithelial Cells?

Finasteride treatment of elderly dogs for 6 months resulted in a significant reduction in
intraprostatic DHT concentration (mean 1.80 pg/mg tissue versus 6.60 pg/mg tissue in control
dogs). Not unexpectedly, Sa-reductase inhibition by finasteride was accompanied by an increase
in the concentration of testosterone within the prostate (mean = 7.8 pg/mg tissue
in finasteride-treated dogs versus 3.2 pg/mg tissue in control dogs). Despite these significant
changes in intraprostatic level of androgens, finasteride treament was not associated with
significant changes in apoptosis or proliferative index of prostatic epithelial cells (Table 1).

II1. Evaluation of Data from Phase I and Phase II Experiments

3A. Does Toenail Selenium Concentration Reflect the Concentration of Selenium in the Prostate
and Brain?

Previous studies in humans and animals did not evaluate whether differences in the tissue
concentration of selenium within the prostate or brain were strongly predicted by the
non-invasive measurement of selenium in toenails. In 67 elderly dogs, we found a strong
positive association between selenium concentration in toenails versus prostate
(r=.709; p<0.0001, Pearson correlation) (Figure SA). This strong association was observed
over the range of selenium status of healthy adults in the United States, including the men
who are likely to participate in the SELECT prostate cancer prevention trial.

In contrast, these was a weaker correlation between toenail selenium concentration
and selenium concentration in the brain (r=273; p=0.25, Pearson correlation) (Figure 5B).

In summary, these results provide the first data on steady state tissue concentration of
selenium in prostate and brain after long-term (6 months) dietary selenium supplementation.
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3B. Can Peripheral Blood Lymphocytes Provide a Window to Assess Genotoxicity within the
Prostate?

Previously, we showed that the extent of DNA damage within the aging prostate
could be predicted by measuring the concentration of the trace mineral selenium in toenail
clippings (see Section 1A of this report). Moreover, this relationship discovered by studying
elderly dogs remarkably paralleled the relationship between dietary selenium and prostate cancer
risk in men. We sought to extend these findings by testing the hypothesis that the amount of
DNA damage measured in circulating blood lymphocytes can be used to non-invasively assess
the extent of DNA damage within the prostate. Sixty-seven elderly beagle dogs in the Phase [
and Phase II experiments received nutritionally adequate or supranutritional levels of selenium
for 7 months, thereby mimicking the range of dietary intake of men in the U.S. At the end of the
treatment period, alkaline Comet assay was used to measure DNA damage in peripheral blood
lymphocytes (PBLs) and prostate. Pearson and Spearman correlation coefficients were
calculated to determine if the extent of prostatic DNA damage was significantly correlated with
three different measures of PBL DNA damage: 1) basal damage; 2) total damage after ex vivo
11,0, challenge; and 3) % inducible damage (total damage after H,O, — basal damage / 100 —
basal damage).

In dogs receiving a nutritionally adequate level of selenium, there was no significant
association between basal DNA damage in PBLs and damage within the prostate (Table 2).

Table 2. Correlation Between DNA Damage in Peripheral Blood Lymphocytes (PBL) and
Genotoxicity within the Prostate.

PBL Basal DNA Damage PBL Inducible DNA Damage  PBL Total DNA Damage

after HzOz
Controls
Phase I and
Phase IT (n=18) r=-.241 p=.34 1=.46 p=.04 =417 p=.085
Phase 1 (n=9) r=-.150 p=.70 r=.168 p=.67 r=-081 p=283
Phase 11 (n=9) r=-.273 p=47 =.65 p=.058 =.600 p=.088
Se treated dogs
Phase I and
Phase IT (n=49) =-.347 p=.01 =290 p=.04 =.197 p=.17
Phase I (n-39) =-.100 p=55 =171 p=.297 r=.116 p=.48
Phase IT (n=10) —=-.086 p=281 =.03 p=.93 =.085 p=81
Control +Se
treated dogs
Phase I and
Phase II (n=67) r=-211 p=.09 =373 p=.002 =319 p=.001
Phase I (n=48) r=.171 p=30 r=.171 p=25 =.18 p=23
Phase I1 (n=19) r=-211 p=71 r=.349 p=14 r=.305 p=.20




There was a weak negative association between basal DNA damage in PBLs and damage

in the prostate of dogs receiving supranutritional levels of selenium (r = -.347, p = .01).

In both treatment groups, the extent of DNA damage in PBLs measured after ex vivo

H,0; challenge was positively correlated with prostatic DNA damage, indicating that dogs
with the most prostatic DNA damage had PBLs that were more susceptible to oxidative stress.
Although statistically significant, these associations were relatively weak, accounting for only
4 1o 22% of the interindividual variation in prostatic DNA damage (Table 2, Figure 6).

In summary, we conclude that measurement of DNA damage in PBLs using alkaline
Comet assay does not provide a reliable method to non-invasively predict genotoxicity within
the prostate.
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3C. Is Serum Testosterone Concentration a Useful Predictor of Intraprostatic Concentration of
Testosterone (T) or Dihydrotestosterone (DHT)?

5 a reductase

| " 4 serurn J T = r Prostate I DH'T Prostate

DHT levels in the prostate result from the enzymatic conversion of testosterone to DHT
by Sa-reductase. As expected, we found a significant positive correlation between testosterone
in the prostate and DHT in the prostate (Table 3, Figure 7A). In control dogs, there was
a relatively weak but significant correlation between serum testosterone and DHT concentration
in the prostate (Table 3, Figure 7B). In contrast, in selenium treated dogs, serum testosterone
poorly reflected both intraprostatic concentration of testosterone and DHT (r=0.06 and r=0.05,
respectively) (Figure 7C and 7D).

Table 3. Correlation Between Serum Testosterone and Intraprostatic Androgen
Concentration.

Serum Testosterone v/s Serum Testosterone v/s Testosterone in the
Testosterone in the Prostate Dihydrotestosterone in the Prostate v/s
Prostate Dihydrotestosterone

in the Prostate

Controls
Phase [ and
Phase [1 (n=20) =280 p=.23 r=.484* p=.03 =.582* p=.007

Se treated dogs
Phase I and
Phase II (n=48) r=.057 p=.70 =051 p=.73 =.344% p=.02

Control + Se

treated dogs

Phase [ and

Phase II (n=068) r=.169 p=.17 =214 p=.08 r=456* p=-000

* Coefficients that are statistically significant (p<0.05)

With selenium treatment, the relationship between testosterone and DHT in the prostate was
weakened but remained statistically significant. Taken together these data are consistent with the
hypothesis that selenium alters the androgen milieu within the prostate, and that this perturbation
likely has a non-linear relationship with the biological dose of selenium.

14
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A. Correlation Between Serum Testosterone and DHT in Prostate of Control Dogs (n=20).
B. Correlation Between Prostatic Testosterone and DHT in Prostate of Control Dogs (n=20).
C. Correlation Between Serum Testosterone and Prostatic Testosterone in Selenium-treated Dogs
(n=48).
D. Correlation Between Serum Testosterone and DHT in Prostate in Selenium-treated Dogs (n=48).
To explore further this notion, we combined dogs in the control group and selenium

treated groups (n=68) and subdivided these dogs into tertiles on the basis of biological exposure
of selenium i.e. low, medium and high levels of selenium within the prostate. We used selenium
concentration in the prostate as a measure of biological dose because it integrates: dietary
selenium intake; selenium absorption and biodistribution; and prostatic uptake, incorporation,
and excretion of selenium.



Based upon a comparison of the toenail selenium concentration in these dogs and in men,
we concluded that this population of dogs had a range of selenium status that mimicked the range
seen in US men. It should be noted that the range of intraprostatic selenium concentration in
U.S men is not known, because data on selenium concentration in human prostate tissue are
limited to three small studies [6][7][8]. Our analysis showed that over a broad range of
intraprostatic selenium concentration there were non-linear, U-shaped relationships between:
prostatic selenium concentration and testosterone concentration within the prostate (p=.07,
ANOVA) (Figure 8A); and prostatic selenium concentration versus DHT : testosterone ratio
within the prostate (p=.18, ANOVA) (Figure 8B).
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Figure 8. (A) Mean Prostatic Testosterone Levels According to Tertiles of Selenium Concentration in the
Prostate (n=67 dogs). (B) Mean Prostatic DHT : Testosterone Levels According to Tertiles of Selenium
Concentration in the Prostate (n=67 dogs).

3D. Does Selenium Status Significantly Influence the Androgen Milieu within the Prostate?

There is a strong impression that lifelong androgenic activity within the prostate
significantly contributes to prostate cancer progression. However, little is known about
the extent to which specific dietary factors can modify or influence the absolute or relative
concentration of intraprostatic androgens. Studies in human subjects are ill-suited to directly test
these hypotheses because of the difficulty in obtaining prostate tissue for hormone assay.
The essential trace mineral selenium is currently being evaluated as a prostate cancer preventive
agent, so we studied the effects of selenium supplementation on the androgen milieu within
the aging prostate.

Using the dog model, we tested the hypothesis that selenium exerts its anticancer effects
by significantly reducing intraprostatic concentrations of androgens. Using radioimmunoassay,
we measured the concentration of testosterone (T) and dihydrotestosterone (DHT) in
snap-frozen prostate tissue samples obtained at necropsy from dogs after 6 months treatment.
We determined the effect of dietary selenium on the following measures of androgen production
and metabolism: serum T; intraprostatic T and DHT concentration; intraprostatic DHT : T ratio;
prostate T : serum T ratio.
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First, we compared these androgen parameters in control dogs (n=20) versus selenium
treated dogs (n=48) (Table 4). There was a trend toward lower serum and intraprostatic
testosterone levels in selenium-treated dogs (p=.07 and p=.14, respectively). Mean serum
testosterone concentration in selenium-treated dogs was 35% lower than in controls; mean
intraprostatic levels of testosterone in selenium treated dogs was 21% lower than control dogs.
No other differences between treatment groups were noted; mean DHT concentration was similar
in both groups.

Table 4. The Influence of Selenium Treatment on Measures of Androgen Status in Elderly Dogs.

Control Dogs Selenium Treated Dogs
(N=20) (N=48)
T-test

Androgen Parameters Mean (SD) Mean (SD) p-value
Serum Testosterone 371 (2.73) 249 (1.51) .07
Testosterone in Prostate 320 (1.80) 2,55 (1.04) .14
DHT in Prostate 6.60 (2.49) 6.28 (1.75) 54
Testosterone in Prostate: Serum 1.18 (0.85) 1.51 (1.18) 25
Testosterone
DHT in Prostate: Testosterone in 2.51 (1.33) 2,75 (1.04) 42
Prostate
Difference in Serum Testosterone -39 (3.90) -80 (2.20) .67

Levels Between 0 and 6 Months

To further evaluate the influence of selenium on androgens, we subdivided the 68 dogs
into tertiles on the basis of their prostatic selenium levels and then analyzed for differences in
androgen status in the low, middle and high prostatic selenium tertiles. Dogs in the low selenium
tertile had the highest serum and intraprostatic testosterone levels (Figure 8). Interestingly, dogs
in the middle selenium tertile had the lowest serum and prostatic testosterone levels and the
highest DHT prostate : Terostate (Figure 8A and 8B). The ratio of DHT prostate : Tprostate, @ SUrTogate
of Sa-reductase activity in the prostate, was lowest in the high selenium tertile (p=.18 ANOVA).
Our data suggest that across a range of intraprostatic selenium concentration achievable through
dietary selenium supplementation, intraprostatic DHT concentration appears to be quite stable,
despite intriguing non-linear trends in serum and prostatic concentration of testosterone and the
ratio of DHT prosiate: Trrostate Iatio.

In summary, changes in dietary selenium intake may influence certain aspects of prostatic
intracrinology. However, supranutritional selenium supplementation does not significantly
increase or decrease overall androgenic activity within the aging prostate. We conclude that
the cancer suppressive effects of selenium are not likely mediated by changing androgen levels
within the prostate.
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3E. Is Selenium Supplementation Associated with an Upregulation of Prostatic Epithelial Cell
Apoptosis In Vivo?

Cell culture studies have shown that selenium can induce apoptosis in a wide variety of
cell types, including prostate cancer cells [9]. However, there is no evidence confirming that
dietary selenium supplementation can actually increase apoptosis in prostate cells in vivo.

[n our dog studies, we could directly address this knowledge gap by comparing the
amount of epithelial cell apoptosis of control dogs versus dogs supplemented for 6 months with
supranutritional levels of dietary selenium. In control dogs receiving a nutritionally adequate
intake of dietary selenium, there was a low level of prostatic epithelial cell apoptosis
(Figure 9A). Sclenium treated dogs had increased apoptosis compared to control dogs
(mean number of apoptotic cells per 200 X microscopic field was 3.26 versus 0.76 in control
dogs; p = .10, t-test). In some dogs, we observed foci of intense apoptosis > 30 times higher
than the level seen in typical microscopic fields (Figure 9B). Interestingly, the frequency of
these apoptotic “hot spots™ was much higher in dogs receiving supranutritional selenium intake.
Apoptotic hot spots were seen in 18 of 46 (39%) selenium treated dogs, whereas hot spots
occurred in only 2 of 19 (11%) control dogs (p=.02, chi-square).

A. Prostate from Control Dog B. Prostate from Selaniims
(no selenium treatment) (200X) Treated Dog (200X)

Figure 9. Daily Selenium Supplementation of Elderly Beagle Dogs for 7 Months is Associated with
Upregulation of Apoptosis in Prostate Epithelial Cells.

What is the biological importance of these apoptotic hot spots? To investigate this,
dogs were subdivided into tertiles on the basis of DNA damage within the prostate. Dogs with
the highest DNA damage had the lowest frequency of apoptotic hot spots (Figure 10). This
provides further support for the hypothesis that high levels of apoptosis are associated with a
reduction in the extent of DNA damage within the prostate. A more complete understanding of
the biological significance of these foci of intense apoptosis within the prostate will be pursued
in future investigations.
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Figure 10. Frequency of Apoptotic Hotspots in Dogs Subdivided According to Low, Middle and High Level
of Prostatic DNA Damage.

3F. Does the Level of Androgens within the Prostate Contribute to the Extent of DNA Damage in
the Prostate?

Evidence from cell culture experiments suggests that androgens may contribute to the
genotoxic stress within the prostate through the generation of reactive oxygen species [10].
However, this hypothesis has not been previously tested in vivo.

To test this hypothesis, we compared the extent of prostatic DNA damage (assessed by
alkaline Comet assay) in selenium-treated and control dogs that were subdivided into tertiles on
the basis of testosterone concentration (low, medium, high) or DHT concentration (low, medium,
high) within the prostate. We found that prostatic DNA damage was not significantly affected
by intraprostatic testosterone concentration (p=.82, ANOVA) (Figure 11A). In contrast, dogs
with the highest DHT concentration within the prostate had significantly greater prostatic DNA
damage than dogs with lowest level of intraprostatic DHT (p=.05, ANOVA) (Figure 11B).

To our knowledge, this represents the first in vivo evidence that androgens contribute to
DNA damage in prostate cells.
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Figure 11. The Association Between Intraprostatic Levels of Testosterone (A) or DHT (B) and the Extent of
Prostatic DNA Damage.

3G. Does Selenium Supplementation Induce Prostatic Epithelial Cell Replicative Senescence?

Cells that undergo replicative senescence irreversibly lose their ability to undergo cell
division. An intervention that induces replicative senescence in prostatic epithelial cells would
be expected to exert an anti-cancer effect on the prostate. It is not known whether dietary
supplementation with selenium significantly influences the extent of replicative senescence
within the aging prostate.

We sought to test this hypothesis by determining the extent of replicative senescence
in prostate tissue by using the senescence-associated Peta-galactosidase (SAP gal) staining
technique of Dimri et al [11]. In this assay, senescent cells stain positive for the enzyme SA gal
at pH=6. Unfortunately, we were not able to generate meaningful data from this analysis,
since SA[} gal deteriorates over time in tissue specimens — even in snap-frozen tissue stored
in liquid nitrogen.
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3H. Are Low Circulating Levels of Testosterone Associated With Lower Level of DNA Damage
within the Brain?

To answer this question, we subdivided 67 dogs (control and selenium-treated dogs from
Phase I and Phase II) into tertiles on the basis of serum testosterone concentration. Then we
compared DNA damage (alkaline Comet assay) in cerebrum of dogs in low, medium and high
serum testosterone groups. Our analysis showed that dogs with lowest serum testosterone had
the lowest brain DNA damage (p=.01, Kruskal-Wallis test) (Figure 12). These data from brain
cells further support the hypothesis that androgens significantly contribute to DNA damage
in Vivo.
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Figure 12. Brain DNA Damage According to Tertiles of Serum Testosterone Concentration.
The range (median) for Low, Middle and High Tertiles were 0.30-1.73 (1.25), 1.75-3.09 (2.41),
3.09-11.10 (4.22) ng/ml, respectively.
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KEY RESEARCH ACCOMPLISHMENTS

o In elderly beagle dogs, there is a non-linear, U-shaped relationship between selenium
status and accumulation of DNA damage within the prostate.

e This dose : response curve indicates a relatively narrow optimal range of selenium that
maintains prostatic homeostasis, i.e. more selenium is not necessarily better.

e The optimal selenium status predicted by the dog model appears to have implications
for human health, because men with the lowest risk of prostate cancer in the Health
Professionals Follow-Up Study had a median toenail selenium concentration of
0.82 ppm, a value that falls within the optimal range predicted by the dog model.

e Furthermore, the dog dose : response curve provides a biological explanation for the
findings from Dr. Larry Clark’s Nutritional Cancer Prevention Trial — baseline selenium
status prior to supplementation predicts whether or not selenium supplementation leads to
a reduction in prostate cancer risk.

e The U-shaped dose : response between selenium status and DNA damage also holds true
for the brain, not just for the prostate.

e Measuring DNA damage in peripheral blood lymphocytes does not appear to be a reliable
method to predict the extent of DNA damage within the aging prostate gland. Our data
suggests that selenium concentration in toenails provides a more useful predictor of
genotoxicity within the prostate.

e Diectary selenium supplementation has minimal effects on intraprostatic concentration
of dihydrotestosterone (DHT). Interestingly, dogs with medium range selenium levels
in their prostate have the lowest intraprostatic testosterone levels.

e Serum testosterone is a weak but significant predictor of intraprostatic DHT levels in
dogs receiving nutritionally adequate levels of selenium. However, serum testosterone
does not predict DHT level in the prostate of dogs receiving supranutritional selenium
supplementation. This suggests that the utility of serum testosterone as an indicator
of prostatic androgen activity may be dependent upon dietary selenium status.

e Selenium supplementation is associated with an increased frequency of intense apoptosis,
so-called apoptotic “hot spots”. The significance of these apoptotic hot spots is
unknown, but our data provide the strongest evidence to date that dietary selenium
supplementation can upregulate prostatic epithelial cell apoptosis in vivo.

¢ Selenium status does not significantly influence the anti-trophic effect of the Sa-reductase
inhibitor finasteride on the aging prostate.

o
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e There Is a strong correlation between selenium concentration in toenails and prostate
tissue. The correlation between selenium content of toenails and brain tissue is weaker.

e The extent of DNA damage in the brain of elderly dogs is lowest in dogs with the lowest
serum testosterone levels. This finding supports the notion that androgens may
contribute to DNA damage in vivo. This has important clinical implications because
minimizing DNA damage is a goal common to developing effective anti-aging
and cancer prevention strategies.
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Based upon the significant research progress made by our group and others in better
understanding the anticancer effects of the trace mineral selenium, Dr. Waters developed
a graduate level course at Purdue University “Selenium in Health and Disease”.

The course focused on the relationship between selenium status and cancer risk,
particularly the risk of prostate cancer. Discussions addressed the issues of measurement
and epidemiology, mechanisms studied using in vitro and in vivo animal models,

and interventional studies with human subjects. Students were enrolled in this 3 credit
hour course for the first time in the Spring 2004 semester.
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CONCLUSIONS

During the next 10 years, the National Cancer Institute sponsored SELECT trial will study more
than 32,000 men to evaluate whether selenium +/- vitamin E will decrease the incidence of
human prostate cancer. However, the mechanisms by which selenium modulates key events

In multi-step prostatic carcinogenesis are unknown. Our work using the dog model has yielded
the first evidence that daily selenium supplementation can significantly decrease DNA damage
within the aging prostate [12]. Furthermore, we showed for the first time that selenium can
upregulate apoptosis of prostatic epithelial cells in vivo [12]. Moreover, our discovery of a
non-linear, U-shaped dose : response relationship between selenium and genotoxic damage
suggests that not all men will benefit from selenium supplementation. It follows from this new
understanding that more selenium is not necessarily better and measurement of baseline nutrient
status should be required for all individuals in prevention trials to avoid oversupplementation.
Our research addresses a key underexplored area — the further development of an animal model
system to study the effects of potential chemopreventive agents on cellular processes that
regulate human prostatic carcinogenesis. By studying the response of prostate cells in

an appropriate context — in vivo within an aging prostate gland — our work has provided new
insights into the complex dose : response relationship between selenium, genotoxic stress,

and carcinogenesis within the aging prostate. Importantly, we have shown that the response

of the human prostate to the anticarcinogenic effects of selenium can be correctly predicted using
cost effective, short-term studies in dogs, the non-human species most prone to prostate cancer
development [13]. Our experimental paradigm represents a new approach to bridge the gap
between laboratory and human studies that can be used to find the appropriate dose

of cancer-fighting nutrients for large-scale human cancer prevention trials to reduce prostate
cancer mortality. In addition to studying the prostate, our research also addressed the effects

of anti-cancer interventions on essential organs, such as the brain. As a result, we have
generated tantalizing evidence that supports the notion that androgens contribute significantly
to DNA damage within the aging brain and prostate. Capitalizing on the insights gained

from our studies funded by the Department of Defense Prostate Cancer Research Program,

we are now uniquely positioned to extend these investigations using the dog model to further
develop selenium and other agents as practical prostate cancer prevention strategies.

26



REFERENCES

10.

o 8

12,

13.

. Mertz W. The essential trace elements. Science. 1981; 213: 1332-1338.

Yoshizawa K, Willett WC, Morris SJ, Stampfer MJ, Spiegelman D, Rimm EB,
Giovannucci E. Study of prediagnostic selenium level in toenails and the risk
of advanced prostate cancer. J Natl Cancer Inst 1998; 90:1219-24.

. Brooks JD, Metter EJ, Chan DW, Sokoll L], Landis P, Nelson WG, Muller D, Andres R,

Carter HB. Plasma selenium level before diagnosis and the risk of prostate cancer
development. J Urol 2001; 166:2034-8.

Clark LC, Combs GF, Jr, Turnbull BW, Slate E, Alberts D, Abele D, Allison R,
Bradshaw J, Chalker D, Chow J, Curtis D, Dalen J, Davis L, Deal R, Dellasega M,
Glover R, Graham G, Gross E, Hendrix J, Herlong I, Knight F, Krongrad A, Lesher J,
Moore J, Park K, Rice J, Rogers A, Sanders B, Schurman B, Smith C, Smith E, Taylor J,
Woodward J. The nutritional prevention of cancer with selenium 1983-1993:

a randomized clinical trial. J Am Med Assoc 1996; 276:1957-1963.

Clark LC, Dalkin B, Krongrad A, Combs GF, Turnbull BW, Slate EH, Witherington R,
Herlong JH, Janosko E, Carpenter D, Borosso C, Falk S, Rounder J. Decreased incidence
of prostate cancer with selenium supplementation: results of a double-blind cancer
prevention trial. BrJ Urol 1998; 81:730-4.

GianduzzoTR, Holmes EG, Tinggi U, Shahin M, Mactaggart P, Nicol D. Prostatic and
peripheral blood selenium levels after oral supplementation. J Urol 2003; 170:870-3.

Nyman DW, Suzanne SM, Kopplin MJ, Dalkin BL, Nagle RB, Jay GA. Selenium and
selenomethionine levels in prostate cancer patients. Cancer Detect Prev 2004; 28:8-16.

Zachara BA, Szewczyk-Golec K, Wolski Z, Tyloch J, Skok Z, Bloch-Boguslawska E,
Wasowicz W. Selenium level in benign and cancerous prostate. Biol Trace Elem Res
2005; 103:199-206.

Menter DG, Sabichi AL, Lippman SM. Selenium effects on prostate cell growth,
Cancer Epidemiol Biomarkers Prev 2000, 9:1171-82.

Ripple MO, Henry WF, Schwarze SR, Wilding G, Weindruch R. Prooxidant-antioxidant
shift induced by androgen treatment of human prostate carcinoma cells. J Natl Cancer
Inst 1997; 89:40-8.

Dimri GP, Lee X, Basile G, Acosta M, Scott G, Roskelley C, Medrano EE, Linskens M,
Rubelj I, Pereira-Smith O, et al. A biomarker that identifies senescent human cells in
culture and in aging skin in vivo. Proc Natl Acad Sci U S A 1995; 92:9363-7.

Waters DJ, Shen S, Cooley DM, Bostwick DG, QianJ, Combs GF Jr, Glickman LT,
Oteham C, Schlittler DL, Morris JS. Effects of dietary selenium supplementation on
DNA damage and apoptosis in canine prostate. J Natl Cancer Inst 2003; 95:237-41.

Waters DJ, Shen S, Glickman LT, Cooley DM, Bostwick DG, Qian J, Combs GF Jr,
Morris JS. Prostate cancer risk and DNA damage: translational significance of selenium
supplementation in a canine model. Carcinogenesis 2005; 26:1256-1262.

27



APPENDIX

Manuscripts

Waters DJ, Shen S, Glickman LT, Cooley DM, Bostwick DG, Qian J, Combs GF Jr,
Morris JS. Prostate cancer risk and DNA damage: translational significance of selenium
supplementation in a canine model. Carcinogenesis 2005; 26:1256-1262.

Waters DJ, Chiang EC, Cooley DM, Morris JS. Making sense of sex and supplements:
differences in the anticarcinogenic effects of selenium in men and women. Mutat Res
2004; 551:91-107.

Waters DJ, Shen S, Cooley DM, Bostwick DG, Qian J, Combs GF Jr, Glickman LT,

Oteham C, Schlittler DL, Morris JS. Effects of dietary selenium supplementation on DNA
damage and apoptosis in canine prostate. J Natl Cancer Inst 2003; 95:237-41.

Press Releases

Does Selenium Prevent Prostate Cancer? by Kathleen Wildasin. About.cancer.com, July
10, 2003.

Good News for Men (and Dogs) by Susan Edmiston. Alternative Medicine, October
2003, pp. 45-46.

Does Selenium Reduce the Risk of Developing Prostate Cancer? by Kathleen Wildasin,
US TOO International Hot Sheet, October 2003.

Scientific Abstracts

Is the Anti-Trophic Effect of the Sa-Reductase Inhibitor Finasteride on the Aging
Prostate Influenced by Selenium Status? Cooley DM, Shen S, Oteham C, Schlittler D,
Glickman LT, Bostwick DG, Morris JS, Combs Jr GF, Waters DJ. American Association
for Cancer Research Frontiers of Cancer Prevention, Phoenix, AZ, October 2003

Relationship Between Selenium Status and the Extent of Genotoxic Stress within the
Aging Prostate. Waters DJ, Shen S, Cooley DM, Bostwick DG, Qian J, Glickman LT,
Morms JS. International Conference on Antimutagenesis and Anticarcinogenesis, Pisa,
ITALY, November 2003

Prostate Cancer Risk and DNA Damage: Translational Significance

of Selenium Supplementation in a Canine Model. Waters DJ. University of Missouri
Research Reactor (MURR) Science Day, Columbia, MO, May 2004

28



Effect of Dietary Selenium Intake on Intraprostatic Androgen Levels Within the Aging
Prostate. Shen S, Cooley DM, Schlittler D, Oteham C, Chen Y, Chiang EC , Morris JS,
Glickman LT, Bostwick DG, Waters DJ. American Association for Cancer Research
Frontiers of Cancer Prevention, Seattle, WA, October 2004

Can Peripheral Blood Lymphocytes Provide A Window To Assess The Extent Of
Genotoxicity Within The Prostate? Shen S, Cooley DM, Schlittler D, Chen Y, Chiang E
Bostwick DG, Morris JS, Glickman LT, Waters DJ. Environmental Mutagen Society
Meeting, San Francisco, CA, September 2005

3

29



* Carcinopenesis vol.26 no.7 pp.1256-1262, 2005
doi: 10.1093/carcin/bgi077
Advance Access publication April 7, 2005

Prostate cancer risk and DNA damage: translational significance of selenium

supplementation in a canine model

David J.Waters"®*, Shuren Shen"®, Lawrence
T.Glickman?, Dawn M.Cooley"®, David G.Bostwick?,
Jungi Qian?, Gerald F.Combs Jr* and J.Steven Morris’

'Department of Veterinary Clinical Sciences and *Department of Veterinary
Pathobiology. Purdue University, West Lafayette, IN 47907, USA,
Bostwick Laboratories, Richmond, VA 23294, USA, *Division of Nutritional
Sciences, Cornell University, Ithaca, NY 14853, USA, 5Univcrsity of
Missouri-Columbia Research Reactor Center, Columbia, MO 65211, USA
and “Gerald P.Murphy Cancer Foundation, West Lafayette, IN 47906, USA

“To whom correspondence should be addressed at: Gerald P.Murphy Cancer
Foundation, 3000 Kent Avenue, Suite E2100, West Lafayette, IN 47906,
USA. Tel: +1 765 494 9271; Fax: +1 765 775 1006;

Email: dwaters@gpmcf.org

Daily supplementation with the essential trace mineral
selenium significantly reduced prostate cancer risk in men
in the Nutritional Prevention of Cancer Trial. However,
the optimal intake of seleninm for prostate cancer preven-
tion is unknown. We hypothesized that selenium signifi-
cantly regulates the extent of genotoxic damage within the
aging prostate and that the relationship between dietary
selenium intake and DNA damage is non-linear, i.e. more
selenium is not necessarily better. To test this hypothesis,
we conducted a randomized feeding trial in which 49 elderly
beagle dogs (physiologically equivalent to 62-69-year-old
men) received nutritionally adequate or supranutritional
levels of selenium for 7 months, in order to mimic the range
of dietary selenium intake of men in the United States. Qur
results demonstrate an intriguing U-shaped dose-response
relationship between selenium status (toenail selenium con-
centration) and the extent of DNA damage (alkaline Comet
assay) within the prostate. Further, we demonstrate that
the concentration of selenium that minimizes DNA damage
in the aging dog prostate remarkably parallels the selenium
concentration in men that minimizes prostate cancer risk.
By studying elderly dogs, the only ron-human animal model
of spontaneous prostate cancer, we have established a new
approach to bridge the gap between laboratory and human
studies that can be used to select the appropriate dose of
anticancer agents for large-scale human cancer prevention
trials. From the U-shaped dose-response, it follows that
not all men will necessarily benefit from increasing
their selenivm intake and that measurement of baseline
nutrient status should be required for all individuals in
prevention trials to avoid oversupplementation.

Introduction

Epidemiologic data suggest that many people could substan-
tially reduce their cancer risk through relatively simple dietary

Abbreviations: DMSQ, dimethyl sulfoxide, FBS, fetal bovine serum;
BSS. Hanks' balanced salt solution; SELECT, selenium and vitamin E
cancer prevention trial.
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changes, including supplementation with non-toxic doses of
cancer-fighting nutrients (1,2). Prostate cancer is the second
leading cause of male cancer-related mortality in the United
States (3) and the identification of safe, non-toxic compounds
for the prevention of prostate cancer is considered a high
research priority. Selenium, an essential nutrient required for
a number of metabolically important enzymes, inhibits cancer
development in a variety of experimental animal models (4-6).
In 1996, Clark et al. (7) reported the results of the Nutritional
Prevention of Cancer Trial, a 13-year, randomized, placebo-
controlled study of older Americans. In this study, daily
supplementation of 200 g of selenium in the form of
selenium-enriched ycasi was associated with a significant
reduction in the risk of several cancers, most notably cancér
of the prostate (63% risk reduction) (7). Thesc results sugges-
ted that a significant reduction in cancer risk could be achieved
using dictary supplementation with low, non-toxic doses of
selenium and/or selenium fortification of foods.

The use of selenium supplements in the USA has grown
steadily over the last 20 years, both in the number of adults
who use supplements and in the amount consumed daily. Burt,
health professionals seldom recommend that supplement users
test their nutrient status prior to or after taking supplements.
Growing interest in selenium as a prostate cancer preventive
agent has led to a large intervention trial, selenium and vitamin E
cancer prevention trial (SELECT), that is currently enrolling
>32.000 men and will requirc 12 years to complete (8). How-
ever, it is not known what form or dose of selenium offers the
most potent prostate cancer protective effects, or whether too
much selenium supplementation might be harmful. Observa-
tional data from men in the Health Professionals Follow-up
Study showed a strong inverse association between selenium
status, as measured by toenail selenium concentration, and the
risk for developing advanced prostate cancer (9). However,
multivariate analysis demonstrated an apparent threshold
effect, with no additional prostate cancer protective effect at
toenail concentrations excecding 0.82 p.p.m. In another study,
Brooks et al. (10) found a similar threshold effect. Taken
together, these data suggest that not all men will necessarily
benefit from increasing their dietary intake of selenium.

It has been previously hypothesized that the cancer-
protective effects of selenium are related to its ability to limit
the accumulation of genotoxic damage within the aging pros-
tate (11,12). However, the optimal intake of selenium or other
nutrients necessary to protect the prostate from cancer is
unknown because previous human and animal studies have
not adequately defined the relationship between nutrient dose
and genotoxic damage within the prostate. In this study, we
tested the hypothesis that the relationship between selenium
intake and DNA damage within the prostate and brain is non-
linear, i.e. that more sclenium is not necessarily better. We
studied elderly beagle dogs, that were physiologically equival-
ent to 62-69-year-old men and free of prostate cancer, to
simulate the aging human prostate and to define the dose of
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selentum that minimizes genotoxic damage within the
prostate. This animal model was used because the influence
of aging on prostatic carcinogenesis appears similar in dogs
and men, the only two species in which prostate cancer occurs
spontaneously with appreciable frequency (13,14). Finally, to
determine whether the dose-response data from this animal
model were relevant to human health, we compared our results
with published data on selenium status and human prostate
cancer risk from the Health Professionals Follow-up Study and
the Nutritional Prevention of Cancer Trial.

Materials and methods

Experimental animals and study design

In a randomized controlled feeding trial, elderly beagle dogs, physiologically
equivalent to 62-69-year-old men (15), received diets containing nutritionally
adequate or supranutritional levels of selenium for 7 months to produce a range
of dietary selenium exposures similar to that of healthy adult men in USA.
Forty-nine elderly (8.5-10.5-year-old) sexually intact male, retired breeder
dogs weighing 9-18 kg were purchased from a local supplier. After 4 weeks
acclimation, dogs were randomly assigned to a control group (n = 10 dogs) or
four daily treatment groups: 3 pg/kg/day selenomethionine (L-selenomethio-
nine, Solgar Vitamin and Herb, Leonia, NJ) (n=10 dogs), 6 pg/kg/day
selenomethionine (n=10 dogs). 3 pg/kg/day high selenium yeast
(SelenoExcell®, Cypress Systems, Fresno, CA) (7 = 10 dogs) and 6 pg/kg/day
high selenium yeast (n = 9 dogs). The selenium in the high-selenium yeast
product is mostly (~85%) selenomethionine. However, unlike the free
L-selenomethionine product, the yeast form is protein-bound. All dogs had
nutritionally adequate selenium status confirmed by plasma selenium concen-
tration prior to the start of the experiment. Throughout the experiment, all dogs
were fed a selenium-adequate maintenance diet (0.3 p.p.m as fed basis;
Science Diet® Canine Maintenance, Hills Pet Nutrition, Topeka, KS). In the
control group, daily selenium intake was ~6 pg/kg body weight. After
7 months of treatment, all dogs were euthanized in accordance with guidelines
set forth by the American Veterinary Medical Association Panel on Euthanasia
(16). All aspects of this experimental protocol were approved by the Purdue
University Animal Care and Use Committec.

Measurement of genotoxic damage within the prostate

Within 15 min of euthanasia, the prostate was collected at necropsy and
50-80 mg of prostate tissue was placed in | ml of cold Hanks' balanced salt
solution (HBSS) containing 20 mM EDTA and 10% dimethyl sulfoxide
(DMSQ) (17). The tissue was then minced with fine scissors and 50 pl of
cell suspension was mixed with 1 ml of RPMI 1640 media containing 10%
fetal bovine serum (FBS) for subsequent electrophoresis. Cytospin prepara-
tions indicated that >90% of cells had epithelial cell morphology; mean
percentage cell viability estimated by trypan blue exclusion was 80%.
Histopathologic evaluation of formalin-fixed, step-sectioned prostate tissue
sections revealed no foci of carcinoma.

The extent of DNA damage in prostate cells, which is an index of oxidalive
stress and other genotoxic influences within the prostate, was measured by
single cell gel electrophoresis (alkaline Comet assay) using a method previ-
ously described (17). Under the conditions of this experiment, the comet tail
reflects the electrophoretic migration of DNA fragments resulting from strand
breaks, alkali labile sites, crosslinks or base excision repair sites (18). The
extent of DNA damage was scored in 100 randomly selected cells from each
sample (50 cells from several different fields from each of two replicate slides)
by an examiner who was blinded to treatment group. Analysis was performed
by one slide reader (SS), thus minimizing variability attributable to intersubject
scoring. SYBR green I-stained nucleoids were examined at 200x magnifica-
tion with an Olympus epifluorescent microscope. Each cell was visually scored
on a 04 scale according 1o its appearance using a method described by Collins
(19,20) as follows: no damage (type 0). mild to moderate damage (types 1
and 2) and extensive DNA damage (types 3 and 4) (Figure 1). Using this
scoring method, the extent of DNA damage within the prostate was expressed
in lerms of a Comet score (range 0-400) (19) and as the percentage of cells
with extensive damage (sum of types 3 and 4 cells).

Measurement of genotoxic damage in brain

Immediately after euthanasia, brain tissue from the cercbral cortex was
collected via craniotomy. In all cases, interval from euthanasia to brain tissue
harvest was <30 min. For each dog, 50-80 mg of brain tissue was placed in
| ml of cold HBSS containing 20 mM EDTA and 10% DMSO. The tissue was
then minced with fine scissors and 50 pl of cell suspension was mixed with

Prostate cancer risk and DNA damage

Type 0
No DNA damage

Type 1 Type 2
Cells have mild to moderate DNA damage

Type 3 Type 4

Cells have extensive DNA damage

Fig. 1. Alkaline Comet assay: visual scoring method to measure the extent
of DNA damage in cells,

1 ml of RPMI 1640 media containing 10% FBS for the alkaline Comet assay.
Pyramidal neurons were the most prevalent cell type in the tissue harvested
from the cerebral cortex.

Measurement of selenium concentration in prostate, brain and toenails
After 7 months of treatment, toenail clippings and snap frozen prostate and
brain tissues were collected from dogs immediately after euthanasia. Speci-
mens from control and selenium supplemented dogs were analyzed together,
but in random order, with the supplementation status unknown 1o laboratory
personnel. Nails (49 dogs) and tissues (25 dogs) were analyzed for selenium
by instrumental neutron activation analysis at the University of Missouri-
Columbia Research Reactor Center (MURR). Columbia, MO using a modi-
fication of methods previously described (21-23). Total selenium content in
toenail clippings provides a reliable non-invasive measure of selenium status
(24-27).

Statistical analysis

The data from selenium-treated and control dogs were combined and Pearson
correlation coefficients were calculated to determine if selenium concentration
within prostate or brain tissue was significantly (P < 0.05) correlated with
tocnail selenium concentration. Since the relationship between the percentage
of prostate cells with extensive DNA damage and toenail selenium concentra-
tion (p.p.m) was non-linear, a polynomial regression including a quadratic
term was used. To control for multicolinearity in the polynomial regression,
the mean toenail selenium concentration was first subtracted from each toenail
selenium concentration and then squared (28). All data analyses were done
using standard statistical software [SPSS (Version 10.0, Chicago, IL) and SAS
System (Version 8.1, SAS Institute, Cary, NC, 1999)].

Results

U-shaped dose-response relationship berween selenium status
and DNA damage in prostate and brain

There was a non-linear, U-shaped dose-response relationship
between toenail selenium concentration and DNA damage
within the prostate (+* = 0.52, P < 0.0001), with a relatively
narrow range of selenium that minimized the extent of DNA
damage in prostate cells (Figure 2A). When dogs with low,
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moderate and high selenium status were compared, the rela-
tionship between selenium status and prostatic DNA damage
could not be explained by selenium dose-dependent differ-
ences in prostatic epithelial cell proliferation or apoptosis
indices or in the extent of prostatic inflammation (data not
shown).

To determine whether the U-shaped relationship between
selenium status and DNA damage in dogs was unique to the
aging prostate, we conducted a similar analysis of DNA dam-
age in the brain. Similar to our findings in the prostate, there
was a U-shaped dosc- response relationship between toenail
selenium concentration and DNA damage within the aging
brain. Importantly, we found the toenail selenium concentra-
tion that optimized DNA damage reduction in the prostate also
minimized the extent of DNA damage within the aging brain
(Figure 3A).

Toenail  selenium  concenmtration  reflects  selenium
concentration in prostate and brain tissue

Previous studies in humans and animals did not evaluate
whether differences in the tissue concentration of selenium
within the prostate or brain were strongly predicted by
the non-invasive measurement of selenium in toenails. In
elderly dogs, we found a strong positive associationqbctwecn
selenium concentration in toenails versus prostate (r~ = 0.52;
P < 0.0001) and brain (> = 0.53; P < 0.0001); these strong
associations were observed over the range of toenail sclenium
concentration seen in healthy adults in the USA, including the
men who were likely to participate in the SELECT prostate
cancer prevention trial (Figure 3B and 3C).

Dag dose-response curve parallels results from human
studies

To determine whether the U-shaped dose-response in beagle
dogs was relevant to human health, we compared our results
with published data on selenium and human prostate cancer
risk from the Health Professionals Follow-up Study (9).
Toenail selenium concentrations in the lowest and highest
quartiles of dogs (mean of 0.50 and 1.03 p.p.m., respectively)
were similar to toenail concentrations in men (median of
0.66 p.p.m in lowest quintile; median of 1.14 p.p.m in highest
quintile). Fitting the human data from the Health Professionals
Follow-up Study to the dose-response curve from dogs
produced an intriguing result—the same concentration of
selenium that minimized prostatic DNA damage in dogs also
minimized advanced prostate cancer risk in men (Figure 4).
The highest risk for prostate cancer was observed in men with
the lowest toenail selenium (median of 0.66 p.p.m.), which
was less than the optimal concentration predicted by the dog
model. The lowest risk for prostate cancer occurred in men
with a median selenium level of 0.82 p.p.m., which was
equivalent to the optimal concentration in the dog model.
Thus, movement along the dog dose-response curve from
low suboptimal to optimal selenium status (bold arrow in
Figure 4) was associated with a 65% reduction in-human
prostate cancer risk. The canine dose-response curve also
accurately predicted a cancer protection threshold, i.e. no
additional reduction in prostate cancer risk with selenium
>0.82 p.p.m.

We then used the canine dose-response curve to reconcile
the results of the Nutritional Prevention of Cancer Trial of
Clark er al. (7,29). In this large intervention trial, baseline
selenium status prior to supplementation was strongly
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Fig. 2. A U-shaped dose-response curve defines the relationship between
selenium and genotoxic stress in prostate. (A) U-shaped dose-response
relationship between toenail selenium concentration and prostatic DNA
damage in 49 elderly dogs that were physiologically equivalent to 62 to
69-year-old men. (B) Model adapted from Mertz (31) predicting the
biological response to an essential nutrient. The data from dogs provides
the first in vivo confirmation that the Mertz model fits for selenium

and procarcinogenic events within the prostate.

predictive of prostate cancer protection associated with selen-
ium supplementation. Men with the lowest plasma selenium
prior to supplementation had a significant 92% reduction in
prostate cancer risk in response to daily sclenium supple-
mentation. In contrast, men with the highest plasma selenium
prior to supplementation did not exhibit a significant reduction
in prostate cancer risk. Instead, these men had an alarming and
statistically significant 88% incrcase in overall cancer inci-
dence (30). We simultaneously measured toenail and plasma
selenium concentration in 12 healthy human volunteers to
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toenails strongly predicts the concentration of selenium in prostate and brain tissues. Correlation between selenium concentration in prostate versus toenails

(B) and brain versus toenails (C) in eiderly dogs.

generate a ratio (6.7 £ 0.7) that could be used to convert
plasma selenium concentration to predicted tocnail values.
After converting the plasma selenium levels of men in the
Nutritional Prevention of Cancer Trial to an equivalent toenail
selenium concentration, we found that the dog dose-response
curve correctly predicted that men with the lowest baseline
selenium status (<0.71 p.p.m.) would benefit from selenium
supplementation (Figure 5). Men with the highest baseline
selenium status (>0.81 p.p.m.) had a selenium concentration
that was equivalent to or exceeded the optimal selenium con-
centration prior to supplementation; they did not benefit from
selenium supplementation. Following supplementation, selen-
ium concentration in these men was further elevated (median,
1.27 p.p.m.) and they experienced an increased total cancer
incidence.

Discussion

The results of this study demonstrate the utility of a new
approach to bridge the gap between laboratory and human
studies that can be used to sclect the appropriate dose of
anticancer nutrients for large-scale human cancer prevention
trials. By studying the only non-human specics that develops
spontaneous prostatc cancer, we documented an intriguing
U-shaped dose-response relationship between the dietary
intake of the essential trace mineral selenium and the extent
of DNA damage within the aging prostate gland. Moreover,
we found the results of two important human studies that
examined selenium and prostate cancer risk-—those used to
justify the evaluation of selenium in the SELECT trial—were
explained using this simple, cost-effective approach. More
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Fig. 4. Canine dose-response curve explains the effect of selenium status on human prostate cancer risk reduction in the Health Professionals Follow-up
Study (9). Men with the lowest selenium status (median 0.66 p.p.m.) had lower than optimal selenium concentration predicted by the dog model; these men
had the highest risk for advanced prostate cancer. Men with median selenium status of 0.82 p.p.m., a value equivalent to the optimal selenium concentration in the
dog model, had the lowest prostate cancer risk. There was no additional prostate cancer risk reduction seen in men with selenium status >0.82 p.p.m., a
finding predicted by the dog model. Movement along the dog curve from 0.66 to 0.82 p.p.m. (bold arrow) parallels a 65% reduction in prostate cancer risk

for the men in the Health Professionals Follow-up Study.
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Fig. 5. Canine dose-response curve explains the effect of baseline selenium status on human prostate cancer risk reduction in the Nutritional Prevention of Cancer
Trial (7,29,30). Men with baseline selenium status <0.71 p.p.m. had lower than the optimal selenium concentration predicted by the dog model; these men
had a statistically significant 92% reduction in prostate cancer risk after selenium supplementation, Men with baseline selenium status > 0.81 p.p.m. were
already within the optimal or high suboptimal range predicted by the dog model prior to supplementation; these men had no significant reduction in prostate cancer
after selenium supplementation. Following selenium supplementation, men in the highest baseline selenium tertile had a median selenium level of 1.27 pp.m., a
value clearly exceeding the selenium concentration that minimized DNA damage within the dog prostate. These men had an 88% increase in total cancer
incidence compared with men with the lowest baseline selenium.

than 20 years ago, Mertz (31) proposed that the dose-response high) regions and the extreme values of deficiency and toxicity

relationship between essential nutrients and biological pro- (Figure 2B). Our data provide further evidence that the Mertz
cesses was U-shaped. According to the Mertz model, a region model may indeed be correct—at least for selenium and the
of optimal nutrient status lies between two suboptimal (low and prostate. It follows from this new understanding that not all

1260



men will necessarily benefit by increasing their daily selenium
intake.

A similar U-shaped dose-response may also hold true for the
anticancer effects of other trace minerals and carotenoids. For
example, zinc is essential for prostate function (32) and it has
been shown that zinc deficiency results in increased oxidative
DNA damage and disruption of the pS3 tumor suppressor (33).
However, men with the highest intake of supplemental zinc had
a significant two-fold increased risk of prostate cancer (34).
Recently, Nyberg et al. (35) found a U-shaped dose-response
between the dietary intake of B-carotene and spontaneous
mutation frequency in the peripheral blood lymphocytes of
humans. The aged dog model comectly predicted the human
prostate’s response to the anticarcinogenic effects of selenium
and may also be applicable to othcr cancer-preventing nutri-
ents and other anatomic cancer sites.

An important challenge facing scientists in the field of
cancer prevention is to identify experimental approaches that
can expeditiously define the dose-dependent effects of dictary
supplements on hecalth outcomes. Failure to recognize the
U-shaped dose-dependent effects of nutritional supplements
on carcinogenesis adversely impacted the design of previous
cancer prevention trials. For example, in two randomized lung
cancer prevention trials, subjects who received high doses
of beta-carotene had an unexpected increase in lung cancer
incidence compared with placebo-treated controls (36,37).
Measurement of baseline nutrient status was not included as
a required entry criterion in these beta-carotene trials or in any
of the large sclenium intervention trials. This is of particular
relevance to the ongoing SELECT trial, since the average
selenium status of men in the USA is roughly equivalent to a
toenail concentration of 0.82 p.p.m., a value that already falls
within the optimal range for prostate cancer risk reduction.
Our demonstration of a U-shaped dose-response for cancer-
fighting nutrients emphasizes that baseline nutrient status in
the suboptimal range should be a required entry criterion for
prevention trials to avoid the potential deleterious effects of
oversupplementation,

Our study introduces to the field of cancer prevention
research a powerful new paradigm that reflects the synthesis
of three concepts: (i) the importance of using an in vivo model
system (aging dog prostate) to mimic the aging human prostate
prior to the onset of cancer; (i1) the importance of studying a
broad dose range that is sufficient to define the U-shaped
dose-response relationship between an essential nutrient and
pro-carcinogenic processes; (iii) the use of Comet score as a
measure of DNA damage that integrates prostatic exposure to
genotoxic stress, the susceptibility of prostate cells to DNA
damage, and prostatic DNA repair capacity (38,39). Using this
approach, it is feasible to select a selenium dose that optimizes
DNA damage reduction within a cancer target, such as the
prostate and other organs, such as the brain. Future cancer
prevention trials with humans could benefit significantly
from adopting this paradigm to define the cffects of nutrient
dose on markers of genotoxic damage and cancer risk.

Finally, our analysis of the complex relationship between
selenium, genotoxic damage and cancer risk within the
prostate raises important questions regarding the cumently
recommended intake of this trace mineral. The current recom-
mended daily allowance (RDA) for selenium in men is
70 wg/day, which reflects the selenium intake required to
achicve maximal plasma glutathione peroxidase actvity. How-
ever, there is growing consensus that nutritionally adequatc

Prostate cancer risk and DNA damage

selenium intake may be suboptimal with respect to reducing
disease risk (2,40). Indeed, our analysis showed that selenium
status sufficient to saturate the activity of plasma glutathione
peroxidase (equivalent to 0.6 p.p.m. selenium concentration in
toenails) will not necessarily minimize prostatic DNA damage
in the dog model or prostate cancer risk in men. Researchers
are aggressively pursuing new functional markers of sclenium
status that can accurately reflect the biologically effective
concentration of selenium that optimizes human health. Since
sclenium has diverse health-promoting roles, it is likely that a
range of markers assessing particular biochemical functions,
disease states and tissue specificity will be required. We
have presented herc the first evidence that prostatic DNA
damage measured by Comet assay may serve as a functional
marker of selenium’s anticarcinogenic effect on the prostate.
Importantly, our results suggest that measurement of toenail
selenium concentration can provide a non-invasive method for
titrating and individualizing optimal selenium intake required
for prostatc cancer protection.
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Abstract

The role of the essential trace mineral selenium in human health and disease is currently a subject of intense interest. In
particular, the possible cancer preventive effects of dietary selenium supplementation are now being investigated in several
large, randomized trials. The association between selenium status, genotoxic damage, and cancer risk remains enigmatic
because epidemiologic studies have failed to consistently link low selenium status with increased cancer risk in men and
women. In this paper, we considered the evidence that there are sex-based differences in the anticarcinogenic effects of
selenium in humans. We focused our review on prospective human studies in which the relationship between selenium status
and cancer risk in men and women was directly compared. Results from cohort studies conducted in seven countries (Belgium,
China, Finland, Japan, Netherlands. Norway. and United States) were used to assess the strength of association between low
selenium status and the incidence of all cancers, sex-specific cancers, and cancers at particular anatomic sites. In general, the
available data support the hypothesis that cancer risk in men is more profoundly influenced by selenium status than cancer risk
in women. Factors contributing to the apparent difference in the effects of selenium on cancer incidence in men and women
may include sex-based differences in the metabolism and/or tissue distribution of selenium, as well as sex- or gender-related
factors that influence tumor biology. Studies are needed to further define the dose—response relationship between selenium
and cancer risk in men and women. A more complete understanding of the mechanisms by which selenium modulates cancer
initiation and progression is needed to optimize dietary selenium supplementation as a practical cancer preventive strategy.
Ultimately, achieving the ambitious goal of cancer prevention may require sex- and gender-specific approaches.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Cancer incidence; Epidemiology; Cancer prevention; Dietary supplements; Micronutrients; Gender-specific risk; Cohort studies;
Sex-based difterences

1. Introduction

The trace mineral selenium is an essential compo-

nent of several metabolically important enzymes, in-

* Corresponding author. Tel: +1 765 494 9271 clt_xdmg tbe antioxidant glutathione peropdases and
fax: +1 765 775 1006, thioredoxin reductases [1-3]. Because dietary scle-
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a variety of experimental animal models [4-6], there
is growing interest in the prospect that selenium status
significantly influences human cancer risk.

To date, the epidemiologic evidence from prospec-
tive human studies is inconsistent—some investiga-
tions show an increased risk of cancer in individuals
with lowest selenium status, whereas other studies
report null results [7,8]. In a randomized, placebo-
controlled study of older Americans, daily use of an
oral selenium supplement substantially reduced the
risk of several cancers, most notably cancer of the
prostate [9]. These results suggested the exciting pos-
sibility that significant reductions in cancer risk may
be realized with low, non-toxic doses of selenium that
could readily be achieved by dietary supplementation.
The cancer protective effects of selenium may be me-
diated by selenoproteins operating within enzymatic
systems which are saturated at relatively low levels
of selenium, or by selenium metabolites that increase
substantially under conditions of supranutritional
selenium intake [10].

In 1987, Kok et al. [11] in the Netherlands reported
that low selenium status was associated with increased
cancer risk in men, but not in women. They proposed
that serum selenium may only be a useful predictor
for cancer risk in men. This hypothesized sex-based
difference was consistent with earlier data reported
from Finland [12] and the United States [13].

In this article, we consider the evidence that there
are sex-based differences! in the anticarcinogenic ef-
fects of selenium in humans. To accomplish this, we
critically review data from prospective human stud-
ies in which the association between selenium status
and subsequent cancer risk in men and women was
directly compared. We also review prospective studies
that were restricted to males or females as well as stud-
ics with both men and women in which sex-specific
cancer risk was not reported; our discussion of these
studies is limited. The purpose of this review is to
provide a conceptual framework for future investiga-

UIn this article, we use the terms sex and gender to discuss
the differences between men and women. These terms are used
in accordance with definitions proposed by the 2001 Institute
of Medicine Report, “Exploring the Biological Contributions to
Human Health: Does Sex Maner?” [14]. The term sex is used
when differences are primarily biological in origin and may be
genetic or phenotypic; gender is used when referring to social and
cultural influences based on sex [15].

tions on the underlying mechanisms and public health
implications of the apparent sex-based differences in
selenium anticarcinogenesis

2. Sex-based differences in the association
between selenium status and total cancer incidence

Prospective cohort studies provide an opportunity
to evaluate the association between nutrient status
and the subsequent risk for cancer. In these studies,
pre-diagnostic biological samples are collected from
a cohort of healthy individuals who are free of can-
cer. After the cohort is followed longitudinally over
time, samples are analyzed from all cancer cases and
a matched group of controls who did not develop
cancer during the observational period.

Table 1 summarizes data from six prospective co-
hort studies [11-13,16—18] conducted in five countries
(Finland, Japan, Netherlands, Norway, and United
States) in which the effect of dietary selenium intake
on total cancer incidence in men and women was
measured by comparing the serum selenium concen-
tration of cancer cases versus controls without cancer.
Among men, cancer cases had significantly lower se-
lenium concentration than controls (P < 0.05) in four
of six studies. On average, males that subsequently de-
veloped cancer at any site had an 8% (range, 5-23%)
lower selenium concentration than men who did not
develop cancer. In contrast, there was no significant
difference between selenium concentration in female
cases versus controls in any of the studies. Women
with cancer had higher selenium concentration than
men with cancer in four of the studies. This is con-
sistent with the findings of Criqui et al. [19] in which
mean serum selenium concentration in 74 men that
subsequently had cancer mortality was 4 pg/LL lower
than controls (P < 0.40); in contrast, 62 women with
cancer mortality had scrum selenium concentration
11 pg/L higher than controls (P = 0.03).

In three studies [11,16,20], the rclative risk of can-
cer in individuals with the lowest serum selenium was
compared with the incidence of cancer in individuals
with the highest selenium status. In Belgium, Finland,
and the Netherlands, men with low selenium status
had a significantly higher relative risk (2.2-2.7-fold
increase) of cancer at all sites than men with high se-
lenium. In contrast, women with low serum selenium
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Table 1
Mean pre-diagnostic serum selenium concentration in cancer cases and matched controls from six prospective cohort studies
Cohort Cases Mean £ S.D. serum selenium concentration (pg/L) P-value
Case Control
Finland 7
Salonen et al. [12] 16 male smokers 49.3 63.5 <0.05
14 male non-smokers 49.9 584 >0.05
21 female (all non-smokers) 595 60.5 >0.05
Knekt et al. [16] 597 male 59.1T 1= 1745 625 + 154 <0.001
499 female 63.6 + 174 639 + 143 >0.05
Japan
Ujite and Kikuchi [18] 35 male 105.2 112.8 0.18
38 female 97.4 102.7 0.25
Netherlands
Kok et al. [11] 40 male 116.7 + 4.0 1264 + 3.1 0.04
29 female 130.6 + 6.0 1293 + 43 0.83
Norway
Ringstad et al. [17] 26 male 124.0 130.3 0.08
34 female 123.2 127.9 0.36
USA
Willett et al. [13] 60 male 127.0 137.0 0.008
51 female 132.0 134.0 0.57

had a relative risk to develop cancer that did not differ
significantly from unity (Fig. 1).

Garland et al. [21] analyzed the association between
selenium and cancer risk in women (503 cancer cases
and matched controls) in the Nurses Health Study.
Toenail selenium concentration was not inversely as-
sociated with overall cancer risk or cancer risk at any
site. The authors concluded that higher selenium in-
take within the range typical for US women was not
protective against cancer development in women.

Taken together, these studies suggest that overall
cancer incidence in men is more profoundly affected
by low selenium status than is cancer incidence in
women.

3. The association between selenium status and
risk of breast cancer and prostate cancer

To further analyze the influence of sex or gender-
related factors on the anticarcinogenic effects of sele-
nium, we explored the association between selenium
status and risk of two sex-specific cancers—breast

cancer and prostate cancer. Fig. 2 summarizes data
collected from the largest prospective cohort studies
conducted in Finland, Netherlands, and United States.
An inverse association between serum selenium con-
centration and prostate cancer risk was not seen in
the Finmsh study (n = 61 cases) [16]. However, two
large studies from the Netherlands (n = 540 cases)
and United States (n = 181 cases) showed that men
with low selenium status had a significantly increased
risk (RR = 1.5 and 2.9, respectively) of prostate
cancer compared to men with high selenium status
[22,23].

In a secondary cohort analysis of the Alpha To-
copherol Beta Carotene (ATBC) Cancer Prevention
Study, no significant association between low sele-
nium intake and prostate cancer risk was found in the
placebo treated or a-tocopherol treated groups [24].
Similarly, low baseline selenium status was not a
significant risk factor for subsequent prostate cancer
in the Carotene and Retinol Efficacy Trial (CARET)
[25]. Among Japanese American men in Hawaii, low
selenium status was associated with a significant in-
creased risk of prostate cancer in current smokers
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Fig. 1 Relative risk of cancer (all sites) associated with low selenium status in men and women from three prospective cohort studies.

[RR = 5.0 (1.3-10.0)] and past smokers [RR = 2.0
(0.9-5.0)], but not in never smokers [RR = 1.25
(0.5-2.5)] [26]. There was a non-significant trend to-
ward increased prostate cancer risk with low selenium
in a Washington County, MD cohort study [27]. More
recently, low selenium status was associated with a
four-fold increase in prostate cancer risk among partic-
ipants of the Baltimore Longitudinal Study on Aging
[28].

In contrast to prostate cancer, cohort studies lend lit-
tle support for the hypothesis that low selenium status
confers an increased risk of breast cancer [29-34]. Two
large studies from the Netherlands (n = 202 cases; RR
= 1.1) and United States (n = 434 cases; RR = 0.9)
showed a null association between breast cancer risk
and selenium status [33,34].

4. Sex-based differences in the association between
selenium status and risk of particular cancer types

Next, we sought to determine whether there were
sex-based differences in the association between
selenium status and cancer incidence at particular
anatomic sites. Figs. 3-5 summarize the data from
prospective studies in which the risk of specific can-
cers in men and women was compared. Data from
Finland (lung, colorectal, stomach, pancrealic, urinary
tract, and non-melanoma skin cancer), Netherlands
(lung, colorectal, and stomach cancer), and United
States (lung, pancreatic cancer) are summarized be-
low for each cancer site. With two exceptions [30,35],
the cutoffs used to define low versus high selenium
status in these cohorts are shown in Fig. 6. Table 2
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Fig. 2. Relative risk of prostate cancer and breast cancer associated with low selenium status in |1 prospective cohort studies.

shows the factors used in these prospective studies to
match cases with controls and to conduct multivariate
analysis of cancer risk.

4.1. Lung cancer
The risk of lung cancer in Finnish men was 3.3 times

greater in men with low selenium status than in those
with high selenium status (P for trend <0.001) [16]

(Fig. 3). In that study, there were only nine evaluable
cases of lung cancer in women, and therefore no valid
conclusions could be posited regarding the association
between selenium status and female lung cancer risk.

In a Netherlands cohort study [36], men with low
selenium status had a statistically significant two-fold
increased risk of lung cancer. Women with low sele-
nium had a 2.5-fold increased risk of lung cancer com-
pared to women with high selenium status, but this
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4.2. Colorectal cancer

The association between colorectal cancer risk and
selenium status was not profoundly different in men
and women in two evaluable studies [16,37] (Fig. 3).
Rectal cancer risk was lowest in Dutch women with
low selenium status, but this did not reach statistical
significance [36].

Finland
Knekt et al 1990 {16]"
All sites, colorectal, stomach,
urinary tract, prostate, breast, skin

Lung

Pancreas

China
Mark et al 2000 [42]""
Esophageal, stomach

Belgium
Kornitzer et al 2004 [20]
All sites

Netherlands
van den Brandt et al 2003 [22]
Prostate

van den Brandt et al 1993 [36.37]
Lung, stomach, colorectal

van den Brandt et al 1994 [33]
Breast

Kok et al 1987 [11)"
All sites

4.3. Stomach cancer

Data from two evaluable studies showed that risk
of stomach cancer in men with low selenium status
was significantly increased (RR = 2.5 Netherlands;
RR = 1.1 Finland) [16,37] (Fig. 4). In contrast, low
selenium status in women did not confer an increascd
risk of stomach cancer. In fact, the rclative risk of
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€
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€« >
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€ >
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€ >
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Fig. 6. Cutoffs used to define low vs. high selenium groups+ within study cohorts from Finland, China. Belgium, Netherlands, and United

States.
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' Arrows represent the selenium concentration cutoffs for the low and high selentum groups
that were used to estimate the relative risk of cancer associated with low selenium status.
Relative risks are shown n Figures 1-5,

" For the purpose of comparing studies in which selenium status was measured by either
serum or toenail selemum levels. the serum selenium concentration reported in these six
studies are expressed as toenail selenium equivalents here. The toenail and plasma selentum
concentration in 12 healthy human volunteers were simultaneously measured to generate a
ratio (6.7 £ 0.7) that could be used to convert plasma selemum concentration to predicted
toenail values [J.S. Morris, unpublished data]. In this figure, toenail selentum equivalents
(ppm) = serum selenium concentration (pg/L) x 0.0067.

Fig. 6. (Continued)

stomach cancer was lower in Dutch women with low
selenium compared to those with high selenium status
[37].

4.4. Pancreatic cancer

Data from both Finland [16] and the United States
[38] showed statistically significant sex-based differ-

ences in the association between selenium status and
risk of pancreatic cancer (Fig. 4).

4.5. Urinary tract cancer

The relationship between selenium and risk of uri-
nary tract cancer in Finnish men and women supported
the hypothesis that there are sex-based differences in
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Table 2

Factors used in prospective studies for matching cases with controls and for multivariate analysis of the association between cancer risk

and selenium status

Cohort Factors Other
Sex Age Smoking Sample
status collection
Belgium
Kornitzer et al. [20] v o Body mass index; intake of alcohol, total energy.
total fat, saturated fat, dictary fiber. retinol, and
Vitamin C
China
Mark et al. [42] v v
Finland
Salonen et al. [12] v v v
Knekt et al. [16] v v v Residence
Japan
Ujiie and Kikuchi [18] v v Residence
Netherlands
Kok et al. [11] v v '
van Noord et al. [30] v v v Residence, premenopausal status
van den Brandt et al. [22,33,36,37] v v v v Education level; intake of alcohol and energy (33],
beta-carotene and Vitamin C [37]
Norway
Ringstad et al. [17] v v v v Residence
USA
Willett et al. [13] v v v v Initial blood pressure, antihypertensive medication,
randomization, parity and menopausal status
(women)
Burney et al. [38] v v Race
Hunter et al. [34] v v v Intake of alcohof
Garland et al. [21] ' v v Toenail weight, laboratory batch
Comstock et al. [35)] v v v VA
Yoshizawa et al. [23] v v v v Body mass index. residence; intake of lycopene,
saturated fat and calcium
Dorgan et al. [29] v ' v v Body mass index, time of diagnosis, total serum
cholesterol
Nomura et al. [26] v v v v Subgroups
Helzlsouer et al. [27] v v v Race
Brooks et al. [28] v v v v Body mass index, intake of alcohol
Goodman et al. [25] v v v & Year of randomization, intervention arm, exposure

population

the anticarcinogenic effects of selenium [16] (Fig. 5).
Males with low serum selenium had a non-significant
increased relative risk of .2 compared to males with
high selenium status. However, females with low
serum selenium had an 80% decreased urinary tract
cancer risk (P = 0.06) compared to females with high
selenium status.

4.6. Non-melanorma skin cancer

Men in the Finnish cohort [16] who had the low-
est serum selenium had a non-significant two-fold in-
creased skin cancer risk. In contrast, females with low
serum selenium had a non-significant 40% decreased
risk of skin cancer (Fig. 5).
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5. Results of the Nutritional Cancer Prevention
Trial

In 1983, Clark et al. [9] launched the Nutritional
Cancer Prevention Trial (NCPT) to determine whether
daily selenium supplementation with sclenium would
significantly decrease the incidence of cancer in pa-
tients with non-melanoma skin cancer. In the NCPT,
1312 participants (980 men, 332 women) were ran-
domized to treatment groups that received placebo or
200 p.g selenium daily in the form of high selenium
yeast.? When data from the entire blinded treatment
period were analyzed [39], men receiving selenium
supplementation had a 33% reduction in overall cancer
incidence [hazard ratio (95% CI) = 0.67 (0.50-0.89;
P = 0.005]. In contrast, women who received sup-
plementation had a non-significant increase in total
cancer incidence [hazard ratio = 1.20 (0.66-2.20; P
= 0.55]. The apparent cancer protective effect of sele-
nium supplementation was limited to males, even after
adjusting for age and smoking status. Selenium sup-
plementation was associated with a 26% reduction in
risk of lung cancer and a 54% reduction in risk of col-
orectal cancer, but these results were not statistically
significant after a mean of 7.4 years follow-up. How-
cver, the significant reduction in prostate cancer that
was originally reported remained highly significant
(52% reduction; P = 0.005) [40]. Low baseline sele-
nium status prior to supplementation was an impor-
tant predictor of the prostate cancer protective effects
of dietary selenium supplementation {39,40]. It is in-
teresting to note that selenium supplementation was
associated with a non-significant increase in the inci-
dence of five cancer types: melanoma, bladder, breast,
head and neck, and lymphoma/leukemia [39].

Taken together, the results of this interventional trial
support the hypothesis that overall cancer incidence in
men may be more responsive to changes in selenium
status than in women. However, a balanced interpre-
tation of the NCPT results must consider that neither
overall cancer mortality nor site-specific cancer inci-
dence (with the exception of non-melanoma skin can-
cer) were primary endpoints of the study. Moreover,
this trial was not adequately powered to detect a can-

2 High sclenium yeast contains a cocktail of different organic
selenium compounds; selenomethionine is the most abundant form
of selenium in this supplement.

cer protective effect in women because 75% of the
participants were men.

6. Results of the General Population Trial
(Linxian, China)

From 1986 to 1991, the General Population Trial
was conducted in Linxian, China to determine if nu-
tritional supplementation could significantly reduce
cancer incidence, cancer mortality, or overall mor-
tality [41]. Twenty-nine thousand five hundred and
eighty-four adults were randomized to receive placebo
or one of seven different combinations of nutrient sup-
plements. Compared with the placebo group, a signifi-
cant 13% reduction in overall cancer mortality was ob-
served in the group receiving Factor D, a supplement
containing selenium (50 pg) in the form of selenized
yeast, B-carotene (15 mg), and a-tocopherol (30 mg).
However, no information was provided on whether
men and women receiving this selenium-containing
supplement experienced equivalent cancer protective
effects.

Recently, Mark et al. {42] analyzed the relationship
between pre-trial (baseline) serum selenium concen-
tration and subsequent risk of developing esophageal
and gastric cancer in the participants of the Gen-
eral Population Trial. Low baseline selenium status
was associated with a significant increase in risk of
esophageal cancer [RR = 1.8 (1.4-2.3)] and cancer
of the gastric cardia [RR = 2.1 (1.5-3.0)], but not
cancers affecting the non-cardiac region of the stom-
ach [RR = 0.9 (0.5-1.8)]. Relative risk estimates for
cancers at these three sites were nearly identical in
men and women. Interestingly, among individuals
with low baseline selenium status, the high risk of
esophageal and gastric cardia cancers was not sig-
nificantly influenced by selenium treatment, i.e. the
development of incident cancers was similar in the se-
lenium supplemented and non-supplemented groups.
Apparently, the high risk of cancer associated with
low selenium status could not be reduced by daily
supplementation with 50 g of selenium.?

¥ This level of supplementation resulted in a more than two-fold
increase in total daily selenium intake because the estimated sele-
nium intake in residents of Linxian was 36-42 pug selenium/day
[43].
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The results of the General Population Trial do not
support the hypothesis that there are differences be-
tween men and women in the association between low
selenium status and subsequent cancer risk. However,
the epidemic rate of esophageal and gastric cancer
(these sites accounted for 87% of all cancer deaths)
and consistently low concentration of several micronu-
trients in the inhabitants of Linxian make it difficult
to generalize these findings to Western populations
[44].

7. Other studies

To determine whether the overarching hypothesis—
that low selenium status has a stronger association
with cancer risk in men than in women—was re-
futed by other prospective studies, we also reviewed
studies that were restricted to males or females as
well as those that included both men and women
in which analysis of sex-specific cancer risk was
not reported. These included 24 reports relating
pre-diagnostic selenium concentration in blood or toe-
nails to subsequent cancer incidence at the following
anatomic sites: stomach, colon, rectum, or gastroin-
testinal; lung or respiratory;, lymphoma, leukemia,
or hematologic; urinary bladder and other urogen-
ital; skin (squamous cell or basal cell carcinoma,
melanoma); oropharyngeal; hepatocellular carcinoma;
cervical and ovarian; all sites [19,45-66]. Nine of
these studies had exclusively or predominately males
[45-53] and three studies had exclusively females
[54-56]. In the remaining studies, sex-based anal-
ysis was not reported [57-64] or was incomplete
[19,65-67].

Although the results of these studies varied, none
persuasively argued against the hypothesis. However,
conclusions based upon a survey of the literature may
overestimate real differences in the relationship be-
tween selenium and cancer risk in men and women.
There may have been no significant differences in
the association between selenium status and cancer
risk in men and women in studies in which results
of sex-based analysis were not reported. We also
recognize that there is inherent bias which favors
publication of significant rather than non-significant
results.

8. Potential underlying explanations for
the apparent sex-based differences in the
anticarcinogenic effects of selenium

8.1. Sex-specific cancers affecting men and women
may differ in their response to selenium

Differences in the association between selenium sta-
tus and total cancer incidence in men and women
may reflect that certain sex-specific cancers of men
(e.g. prostate cancer) are selenium responsive, whereas
those aftecting women (e.g. breast cancer) are insensi-
tive to changes in selenium status. However, Garland
et al. [21] showed a null association between selenium
status and the incidence of 503 non-breast cancers in
women of the Nurses Health Study. This suggests that
breast cancer cannot solely account for the weak asso-
ciation observed between selenium status and overall
cancer incidence in women.

8.2. Sex-based differences in tumor biology

Growing evidence suggests there are sex-based dif-
ferences in the biology of particular types of cancer
that affect both men and women [68]. For example,
the frequency of G to T transversions in the pS3 tumor
suppressor gene are higher in the lung cancers of fe-
male smokers than in male smokers [69]. After adjust-
ing for smoking exposure, non-tumorous lung tissue
of women had higher levels of DNA adducts than lung
tissue from men [70]. It has been speculated that some
of the sex-based differences in tumor biology might re-
flect a diminished DNA repair capacity in women [71].
It is plausible that sex-based differences in selenium’s
effects on cancer incidence are the consequence of
differences in certain tumor cell or host factors that
favor cancer progression in men and women. A more
complete understanding of the molecular and cellular
biological differences between the cancers of men and
women could help to clucidate the specific mecha-
nisms by which selenium exerts its anticancer effects.

8.3. Sex-based differences in the dose—response
relationship between selenium and cancer prevention

The dose-response for the anticarcinogenic effect
of selenium may be significantly modified by sex or
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gender-related factors. If this hypothesis is correct, the
level of selenium that minimizes cancer risk would be
different in men and women. Indeed, in some studies
[16,37], women with the lowest selenium levels had
the lowest risk for colorectal, stomach, urinary tract,
and non-melanoma skin cancers. Analysis of data
collected from four Canadian provinces suggested
that men and women have non-linear dose-response
relationships that are not superimposable [72]. In the
Canadian study, the slope of the regression between
estimated age-adjusted cancer death rates (all sites)
and toenail selenium concentration was steeper for
males, indicating that estimated cancer mortality in
men was more strongly influenced by incremental
changes in selenium status [72]. Sizeable interna-
tional differences in selenium status (i.e. tocnail
sclenium levels in the low selenium status group
within cohorts from Finland, Netherlands, and United
States were <0.33, <0.50, and <0.9] ppm, respec-
tively; Fig. 6) provide an opportunity to determine
whether selenium’s influence on cancer incidence
is strengthened or abrogated within populations that
have relatively low selenium intake.

8.4, Sex-based differences in metabolism or tissue
distribution of selenium

From animal studies, it is apparent that there are
sex-based differences in the metabolism and tissue
concentrations of selenium [73]. The vulnerability of
dogs and rodents to the toxicity of selenium com-
pounds is influenced by sex: males were more sensi-
tive than females to the toxic effects of intragastric or
oral doses of L-selenomethionine [74]. Interestingly,
in some rat studies, sex-based differences in toxicity
were observed despite equivalent plasma concentra-
tions in males and females [74].

Population-based studies reveal differences in the
toenail selenium concentration of men and women,
suggesting that the biodistribution of dietary sele-
nium in humans is influenced by sex-based factors.
Mean toenail selenium level in men was lower than
in women in the Netherlands [75], Canada [72], and
United States [76]. It is unclear whether high concen-
trations of selenium harbored within “priority tissues”
of the male reproductive tract contribute to the lower
toenail selenium concentrations seen in men. It is
unlikely that the sex-based differences in selenium

status can be explained by higher dietary selenium
intake in women. Whole body residence time of sele-
nium has been estimated by Patterson et al. [77] to be
greater in men than in women. Also, urinary excretion
of selenium per kilogram of body weight in ferales
may be higher than in males [78]. However, in con-
tradiction to the aforementioned studies, analysis of
7102 male and 7517 female participants in NHANES
III showed that mean serum selenium concentration
was slightly higher in men (men = 124 pg/L versus
women = 122 pg/L; P < 0.0001) [79].

Although unproven, men and women may differ
in the rate of formation or tissue distribution of cer-
tain anticarcinogenic metabolites [6] of selenium. This
raises an important methodologic issue because mea-
surement of total selenium concentration within nails
or blood may be an insensitive means of detecting
individual differences in the concentration of cancer
fighting selenium metabolites.

8.5. Sex-based differences in the interaction between
selenium and other factors

There may be differences between men and women
in the extent to which selenium status is influenced
by confounding variables, such as health-related be-
haviors or dietary intake of other nutrients. For ex-
ample, alcohol consumption was positively associated
with serum selenium in women, but not in the men
of NHANES III [79]. Also, the inverse association
between toenail selenium concentration and smoking
was reported to be stronger in men than in women [75].

9. Knowledge gaps and summary

In a recent review of the epidemiology of selenium
and human cancer, Vinceti et al. [7] stated that “the
relationship between the trace element selenium and
the etiology of human cancer in humans remains elu-
sive and intriguing”. In order to understand the role
that selenium plays in cancer protection, the biological
factors and methodological issues contributing to the
inconsistency of the epidemiological cvidence linking
low selenium status and increased cancer risk must
be identified. In this survey, we evaluated the strength
of evidence supporting the hypothesis that there are
sex-based differences in the anticarcinogenic effects of
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selenium. We conclude that, in general, the data sup-
port the hypothesis that cancer risk in men is more pro-
foundly infiluenced by selenium status than in women.
However, our analysis revealed relatively few infor-
mative prospective studies that directly compared the
association between selenium and cancer risk in men
and women. This was particularly true for men and
women living in the United States. The most consis-
tent sex-based difference within Western populations
was the association between low selenium status and
cancer incidence at all sites, and in particular, the can-
cers of the stomach and pancreas. Data supporting a
difference in men and women was weakest for col-
orectal cancer. The influence of sex on the anticancer
effects of selenium has not been extensively evaluated
in animal tumor models. Relevant hypotheses could
be formally tested using the most appropriate animal
models and selenium doses relevant to human popu-
lations [80].

In several published studies [57—64], the results
from sex-specific analysis of cancer incidence were
not reported. Future studies should report the results
of these analyses, even if no differences between men
and women are found. All analyses should appropri-
ately consider potential confounding variables, such
as age and smoking status. Clearly, a more complete
understanding of the extent to which sex modifies the
influence of nutritional status (and other factors) on
cancer risk is needed to establish sound health recom-
mendations.

Finally, the anticarcinogenic dose~response of most
cancer-fighting nutrients is unknown. It is doubtful
that observational data from cohort studies can reli-
ably predict the cancer risk reduction achievable with
high doses of nutrient supplements, because the ex-
pected nutrient levels in supplement users are likely to
exceed the range seen in the general population [25].
As scientists and clinicians seek to identify the dietary
intake of selenium that minimizes cancer risk, it will
be important to determine whether the dose-response
relationship between selenium and anticarcinogene-
sis is non-linear [81,82]. A non-linear dose-response
predicts that not all persons will benefit from increas-
ing their selenium intake through daily supplementa-
tion. The possibility that the anticarcinogenic effects
of selenium may differ significantly between men and
women contributes further to the complexity of this
already challenging area of inquiry.
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Effects of Dietary Selenium
Supplementation on DNA
Damage and Apoptosis in
Canine Prostate

David J. Waters, Shuren Shen,
Dawn M. Cooley, David G.
Bostwick, Jungi Qian, Gerald F.
Combs, Jr., Lawrence T. Glickman,
Carol Oteham, Deborah Schlittler,
J. Steven Morris

The trace mineral selenium inhib-
its cancer development in a variety of
experimental animal models. We used
an in vivo canine model to evaluate
the effects of dietary selenium supple-
mentation on DNA damage in pros-
tate tissue and on apoptosis in pros-
tate epithelial cells. Sexually intact
elderly male beagle dogs were ran-
domly assigned to receive an un-
supplemented diet (control group) or
diets that were supplemented with se-
lenium (treatment group), either as
selenomethionine or as high-selenium
yeast at 3 ug/kg or 6 pg/kg body
weight per day for 7 months. The ex-
tent of DNA damage in prostate cells
and in peripheral blood lymphocytes,
as determined by the alkaline comet
assay, was lower among the selenium-
supplemented dogs than among the
control dogs (prostate P<.001; periph-
eral blood lymphocytes P = .003;
analysis of variance) but was not as-
sociated with the activity of the anti-
oxidant enzyme glutathione peroxi-
dase in plasma. The median number
of terminal deoxynucleotidyl transfer-
ase-mediated dUTP nick end-label-
ing-positive (i.e., apoptotic) prostate
epithelial cells was 3.7 (interquartile
range = 1.1-7.6) for the selenium-sup-
plemented dogs and 1.7 (interquartile
range = 0.2-2.8) for the control dogs
(P = .04, Mann—Whitney U test).
These data suggest that dietary sele-
nium supplementation decreases
DNA damage and increases epithelial
cell apoptosis within the aging canine

prostate. [J Natl Cancer Inst 2003;95:
237-41]

Prostate cancer is the second leading
cause of cancer-related mortality among
men in the United States (/). Selenium,
an essential nutrient required for the ac-
tivities of a number of metabolically im-
portant enzymes, including the antioxi-
dant glutathione peroxidase. inhibits
cancer development in a variety of ex-
perimental animal models (2-4). In
2001, the National Cancer Institute ini-
tiated the Selenium and Vitamin E Pros-
tate Cancer Prevention Trial (SELECT)
to evaluate whether daily dietary supple-
mentation with selenium and/or vitamin
E decreases the incidence of prostate
cancer. However, it is not known what
dietary form or dose of selenium might
ofter the most potent cancer-protective
effects.

Selenium-dependent glutathione per-
oxidase and thioredoxin reductase pro-
tect the body from the endogenous prod-
ucts of cellular metabolism that have
been implicated in DNA damage, muta-
genesis, and carcinogenesis (5-7). A
shift in the pro-oxidant—antioxidant bal-
ance within the prostate has been pro-
posed as a factor that contributes to
prostate carcinogenesis (8—//). We hy-
pothesized that selenium supplementa-
tion exerts its anticarcinogenic effect by
reducing the naturally occurring geno-
toxic stress within the aging prostate.
Because the influence of aging on pros-
tate cancer development is similar in
dogs and humans, the only two species
in which prostate cancer occurs sponta-
neously with appreciable frequency
(12,13), we examined the effects of di-
etary selenium supplementation on
DNA damage and apoptosis in elderly
beagle dogs that were physiologically
equivalent to 62- to 69-year-old men
and free of prostate cancer.

Forty-nine elderly (i.e., 8.5- to 10.5-
year-old) sexually intact male, retired
breeder dogs weighing 9-18 kg were
purchased from a local supplier. After 4
weeks of acclimation, the dogs were
randomly assigned to the control group
(n = 10 dogs), which was fed a main-
tenance diet that contained 0.3 ppm se-
lenium (Science Diet® Canine Mainte-
nance; Hills Pet Nutrition, Inc., Topeka,
KS), or to one of the four daily treatment
groups, which received either the main-
tenance diet plus 3 pg/kg/day selenome-
thionine (Solgar Vitamin and Herb, Leo-
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nia, NJ) (n = 10 dogs). 6 wg/kg/day
selenomethionine (n = 10 dogs), 3 g/
kg/day high-selenium yeast (SelenoEx-
cell®; Cypress Systems, Fresno, CA)
(n = 10 dogs), or 6 wg/kg/day high-
selenium yeast (n = 9 dogs). The daily
selenium intake for the dogs in the con-
trol group was approximately 6 pg/kg
body weight. All dogs had nutritionally
adequate selenium status prior to the
start of the experiment |mean pretreat-
ment plasma selenium concentration
(14) was 275 ng/mL (range = 228-339
ng/mL)]. The dogs were fed their re-
spective diets for 7 months. At the end
of that period, peripheral blood lympho-
cytes were harvested from whole blood
(15-17) that was obtained from each
dog, and the dogs were then euthanized
in accordance with guidelines set forth
by the American Veterinary Medical
Association Panel on Euthanasia (/8).
The prostate was collected in toto from
each dog within 15 minutes after eutha-
nasia. Prostate tissue (50-80 mg) was
harvested fresh to prepare prostate cell
suspensions for alkaline comet assay.
The remaining prostate was fixed in for-
malin, embedded in paraffin, and step-
sectioned at 4-mm intervals.

The extent of DNA damage in pros-
tate cells and in peripheral blood lym-
phocytes was measured by single-cell
gel electrophoresis (alkaline comet as-
say) (19). The extent of DNA damage
was visually scored in 100 randomly se-
lected cells from each sample using pre-
viously described criteria (20,21) (Fig.
I. A). The ApopTag'™ peroxidase in
situ apoptosis detection kit (Intergen,
Inc.. Purchase, NY) and a modification
of the terminal deoxynucleotidyl trans-
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Fig. 1. DNA damage in
prostate cells and periph- A
cral blood lymphocytes
(PBLs) from control dogs
and dogs that received daily
selenium supplementation.
A) Extent of DNA damage
in prostate cells and PBLs was
measured by single-cell gel
electrophoresis (alkaline
comet assay) as described
by Singh et al. (/9). Under
the assay conditions used in
this experiment. comet tails
reflect the electrophoretic
migration of DNA fragments
that result from strand breaks,
alkali-labile sites, crosslinks,
or base excision repair sites
(19). Extent of DNA damage
was scored in 100 randomly
selected cells from each
sample (50 cells from sev-
eral different fields from
each of two replicate slides)
by an examiner who was
hlinded to treatment group.
Each cell was visually scored 100 -
as previously described (20,

o]

21) according to the follow-
ing criteria: no damage (type
0), mild to moderate damage
(type 1 and type 2). and ex-
tensive DNA damage (type 3
and type 4). Extent of DNA
damage within prostate cells
or PBLs was expressed as
the percentage of cells with
extensive DNA damage (the
total number of cells that dis-
played type 3 or type 4 DNA
damage). B) DNA damage
in prostate cefls. Within 15
minutes of cuthanasia, the
prostate was collected from

80 -

60

40 -

% of prostate cells with extensive DNA damage

@]

cach dog at necropsy. and 30
50-80 mg of prostate tissue |
was placed in [ mL of cold
Hanks™ balanced salt solu-
tion containing 20 maf EDTA
and 10% dimethy! sulfoxide
(DMSO) (24). One dog in
the control group had a tis-

251

20 1

sue sample that was insuffi-
cient for further analysis.
Tissue was then minced with
fine scissors, and 50 pL of
the resulting cell suspension
was mixed with [ mL of
RPMI-1640 medium con-
taining 10% fetal bovine
serum for subsequent elec-
trophoresis. Cytospin prepa-

% of PBLs with extensive DNA damage
@

04—

Cells have mild to moderate DNA damage

Type 3

Cells have extensive DNA damage

Type 0
No DNA damage

Type 1

Type 2

Type 4

Selenium

Control
i supplemented
(n=9 dogs) (n=39 dogs)

Control Selenium
(n=10 dogs) supplemented
{n=39 dogs)

rations of the cell suspen-

sions indicated that greater than 90% of the cells had
an epithelial morphology: the mean percentage of
viable cells, as estimated by the trypan blue ex-
clusion assay, was 80%. Bars = mean percentage
(and the upper 95% confidence interval) of prostate
cells that displayed type 3 or type 4 DNA damage.
C) DNA damage in PBLs. PBLs were freshly har-
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vested from whole blood (/5-7/7) that was ob-
tained from each dog after 7 months of treatment
and prior to euthanasia. Cytospin preparations
confirmed that more than 90% of the cells in this
enriched cell population were lymphocytes; mean
percentage of viable cells, as estimated by the
trypan blue exclusion assay. was 91%.

ferase-mediated dUTP nick end-
labeling (TUNEL) method (22) were -
used to determine the frequency of ap-
optosis within sections of dog prostatic
tissue. Histopathologic cvaluation of
formalin-fixed, step-sectioned prostate
tissue sections stained with hematoxylin
and eosin revealed no foci of carcinoma
in any of the dogs. The activity ol sele-
nium-dependent glutathione peroxidasc
in plasma collected immedialely prior Lo
euthanasia was assayed by the method
of Lawrence and Burk (23) using 0.25
mM H,0, as the acceptor substrate. All
aspects of this experimental protocol
were approved by the Purdue University
Animal Care and Use Committee.

Analysis of variance was used 1o de-
termine the statistical significance of
differences between the control dogs
and the selenium-supplemented dogs in
the extent of DNA damage in prostate
cells or peripheral blood lymphocytes
after 7 months on the respective diets.
Because no consistent differences in ef-
fects were observed with respect to the
different forms or doses of selenium the
dogs received, in all analyses control
dogs were compared with all sclenium-
supplemented dogs. The median number
of apoptotic epithelial cells within pros-
tate tissue sections from control and se-
lenium-supplemented dogs per x200 mi-
croscope field were compared with the
use of the Mann—Whitney U test. Fish-
er’s exact test was used to compare the
percentage of dogs in each treatment
group that had more than 30 apoptotic
cells per x200 microscope field. This
cutoff point represented a level of apo-
ptosis that exceeded the mean number
plus three standard deviations of apo-
ptotic cells in prostate samples from
dogs fed the control diet. A P value of
less than .05 was considered statistically
significant, and all tests of statistical sig-
nificance were two-sided.

After 7 months of treatment, the per-
centage of prostate epithelial cells and
peripheral blood lymphocytes with ex-
tensive (i.e., types 3 and 4, Fig. |) DNA
damage was statistically significantly
fower in the selenium-supplemented
dogs than in the control dogs (mean per-
centage of prostate cells with extensive
DNA damage was 79.1% for the control
group and 57.2% for the selenium-
treated group [difference = 21.9%,
95% confidence interval [CI] 13.6%
to 30.1%, P<.001}; mean percentage of
peripheral blood lymphocytes with ex-
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_ tensive DNA damage was 20.7% for the
control group and 15.9% for the seleni-
um-treated group [difference = 4.8%,
95% Cl = 1.7% to 7.9%. P = .003])
(Fig. 1, B and C). The mean percentage
of prostate cells with extensive DNA
damage in dogs in each of the four se-
lenium treatment groups was statisti-
cally significantly lower than it was in
dogs in the control group (mean percent-
age of prostate cells with extensive

dogs and 49.1% for dogs receiving 6 g/
kg/day high-selenium yeast [difference
= 30.0%. 95% CI = 23.8% to 36.2%,
P<.0011; 56.9% for dogs receiving 3 pg/
kg/day high-selenium yeast [difference
= 22.2%, 95% CI = 13.5% to 30.9%,
P = .003]; 63.9% for dogs receiving 6
wg/kg/day selenomethionine [difference
= 15.2%, 95% Cl = 4.0% to 26.4%,
P = .01]: and 58.1% for dogs receiving
3 wg/kg/day selenomethionine [differ-

28.5%, P<.001]). After 7 months of
treatment, the mean (+ standard devia-
tion) glutathione peroxidase activity in
plasma of control dogs that received
a selenium-adequate diet was 25.5
+ 6.1 nm/mg protein, which was not |
statistically significantly different from
the mean glutathione peroxidase activity
in plasma of selenium-treated dogs
(P>.05).

A very low level of apoptosis was

Se supplemented
(n=38 dogs)

Control
{n=10 dogs)

DNA damage was 79.1% for control | ence = 21.0%, 95% CI = 13.5% to ' observed within prostate cells from the
| A
20
=}
2 18
é P ——————
2 16“
g’ 14 1
3
= 121
T
% 10
8
& &
g —— L
P
B 2]
3
£ 0
zZ,

Fig. 2. Prostatic epithelial cell apoptosis in control dogs and dogs receiving daily
selenium supplementation. A modified terminal deoxynucleotidy! transferase—
mediated dUTP nick end-labeling (TUNEL) method was used to measure pros-
tatic epithelial cell apoptosis in situ in formalin-fixed tissue specimens (22). For
each dog, the number of prostate epithelial cells with positive nuclear staining
was counted in randomly selected, noncontiguous, X200 microscopic fields. An
average of 23 fields in one tissue section was evaluated for each dog. Immu-
nopositive stromal cells, inflammatory cells, or epithelial cells that were shed
into the acinar lumen were not counted. Microscopic fields that contained areas
that displayed intense inflammation were not scored. A) Data are displayed in a
box and whisker plot (prostate tissue from one selenium-supplemented dog did
not react to staining). The center horizontal line indicates the median value

Journal of the National Cancer Institute, Vol. 95, No. 3. February 5, 2003

for each group. The length of each box (interquartile range) indicates the
range of the central 50% of values, with the box edges placed at the first and
third quartiles. Whiskers (the lines extending beyond the box) show the
range of observed values that are within 1.5 times the interquartile range.
Panels B, C, and D) Representative photomicrographs of TUNEL-stained
prostate tissue from a control dog (B) and a selenium-treated dog (C) dem-
onstrate the increased number of epithelial cells with TUNEL-positive
nuclear staining (brown) associated with selenium treatment. Panel D shows
a region of markedly increased apoptosis (“hot spot™) within the prostate of
a selenium-treated dog. In each of these x200 photomicrographs, the scale
bar = 50 pum.

BRIEF COMMUNICATION 239



10 control dogs (median number of
TUNEL-positive epithelial cells/x200
field = 1.7 cells; interquartile range =
0.2-2.8 cells) (Fig. 2, B). By contrast,
38 dogs treated with selenium for 7
months had an approximately twofold
increase in the median number of apo-
ptotic cells per field compared with con-
trol dogs (median = 3.7 cells; range =
[.1-7.6 cells) (P = .04) (Fig. 2, A
and C). Foci of increased apoptosis
(Le., apoptotic hot spots), which were
defined as those microscopic fields in
which there were more than 30 apo-
ptotic cells, were present in prostate tis-
sue sections from 16 (42%) of 38 sele-
nium-supplemented dogs (Fig. 2, D) but
in prostate tissue sections from only one
(10%) of 10 control dogs (P = .07).
There were also no statistically sig-
nificant differences between the two
groups of dogs when the cutoff point
for apoptotic hotspots was 20, 40, or
50 apoptotic cells per x200 micro-
scope field (P = .07 for each cutoff
point).

Our results show that daily supple-
mentation with nontoxic doses of sele-
nium is associated with a decrease in the
steady-state level of DNA damage and
an increase in epithelial cell apoptosis
within the aging canine prostate. Impor-
tantly, these effects of selenium supple-
mentation were observed in dogs that
had no histologic evidence of prostate
cancer and that were of a comparable
physiologic age to that of men enrolled
in SELECT. We used the alkaline comet
assay as a simple, robust method to as-
sess DNA integrity in prostate cells to
measure the effect of nutritional inter-
vention on the level of genotoxic stress
within the prostate. Two different forms
and doses of selenium were consistently
associated with a reduction in the
steady-state level of DNA damage
within the prostate of elderly dogs to
levels lower than those measured in the
prostate of young adult dogs (data not
shown). These biologic responses within
the canine prostate were accompanied
by statistically significant increases in
plasma and toenail selenium concentra-
tions over the treatment period (data not
shown). At the end of the study, mean
concentration of selenium in toenails
collected trom selenium-treated dogs
was roughly equivalent to the average
selenium level found in toenails of men
in the Health Professionals Study (data
not shown) (25).
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The specific mechanism by which se-
lenium supplementation exerts its anti-
carcinogenic effect on the prostate is un-
known (26,27). A reduction in the
steady-state level of DNA damage
within prostatic epithelial cells could re-
sult from a decrease in the rate of DNA
damage formation, an increase in the
rate or efficiency of DNA damage repair
(28), or the preferential elimination of
epithelial cells that have the most exten-
sive DNA damage. With regard to the
latter possibility, selenium has been
shown to induce apoptosis in several in
vitro models of cancer (27,29-32). Our
data support the hypothesis that seleni-
um sensitizes prostatic epithelial cells
with extensive DNA damage to apopto-
sis in vivo. Our data also suggest that the
effects of selenium on the level of DNA
damage are independent of the effects of
selenium supplementation on glutathi-
one peroxidase activity. This observa-
tion in dogs is consistent with data from
a randomized clinical trial of selenium
supplementation in humans (/4), in
which a 63% reduction in prostate can-
cer incidence was observed in selenium-
supplemented men who already had
maximal expression of plasma glutathi-
one peroxidase prior fo intervention
(Combs GF Jr, Clark LC: unpublished
data).

In summary, daily supplementation
with nontoxic doses of selenomethio-
nine or high-selenium yeast given prior
to the development of carcinoma is as-
sociated with a reduction in the accumu-
lation of genotoxic damage within the
aging canine prostate. Therefore, seleni-
um may benefit the aging prostate by
decreasing the accumulation of DNA
damage in epithelial cells even before
these cells show cytologic changes sug-
gestive of malignancy. We believe that
DNA damage and apoptosis are seleni-
um-responsive events that may be im-
portant regulatory points in multistep
prostatic carcinogenesis. Further study
of the process of carcinogenesis within
the prostate of animal species vulnerable
to spontaneous cancer development may
provide important insights into the puta-
tive anticancer mechanisms of selenium
and identify biomarkers that predict the
prostate’s response to selenium.
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