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Abstract

Background Zinc supplementation was hypothesized to have therapeutic potential against prostate cancer, but its influence
on prostate cancer incidence especially at high doses is controversial.

Methods A total of 47,240 men from the Health Professionals Follow-up Study were followed from 1986 to 2016. Men
reported their zinc supplement use at baseline and biennially thereafter. Clinical features of prostate cancer included stage,
grade, lethal and aggressive (T4 or N1 or M1 or Gleason 8—10) outcome. Multivariable Cox proportional hazards models
were used to evaluate the association between zinc supplement use and incidence of prostate cancer.

Results During a median follow-up of 28.3 years, we documented 6,980 incident prostate cancer cases including 1,053
lethal and 1,143 aggressive. Zinc supplement use was not associated with overall, localized, low- and intermediate-grade
prostate cancer. However, compared to never-users, men who used supplement zinc more than 75 mg/day were at higher risk
for lethal (HR: 1.76, 95% CI: 1.16-2.66, P,,.,q = 0.001) and aggressive prostate cancer (HR: 1.80, 95% CIL: 1.19-2.73, P...q
= 0.006). Similarly, men who took supplemental zinc for 15 or more years had a higher risk for lethal (HR: 1.91, 95% CI:
1.28-2.85, Py..nqg <0.001) and aggressive prostate cancer (HR: 1.55, 95% CI: 1.03-2.33, P,,.,q = 0.004).

Conclusion Zinc supplementation of more than 75 mg per day or over 15 years may substantially increase risk of lethal and

aggressive prostate cancer. Caution is warranted regarding excessive usage of zinc supplements among adult men.
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Introduction

Prostate cancer is the most common malignancy and the sec-
ond leading cause of cancer death among men in the United
States (US). Normal prostate tissue contains one of the
highest concentrations of zinc in the body, and mechanistic
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evidence indicates it is important for prostate health [1]. The
role of zinc in prostate cancer pathogenesis has not been elu-
cidated, but evidence suggests zinc can suppress angiogenic
and metastatic potential of malignant prostate cells [2].

The primary dietary sources of zinc are red meat, sea-
food, poultry, grains, and legumes. In the US, the recom-
mended dietary allowance (RDA) of zinc for men aged
19 or above is 11 mg/day [3]. In Europe, the Popula-
tion Reference Intakes (PRIs) of zinc by European Food
Safety Authority (EFSA) range from 7.5 to 12.7 mg/day
for women and from 9.4 to 16.3 mg/day for men, based on
phytate intakes observed in European population [4]. Most
Americans consume the recommended amounts of zinc [5]
however, 20-25% adults aged 60 years or older have inad-
equate zinc intakes [6]. Supplemental zinc use is common
among US adults, with prevalence ranging 30-39% from
1999 to 2014 [7, 8]. While typical doses of individual zinc
supplements are 30 to 50 mg/tablet, some supplements have
even higher dose, exceeding the RDA ten-fold. In fact, the
upper intake limits (UL) for zinc is 40 mg/day in US and
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25 mg/day by EFSA [3, 4]. The no observed adverse effect
level (NOAEL), which was the highest exposure level at
which no harmful effects were seen in the organ system
studied, was set to be 50 mg/day in both US and Europe [4,
9]. Anecdotally, use of dietary supplements including zinc is
increasing due to the COVID-19 pandemic in US and many
parts of the world [10—12], although current guidelines did
not authorize the use of any dietary supplements for the pre-
vention or management of COVID-19 [13].

Epidemiologic studies examining zinc and prostate can-
cer have had mixed results [ 14-22], and few examined sup-
plemental zinc specifically [23-27]. A 2016 meta-analysis
suggested a 10% increase in risk of prostate cancer for total
zinc intake, but not for supplemental zinc intake, which
showed strong evidence for heterogeneity among stud-
ies [28]. Previously in the Health Professionals Follow-up
Study (HPFS) with follow-up to 2000, we found that men
who used supplemental zinc > 100 mg/day or for > 10 years
had an increased risk of advanced prostate cancer [24]. With
an additional 16 years of follow-up, we aimed to further
evaluate zinc supplement use in relation to clinically rel-
evant prostate cancer. In a population expected to be zinc
sufficient, we hypothesized that high-dose, long-term zinc
supplement use may increase risk of aggressive prostate
cancer.

Methods
Study population

The HPFS is an ongoing prospective cohort study of 51,529
US male health professionals who enrolled in 1986 at age
of 40 to 75. Participants were mailed questionnaires at
baseline and biennially to collect updated information on
demographic, lifestyle factors, medical history, medication,
and disease outcome. Dietary information was collected
using a validated food frequency questionnaire (FFQ) of
approximately 130 food items at baseline and every 4 years
thereafter [29, 30]. Follow up rates exceeded 90% for each
questionnaire cycle. The study protocol was approved by
the institutional review boards of the Harvard T.H. Chan
School of Public Health, and those of participating regis-
tries as required.

Assessment of zinc supplement and dietary zinc

Participants provided detailed information on use and dos-
age of selected supplements every two years since 1986
[31]. At baseline, participants were asked to identify them-

selves as “never-user”, “past only” or “current regular user”
for zinc supplement. Current users further provided duration
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of use (0-1, 24, 5-9 or > 10 years) and amount per day
(pre-defined four levels: < 25, 25-74, 75-100, > 101 mg/d).
Current use status (yes, no) and dosage was updated at
each subsequent biennial questionnaire. Never-users were
defined as participants who had never reported supplement
zinc use up to each questionnaire cycle. Men who reported
current supplement zinc use but missing dosage (<2.0% for
each questionnaire cycle) were assigned the most common
dosage level (25-74 mg/d). At baseline, we assumed men
who answered supplement section questionnaire but did
not respond (yes/no) to zinc supplement question (7.2%) as
never-users. The duration of zinc supplement use was cal-
culated based on reported duration at baseline and updated
with subsequent response to current use status. Men who
reported supplement zinc current use but missing duration
at baseline (1.5%) were assigned the most common duration
category (2—4 years).

Dietary zinc intake was assessed repeatedly by FFQs in
which participants were asked how often, on average, they
consumed each food of a standard portion size during the
previous year. Daily intake of zinc was calculated by multi-
plying the reported frequency of consumption of each item
by its zinc content, summing across from all foods, and
adjusting for total caloric intake using the nutrient residual
methods [32]. The validity of zinc intake by these health
professionals was confirmed with validation studies using
dietary records (Pearson correlation is 0.71) [29].

Ascertainment of prostate cancer cases

Diagnoses of prostate cancer were initially self-reported on
biennial questionnaires by participants and confirmed by
review of medical records and pathology reports. Clinical
and pathologic stage, Gleason score, and prostate cancer
progression (i.e., distant metastases and biochemical recur-
rence) were collected by medical records and questionnaires
sent to prostate cancer survivors and their attending physi-
cians. Deaths were ascertained through reports by family
members, autopsy reports, and searches of National Death
Index. Underlying cause of death were determined by study
physicians based on all available data (including medical
records) and who were blinded to any exposure informa-
tion. Mortality ascertainment in the cohort is more than 98%
[33].

For overall prostate cancer endpoint, stage Tla cases
were excluded since they are incidentally diagnosed and
prone to detection bias. We classified clinical subtypes of
prostate cancer based on stage (localized, advanced), tumor
grade (low-grade, intermediate-grade, high-grade), lethal
(distant metastases or prostate cancer specific death) and
aggressive (T4 or N1 or M1 or Gleason 8-10) [34].
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Population for analysis

At baseline, we excluded participants who had a history of
cancer (other than nonmelanoma skin cancer), who did not
complete supplements questionnaire section, and those who
left more than 70 items blank on FFQ or reported implausi-
ble energy intake (< 800 or >4200 kcal/day). The remaining
47,240 men were included in current analysis.

Statistical analyses

Cox proportional hazards models were applied to estimate
the hazard ratios (HR’s) and 95% confidence intervals (CI’s)
for the association between zinc supplement use and risk of
prostate cancer. Person-time was calculated from return of
the baseline questionnaire until date of prostate cancer diag-
nosis, death, or end of follow-up (January 2017), which-
ever came first. Age in months and calendar year at start of
follow-up for each 2-year questionnaire cycle were used as
stratification variables in the model.

We evaluated zinc supplement by dosage (never-user,
past-user, 1-24, 25-74, >75 mg/day) and duration (never-
use, past use of any duration, 14, 5-9, 10-14, > 15 years).
Multivariable model included race, family history of pros-
tate cancer, prostate-specific antigen (PSA) testing in previ-
ous cycle, PSA testing in >50% of previous cycles, history
of diabetes, aspirin use, body mass index (BMI) at age 21,
current BMI, height, smoking, vigorous physical activ-
ity, total calories, red meat, tomato-based foods, fish, total
zinc intake without supplement and history of prostatitis
or prostatic infection. To control for potential confound-
ing from other supplements, we additionally adjusted for
multivitamin, selenium, vitamin A, vitamin E and number
of overall supplement use. Additional adjustment for his-
tory of negative biopsy did not affect the main estimates
and was excluded from multivariate models. The propor-
tional hazards assumption was verified by adding interac-
tions between the exposure and the time scale. Linear trends
across categories were evaluated using median of each cat-
egory as a continuous variable.

As our previous report followed up to 2000 [24], we fur-
ther examined the association starting from 2000 to 2016 to
assess if association persisted over independent follow-up
time. To address residual confounding from PSA screen-
ing, we examined the association separately during pre-PSA
(1986—-1994) and post-PSA era (1994-2016). To evaluate
potential latency and minimize possible reverse causation,
we assessed zinc supplement use reported at different laten-
cies (i.e. 24, 4-6, 6-8, 8—10, and 1012 years) before pros-
tate cancer diagnosis. For example, in 8—10 years latency
analysis, we examined the association of zinc supplement
use in 1990 with risk of prostate cancer between 1998 and

2000. We conducted stratified analysis by age of onset (< 65
vs. 265 years), dietary zinc intake (<11 vs. 211 mg/d), mul-
tivitamin use (non-users vs. users) and performed sensitivity
analysis by restricting to men with complete baseline infor-
mation on use, dosage, and duration of zinc supplements.

We further examined the association between cumula-
tive dosage and duration of zinc supplement use with risk
of prostate cancer. The cumulative dosage was calculated
by assigning median value for each dosage group and took
average dosage since baseline through the follow-up period.
The cumulative duration is similar to ‘pack-year’ cigarette
smoking, regardless their current use status of supplement
zinc. For example, if someone had taken zinc supplement
for 6 years but currently stopped, he was classified into 5-9-
year category. We also calculated the E-value to explore
contribution by unmeasured confounding [35, 36]. Finally,
we examined total zinc intake in relation to risk of prostate
cancer.

All analyses were performed using SAS version 9.4
(SAS Institute, Inc; Cary, NC) and results with a two-sided
p-value < 0.05 were considered statistically significant.

Results

During a median follow-up of 28.3 years, we documented
6,980 incident prostate cancer cases including 1,053 lethal
and 1,143 aggressive cases. Age-standardized characteris-
tics by dosage of supplemental zinc use in 1986 and 2000
were presented in Table 1. At baseline, zinc supplement
users of >75 mg/day had more vigorous physical activity
and were more likely to use other supplements. Similar pat-
terns were observed in 2000.

We did not find statistically significant associations for
zinc supplement and risk of overall, localized, low- or inter-
mediate-grade prostate cancer. However, men who took
zinc supplements of more than 75 mg/day were at increased
risk for lethal (HR [95% CIJ, 1.76 [1.16-2.66], Py g =
0.001) and aggressive (1.80 [1.19-2.73], Py.nq = 0.006)
prostate cancer compared to never-users (Table 2). In terms
of duration, men who took supplement zinc for 15 years or
more had increased risk for lethal (1.91 [1.28-2.85], Py.enq
<0.001) and aggressive prostate cancer (1.55 [1.03-2.33],
Peng = 0.004) compared to never-users (Table 3).

When stratified by dietary zinc intake (<11 vs. 211 mg/
day), supplemental zinc of > 101 mg/day or > 15 years were
associated with increased risk of lethal and aggressive pros-
tate cancer in both groups, while significant trend tests were
seen in high dietary zinc group but not the other (eTable
1). When examining associations for total zinc intake, com-
pared to men with total zinc intake of 12—15 mg/day, those
with zinc intake <9 mg/day had suggestively higher risk
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Table 1 Age-standardized characteristics of participants in the Health Professionals Follow-up Study by dosage of supplemental zinc use in 1986
and 2000

Characteristic Level of supplement zinc dosage, mg/day

1986 2000

Pastuse  Neveruse 1-24mg/d 25— >75mg/d Pastuse Neveruse 1-24mg/d 25— 275 mg/d

74 mg/d 74 mg/d

(n=3768) (n=37,699) (n=1984) (n=3105) (n=684) (n=6808) (n=25,335) (n=2239) (n=3613) (n=714)
Age in years, 53.5(9.5) 543(9.8) 56.4(9.6) 56.6(9.5) 56(9.1) 66.8(9.2) 66.1(9.2) 67.4(9.1) 68.1(9.0) 67.8(8.9)
mean (SD)
White race, % 95.4 95.7 95.8 96.4 96.0 96.2 95.6 95.9 95.7 97.2
Family history of  12.8 11.9 11.1 11.6 13.1 12.3 11.6 11.8 12.6 12.1
prostate cancer, %
History of pros- 16.9 12.1 14.4 15.7 14.4 16.1 11.6 15.2 15.7 16.8

tatitis or prostatic
infection in 1992,
%

PSAtestin 1994, 39.2 36.7 383 394 36.3 422 354 423 41.7 38.1
%

PSA test in 2000, 69.6 68.8 69.5 69.9 63.8 77.2 72.2 76.5 77.4 75.2
%

Ever had negative 10.7 9.5 10.3 10.1 10.0 11.1 8.9 10.0 11.1 9.7
biopsy in 1994, %

History of diabe- 3.5 32 2.6 2.9 4.4 8.1 8.6 8.1 8.1 9.6
tes, %

Current aspirin 30.6 28.7 34.1 33.6 34.7 40.6 38.1 40.6 394 39.0
use, %

BMlatage21in 23.0(2.9) 23.0(3.0) 22.8(2.6) 23.1(2.8) 232(3.1) 23.0(2.7) 23.1(229) 23.0(2.7) 233(3.1) 23.3(2.8)
kg/m2, mean (SD)

Current BMIinin 25.5(3.3) 25.6(3.3) 25.1(3.0) 252(3.2) 254(3.5) 26.1(3.7) 263(3.7) 259(3.4) 26.1(3.6) 26.5(3.9)
kg/m?, mean (SD)

Height in inches,  70.2 (2.8) 70.1(2.9) 70.2(2.7) 70.2(2.7) 70.4(2.9) 703(2.7) 70.1(2.8) 70.1(2.8) 70.3(2.8) 70.4(2.5)
mean (SD)

Current smoker, 8.6 9.9 7.9 8.0 10.2 49 58 3.8 4.0 5.8

%

Vigorous activity 6.4 (18.1) 6.1(19.5) 7.0(19.4) 7.1 (26.6) 8.4(24.8) 109 9.4 (14.6) 10.7 11.2 11.4
in MET-h/week, (15.0) (13.9) 14.7) (15.7)
mean (SD)?

Total calories in 1979 1985 (610) 2010 1970 1999 1964 1979 (545) 1993 1971 1987
kcal/d, mean (SD) (622) (609) (616) (654) (530) (536) (535) (569)
Total dietary zinc 13 (4) 13 (5) 13(3) 13 (4) 13 (4) 13(3) 13(3) 13(3) 13(3) 13 (2)
intake in mg/d,

mean (SD)®

Red meat in serv- 6.3 (4.9) 7.0(5.1) 59(4.9) 55@4.6) 5447 58(4.0) 6.6(4.3) 58(4.1) 55@4.1) 5842
ings/week, mean

(SD)

Tomato-based 48(3.6) 4.7(3.6) 48(3.5) 493.7) 50@4.0 5029 4929 50(29) 51(3.2) 53@3.0)
foods in servings/

week, mean (SD)

Fishin servings/ 2.5(2.2) 2.3(2.1) 27@23) 2925 3125 24(1.8) 2.2(1.7) 24(1.8) 25(19 25(1.9
week, mean (SD)

Current multivita-  32.9 27.2 64.5 60.6 65.9 74.5 54.1 82.1 79.6 76.3
min use, %

Current selenium 2.4 0.9 36.2 31.2 49.0 13.5 4.9 55.3 49.2 56.1
supplement use, %

Current vitamin A 5.9 1.6 45.7 36.7 53.2 6.5 2.5 40.6 30.0 359
supplement use, %

Current vitamin E  15.6 9.0 70.1 62.1 76.4 60.0 42.5 89.9 86.4 91.7

supplement use, %
# MET =Metabolic Equivalents of Task per week

® Without supplements. Nutrients were adjusted for total energy intake
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Table 2 Multivariable hazard ratios (and 95% confidence intervals, CI) of prostate cancer in relation to supplemental zinc dose (simple update) in
the Health Professionals Follow-up Study, 1986-2016

Risk of prostate cancer subtypes * Hazard Ratio (95% CI)
Never Past use 1-24 mg/d  25-74mg/d >75mg/d P for
use trend?

Overall prostate cancer, n 4365 1269 366 580 121

Model 1° 1.0 1.03 (0.96, 1.04(0.94, 1.04(0.95, 1.18(0.98, 0.08
1.10) 1.16) 1.14) 1.42)

Model 2¢ 1.0 1.00(0.92, 1.03(0.91, 1.03(0.92, 1.16(0.96, 0.16
1.07) 1.16) 1.14) 1.41)

Localized prostate cancer, n 3204 926 264 423 83

Model 1° 1.0 0.98 (0.91, 1.00(0.88, 1.02(0.92, 1.10(0.88, 0.39
1.06) 1.13) 1.14) 1.37)

Model 2° 1.0 0.95(0.87, 0.99(0.85, 1.01(0.89, 1.09(0.86, 0.39
1.04) 1.14) 1.14) 1.37)

Advanced prostate cancer, n 358 105 33 52 18

Model 1° 1.0 1.37(1.09, 1.34(0.93, 1.34(0.99, 2.36(1.45, <0.001
1.71) 1.92) 1.81) 3.84)

Model 2° 1.0 1.34(1.03, 1.37(0.90, 1.38(0.96, 2.43(1.42, 0.009
1.75) 2.09) 1.98) 4.16)

Low-grade, n 1732 488 136 203 54

Model 1° 1.0 0.99 (0.89, 0.95(0.79, 0.91(0.79, 1.32(1.00, 0.85
1.10) 1.13) 1.06) 1.73)

Model 2° 1.0 0.96 (0.85, 0.94(0.77, 0.90(0.75, 1.30(0.97, 0.65
1.08) 1.15) 1.06) 1.74)

Intermediate-grade, n 1352 432 125 203 26

Model 1° 1.0 1.07 (0.96, 1.15(0.96, 1.22(1.05, 0.86(0.58, 0.13
1.20) 1.39) 1.42) 1.28)

Model 2° 1.0 1.02 (0.89, 1.13(0.91, 1.19(0.99, 0.84(0.56, 0.56
1.16) 1.40) 1.42) 1.27)

High-grade, n 606 165 49 78 23

Model 1° 1.0 0.95(0.80, 1.00(0.74, 1.00(0.79, 1.55(1.01, 0.21
1.14) 1.34) 1.28) 2.36)

Model 2° 1.0 1.01 (0.82, 1.13(0.81, 1.15(0.86, 1.80(1.14, 0.01
1.24) 1.59) 1.53) 2.84)

Lethal prostate cancer, n 672 175 59 118 29

Model 1° 1.0 1.14(0.96, 1.17(0.89, 1.42(1.16, 1.84(1.26, <0.001
1.36) 1.54) 1.74) 2.70)

Model 2° 1.0 1.06 (0.86, 1.12(0.82, 1.38(1.07, 1.76(1.16, 0.001
1.30) 1.53) 1.76) 2.66)

Aggressive prostate cancer, n 745 204 66 100 28

Model 1° 1.0 1.04 (0.89, 1.14(0.88, 1.08(0.87, 1.58(1.08, 0.05
1.22) 1.47) 1.34) 2.32)

Model 2° 1.0 1.09 (0.90, 1.28(0.95, 1.22(0.94, 1.80(1.19, 0.006
1.31) 1.72) 1.57) 2.73)

# Overall cases: Tla excluded; Localized cases: stage T1 or T2 and N0, M0; Advanced cases: stage T3b, T4, N1, or M1; Low -grade cases: Glea-
son score 2—6; Intermediate-grade cases: Gleason score 7; High-grade cases: Gleason score 8—10; Lethal cases: distant metastases or prostate
cancer specific death; Aggressive cases: stage T4 or N1 or M1 or Gleason 8—-10

® Model 1: adjusted for current age, time period, race (white, African American, Asian American, other), family history of prostate cancer (yes,
no), lagged PSA testing history (yes, no, lagged by one period to avoid counting diagnostic PSA tests), lagged PSA testing in >50% of possible
time periods (yes, no, lagged by one period to avoid counting diagnostic PSA tests), history of diabetes (yes, no), current aspirin use (yes, no),
body mass index at age 21 (<20, 20-22.5, 22.5-25, >25 kg/m?), current body mass index (<21, 21-25, 25-30, >30 kg/m?), height (< 68, 6870,
70-72, =272 inches), smoking (never, former/quit> 10 years ago, former/quit< 10 years ago, current), vigorous physical activity (quintiles of
metabolic equivalent off task (MET)-h/week), total calories (quintiles of kcal/day), red meat (quintiles of servings/week), tomato-based foods
(quintiles of servings/week), fish (quintiles of servings/week), total zinc intake without supplement (quintiles of mg/day) and history of prosta-
titis or prostatic infection (yes, no)

“ Model 2: additionally adjusted for multivitamin use (past, never, current), selenium use (past, never, current), vitamin A use (past, never, cur-
rent), vitamin E use (past, never, current) and number of overall supplement use (0, 1, 2, 3, >4 per day)

4 Using median value of each category (0, 12.5, 50, 90). Past use as missing
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Table 3 Multivariable hazard ratios (and 95% confidence intervals) of prostate cancer in relation to duration of supplemental zinc use in the Health
Professionals Follow-up Study, 1986-2016

Risk of prostate cancer subtypes * Hazard Ratio (95% CI)
Never Past use of 14 years 5-9years 10-14 >15years P for
use any duration years trend?

Overall prostate cancer, n 4365 1269 490 253 161 163

Model 1° 1.0 1.03 (0.96, 1.03 (0.94, 1.09(0.95, 1.05(0.90, 1.08(0.92, 0.15
1.10) 1.14) 1.23) 1.24) 1.27)

Model 2¢ 1.0 1.00 (0.92, 1.03 (0.92, 1.07(0.93, 1.04(0.87, 1.04(0.87, 0.36
1.08) 1.14) 1.23) 1.24) 1.24)

Localized prostate cancer, n 3204 926 372 180 107 111

Model 1° 1.0 0.98 (0.91, 1.06 (0.95, 1.04(0.90, 0.95(0.78, 0.95(0.78, 0.66
1.06) 1.18) 1.22) 1.15) 1.15)

Model 2° 1.0 0.94 (0.86, 1.04 (0.92, 1.02(0.86, 0.93 (0.75, 0.91(0.73, 0.48
1.03) 1.18) 1.21) 1.15) 1.12)

Advanced prostate cancer, n 358 105 45 23 18 17

Model 1° 1.0 1.37 (1.09, 1.34(0.97, 1.36(0.89, 1.58(0.97, 1.83(1.10, 0.001
1.72) 1.85) 2.09) 2.57) 3.03)

Model 2° 1.0 1.35 (1.04, 1.40 (0.97, 1.43(0.88, 1.64(0.94, 1.93(1.08, 0.04
1.76) 2.01) 2.31) 2.85) 3.44)

Low-grade, n 1732 488 189 95 54 55

Model 1° 1.0 0.99 (0.89, 0.98 (0.84, 1.03(0.83, 0.89(0.67, 0.91(0.70, 0.36
1.10) 1.14) 1.26) 1.17) 1.20)

Model 2° 1.0 0.95 (0.84, 0.96 (0.81, 1.01(0.80, 0.88 (0.65, 0.88 (0.66, 0.45
1.08) 1.14) 1.27) 1.18) 1.19)

Intermediate-grade, n 1352 432 168 80 50 56

Model 1° 1.0 1.07 (0.96, 1.18 (1.00, 1.14(0.90, 1.11(0.83, 1.20(0.91, 0.08
1.20) 1.38) 1.43) 1.47) 1.57)

Model 2° 1.0 1.02 (0.89, 1.16 (0.97, 1.11(0.86, 1.08(0.79, 1.13(0.84, 0.52
1.16) 1.40) 1.43) 1.47) 1.53)

High-grade, n 606 165 62 38 22 28

Model 1° 1.0 0.95 (0.80, 0.94 (0.72, 1.22(0.87, 1.00(0.65, 1.24(0.84, 0.27
1.14) 1.23) 1.70) 1.54) 1.83)

Model 2° 1.0 1.02 (0.83, 1.07 (0.79, 1.44(0.99, 1.20(0.74, 1.50(0.96, 0.01
1.25) 1.44) 2.09) 1.93) 2.34)

Lethal prostate cancer, n 672 175 87 36 46 37

Model 1° 1.0 1.15 (0.96, 1.28 (1.02, 1.00(0.71, 1.82(1.34, 1.92(1.36, <0.001
1.36) 1.61) 1.41) 2.47) 2.72)

Model 2° 1.0 1.08 (0.88, 1.26 (0.97, 1.00(0.69, 1.81(1.26, 1.91(1.28, <0.001
1.32) 1.64) 1.45) 2.59) 2.85)

Aggressive prostate cancer, n 745 204 83 45 33 33

Model 1° 1.0 1.04 (0.89, 1.06 (0.84, 1.19(0.88, 1.24(0.87, 1.29(0.90, 0.05
1.22) 1.34) 1.61) 1.77) 1.85)

Model 2° 1.0 1.10 (0.91, 1.18 (0.91, 1.37(0.97, 1.46(0.98, 1.55(1.03, 0.004
1.32) 1.54) 1.93) 2.17) 2.33)

# Overall cases: Tla excluded; Localized cases: stage T1 or T2 and N0, M0; Advanced cases: stage T3b, T4, N1, or M1; Low -grade cases: Glea-
son score 2—6; Intermediate-grade cases: Gleason score 7; High-grade cases: Gleason score 8—10; Lethal cases: distant metastases or prostate
cancer specific death; Aggressive cases: stage T4 or N1 or M1 or Gleason 8—-10

® Model 1: adjusted for current age, time period, race(white, African American, Asian American, other), family history of prostate cancer (yes,
no), lagged PSA testing history (yes, no, lagged by one period to avoid counting diagnostic PSA tests), lagged PSA testing in >50% of possible
time periods (yes, no, lagged by one period to avoid counting diagnostic PSA tests), history of diabetes (yes, no), current aspirin use (yes, no),
body mass index at age 21 (<20, 20-22.5, 22.5-25, >25 kg/m?), current body mass index (<21, 21-25, 25-30, >30 kg/m?), height (< 68, 68—70,
70-72, 272 inches), smoking (never, former/quit> 10 years ago, former/quit< 10 years ago, current), vigorous physical activity (quintiles of
metabolic equivalent off task (MET)-h/week), total calories (quintiles of kcal/day), red meat (quintiles of servings/week), tomato-based foods
(quintiles of servings/week), fish (quintiles of servings/week), total zinc intake without supplement (quintiles of mg/day) and history of prosta-
titis or prostatic infection (yes, no)

“ Model 2: additionally adjusted for multivitamin use (past, never, current), selenium use (past, never, current), vitamin A use (past, never, cur-
rent), vitamin E use (past, never, current) and number of overall supplement use (0, 1, 2, 3, >4 per day)

4 Using median of each category. (0, 2.5, 7, 12, 17). Past use of any duration as missing

@ Springer



Zinc supplement use and risk of aggressive prostate cancer: a 30-year follow-up study

Fig. 1 Multivariable hazard ratios (and 95% confidence
intervals) of total zinc intake in relation to lethal prostate

2.50
cancer in the Health Professionals Follow-up Study,
1986-2016. Multivariable model was adjusted for the
same set of covariates as in model2 in Table 3 except for 2.00
total zinc intake without supplement
£ 150
£
i
I
£ 1.00
0.50
0.00

of lethal prostate cancer (1.18 [0.90-1.55]), and men with
excessive zinc intake were also at higher risk of lethal pros-
tate cancer (6575 mg/day: 1.25 [0.81, 1.94], >75 mg/day:
1.56 [1.14-2.12], Fig. 1).

We observed similar positive associations for follow-up
from 2000 to 2016 as in earlier follow-up (eTable 2). The
association pattern was qualitatively similar in pre-PSA and
post-PSA era (eTable 3). The trend tests remained statisti-
cally significant, with slight attenuation of the point esti-
mates. In latency analyses, the associations between high
dose or long duration of zinc supplement use and lethal
and aggressive prostate cancer remained after applying a
4-10 year lag (eTable 4). We observed similar patterns of
increased risk of lethal prostate cancer with excessive use
of zinc supplement in groups with different age of onset
(eTable 5) and in both multivitamin non-user and user
group (eTable 6). When examining cumulative version of
the exposure, men with high cumulative dose or long cumu-
lative duration of supplemental zinc use had increased risk
of lethal and aggressive prostate cancer (eTables 7 and 8)
compared to never-users. Restriction to men with complete
supplement zinc information at baseline did not change the
result (data not shown). The E-value for the observed asso-
ciation between >75 mg/day of supplement zinc and lethal
prostate cancer was 2.92 (eFigure 1), suggesting an unmea-
sured confounder that was associated with both the expo-
sure and the outcome by a relative risk of 2.92-fold each,
above and beyond the measured confounders, could explain
away the estimate, but weaker confounding could not.

Discussion

In this large prospective cohort study with thirty years of
follow-up, we found that excessively high-dose and long-
duration supplemental zinc intake was associated with

<9

Total zinc intake and lethal prostate cancer

9-12 12-15 15-25 25-35 35-45 45-65 65-75 >75

Total zinc intake, mg/day

increased risk of lethal and aggressive prostate cancer.
Separate analyses of follow-up from 2000 to 2016 con-
firmed our initial report [24]. The association remained in
both pre-PSA and post-PSA era and persisted when various
latency analyses were performed. Given the strong associa-
tion between excessive supplemental zinc use and increased
risk of clinically important prostate cancer, caution is war-
ranted regarding usage of excessive zinc supplement among
adult males. Our data suggests supplemental zinc no more
than 25 mg/day may be relatively safe, while the risk of
aggressive prostate cancer may increase with higher dosage,
especially at extreme levels of more than 75 mg/day. Our
conclusions align with the ULs of zinc in both US (40 mg/
day) and Europe (25 mg/day) [3, 4], and provides additional
evidence of long-term effects of excessive zinc on chronic
disease to the current NOAEL guideline of 50 mg/day for
zinc in both US and Europe, which were usually based on
expected toxicity and short-term controlled metabolic stud-
ies [4, 9].

High intracellular zinc concentrations within healthy
prostate tissues are important in the production of pros-
tatic fluid [37]. In prostate cancer, decreased intracellular
zinc levels are consistently observed in tumor compared
to normal tissue [38]. One well-established reason is the
downregulation of the AZIPI transporter, which normally
functions to uptake zinc from circulation and causes accu-
mulation in the prostate gland [39]. Based on this observa-
tion, researchers have been interested in restoration of high
zinc to cancerous prostate tissue and potential zinc treat-
ment to slow or inhibit prostate cancer growth and invasion
[40]. However, zinc may enhance activity of telomerase
which has been associated with prostate tumor proliferation
[41] and excess zinc can reverse potential inhibitory effect
of bisphosphonate, which was often used to treat osteolytic
metastases [42]. Zinc also has insulin-mimetic properties
that can activate insulin-like growth factor-I receptor and
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epidermal growth factor receptor signaling pathways, both
of which play a role in prostate cancer development [43].

Currently, few studies examined supplemental zinc and
risk of prostate cancer (eTable 9). Most of these studies
were not able to examine the association between high-dose
(e.g., =75 mg/d) supplemental zinc and risk prostate can-
cer, either with no dosage information [23, 26] or unable to
separate true high-dose group [25, 27]. Similar to our obser-
vations, a hospital-based case-control study found men who
used supplemental zinc of > 10 years had an increased risk
of overall prostate cancer (Odds ratio (OR): 1.9, 95% CI:
1.0-3.6) [26], while the Prostate Cancer Prevention Trial
reported a null association, possibly because of narrow
dosage range (highest category >22 mg/day) [27]. Another
case-control study from 1990s reported supplement zinc use
frequency of >7 times/week over 2 years before diagnosis
was associated with lower risk of prostate cancer (OR: 0.55,
95% CI: 0.30-1.00) [23]. However, information on dosage
or duration was not collected, and the controls may have
been a biased sample of men who were more interested
in health and more likely to use dietary supplements than
the overall population. Finally, one cohort study reported
10-year average supplemental zinc intake of > 15 mg/day
was associated with decreased risk of advanced prostate
cancer (HR: 0.34, 95% CI: 0.14-1.09, P, 4 = 0.04) [25].
Caution is warranted in interpretation of this result because
of short follow-up time (5 years), PSA testing information
was only available at baseline, and the multivariable model
did not adjust for important risk factors for advanced pros-
tate cancer including BMI and physical activity.

Although zinc is essential for prostate cells, it might only
be beneficial for prostate health within a certain range. In
populations with insufficient zinc intake, low zinc might
increase prostate cancer risk or mortality, while in popu-
lations with sufficient zinc intake from food, additional
excessive supplemental zinc may do harm. One Swedish
cohort study found men with adequate dietary zinc intake
(15.6-20.1 mg/day) had lower risk of prostate cancer-spe-
cific mortality compared to men with lower dietary zinc
intake (9-12.8 mg/day) [14]. Our analysis on total zinc
intake showed, compared to men with adequate zinc intake
(12-15 mg/day), having inadequate zinc intake (<9 mg/
day) or excessive zinc intake (> 65 mg/day) was suggested
to have higher risk of lethal prostate cancer (Fig. 1). Chronic
high intake of zinc can cause abnormalities of genitourinary
functions [44]. Laboratory evidence also suggested zinc at
optimal levels is preventive whereas at both deficient and
higher levels it may enhance tumor growth [45-47]. An in
vitro study showed that high Zn>* has suppressive effects
on prostate cancer cell growth but continuous exposure to
an environment of high Zn>* can lead to overexpression of
cancer promoting genes such as FBL and CD164 [45]. In
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current stratified analysis, we saw increased risk of lethal
prostate cancer in both high and low dietary zinc group for
excessive zinc supplementation, though trend tests were
only significant in high dietary zinc group but not the other.
This may because high dietary zinc group is similar to the
entire population as most of the men (80%) in our popu-
lation were zinc sufficient, while low zinc group has lim-
ited sample size. Furthermore, the variation of dietary zinc
intake between two groups is small (medians for low and
high dietary zinc groups were 10 and 13 mg/day respec-
tively). With a much higher supplemental dosage of 75 mg/
day, it is not likely to have different effects on these two
groups.

Zinc supplements might not be an efficient way to
increase zinc concentration in prostate cancer cells. Besides
potential contaminants of supplement preparations (notably
cadmium and lead), the bioavailability also varies across
different zinc supplement compounds (sulfate, gluconate,
and less frequently citrate [48]). Significantly elevated Zn
concentration in prostate was found in rats supplemented
with zinc gluconate or zinc citrate, while zinc sulfate was
found to have no impact [49]. Most of the zinc absorbed
from intestine was stored in bones and muscles, and only
around 10% of zinc in human body is readily exchangeable
[50]. Even when zinc supplements can increase serum zinc
level, they may not necessarily increase intraprostatic zinc
to the desirable levels due to the downregulation of zinc
transporters in prostate cancer cells. Direct intra-tumoral
injection of zinc was shown to halt prostate cancer cell
growth in xenograft mice [51] but the practicality of using
intra-tumoral administration in humans remains in question.

Our results may not be generalizable to all populations
as most of our study participants are white and health pro-
fessionals who are mostly dietary zinc sufficient. However,
the biological mechanisms are likely to be similar in other
zinc sufficient populations, and our main findings should be
broadly applicable. One exception might be certain ethnic
groups who may have impaired ability to incorporate zinc
into the prostate. Evidence suggests African American men
may have down-regulated zinc transporter, 2ZIPI, due to
selection from long-term zinc-rich ancestral West African
soils [52]. Further investigation to examine supplemen-
tal zinc and prostate cancer in this special population is
warranted.

Because zinc has long been associated with prostate
health, the observed associations may reflect the effect of
self-medication of longstanding prostate symptoms with
excessive amount of supplemental zinc (“reverse causa-
tion”). However, accounting for detailed PSA screening
history, ever had a negative biopsy and history of prostatic
infection and applying up to 10 years latency did not alter
the results. In addition, zinc supplement use was not higher
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in men with prostatitis (Table 1). There is potential mea-
surement error in self-reported supplement use. However,
given the prospective study design, any mismeasurement in
the exposures would tend to be non-differential, generally
attenuating associations. Moreover, the E-value indicated
that unmeasured confounders need to be very strong to fully
explain the observed association away. Finally, zinc supple-
ment dosage collected from questionnaires were pre-defined
and we were unable to separate dosage into smaller intervals
especially for the low-dosage level. Study strengths include
prospective and repeated assessment of supplement use and
dosage every two years, long follow-up, large number of
events, and comprehensive information on lifestyle factors
and PSA screening.

In conclusion, high-dose, long-duration zinc supplement
use may increase risk of lethal and aggressive prostate can-
cer. Caution is warranted regarding excessive zinc supple-
mentation among men.
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