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Abstract

Background and Purpose: Despite zinc’s role as an anti-oxidant and anti-inflammatory
agent, prospective studies relating zinc levels to ischemic stroke risk are lacking. To examine
the association between serum zinc levels and incidence of ischemic stroke in a US population.

Methods: Using a case—cohort study nested within the REGARDS (REasons for Geographic and
Racial Differences in Stroke) cohort, participants were randomly selected from the REGARDS
cohort to generate a sub-cohort (/7=2,346). All incident ischemic stroke cases as of September
2012 (=660) were included, with 62 incident cases overlapping in the sub-cohort. Serum zinc
levels were measured at baseline. Barlow-weighted Cox’s proportional hazards regression models
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were used to calculate multivariable-adjusted hazard ratios (HR) and the corresponding 95%
confidence intervals (Cl) of ischemic stroke by serum zinc levels.

Results: The median zinc level for the sub-cohort was 121.19 ug/dL (interquartile range 104.86
to 140.39 ug/dL). Serum zinc levels were inversely associated with incidence of ischemic stroke
after adjustment for potential confounders (quartile 4 vs. quartile 1: HR=0.78, 95% CI: 0.61-0.98,
p=0.03 for trend). When stratified by pre-specified factors (sex, race, region), only sex showed

a significant modification (p=0.03 for interaction). The inverse association was more pronounced
among females (quartile 4 vs. quartile 1: HR=0.58, 95% CI: 0.41-0.84, p<0.01 for trend) than
males (quartile 4 vs. quartile 1: HR=1.08, 95% CI: 0.78-1.51, p=0.92 for trend).

Conclusions: Serum zinc concentration was inversely associated with incidence of ischemic
stroke, especially among women, indicating that low zinc levels may be a risk factor for ischemic
stroke.

Keywords
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Introduction

Stroke is a leading cause of death in the US.1 Stroke rates vary by sex, ethnic background,
and geographic location, with higher rates observed among African Americans, or residents
of the “Stroke Belt” (states where stroke mortality exceeds the rest of the US).2:3 Thus,
determining modifiable risk factors for stroke and potential reasons for the variations in
stroke rates is a priority for public health intervention.

A component of 300+ enzymes and 1000+ transcription factors from all six enzyme
classes, 48 zinc is involved in a diverse array of processes, from DNA synthesis, RNA
transcription, growth, development, and reproduction (e.g. fetal development, testosterone
secretion),” as well as maintaining homeostasis, proper immune function, and reducing
oxidative stress. Given zinc’s critical role in immune function, specifically as an anti-oxidant
and anti-inflammatory agent,8-12 the potential of zinc deficiency as a risk factor for
atherosclerosis and subsequent stroke has previously been posited.13

However, data directly relating zinc levels to either ischemic or hemorrhagic stroke risk
are sparse. Previous preclinical studies of zinc and ischemic stroke have mainly focused on
potential effects of zinc following a stroke event.14-16 Some cross-sectional studies found
serum zinc levels were lower among acute ischemic or hemorrhagic stroke patients!?:18
and low serum zinc was associated with increased ischemic stroke severity.19 Some studies
investigating other cardiovascular outcomes found that zinc levels from diet and serum
were associated with lower rates of subclinical atherosclerosis,29 hypertension,2! total
cardiovascular diseases,22-24 and coronary artery disease.21:2526

Given zinc’s role in the regulation of inflammation and oxidative stress and the impact of
inflammation on atherosclerosis (and by extension stroke), the potential relation between
zinc and stroke risk warrants further investigation. Therefore, this study aimed to examine
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the prospective association of serum zinc levels with the incidence of ischemic stroke in the
US general population.

The REasons for Geographic And Racial Differences in Stroke (REGARDS) Study is a
national, population-based, prospective longitudinal study examining geographic and racial
variation in stroke incidence and mortality in the US, as well as potential stroke risk factors.
Detailed methodological and study design of REGARDS have been described in Howard

et al? and in the Supplemental Methods. In brief, the REGARDS study cohort included
30,239 African American and Caucasian participants aged =45 years. Participants were
enrolled between January 2003 and October 2007. After an initial physical assessment,
participants were contacted every six months to assess occurrence of stroke events. Oral and
written informed consent was obtained from all participants. The REGARDS study received
approval from the institutional review boards of all participating institutions.

The present study — case-cohort study design

Using a case-cohort study design, participants were randomly selected from the entire
REGARDS cohort (7=30,239) to generate a sub-cohort (/7=2,666). Participants included

in the sub-cohort had at least 1 follow-up with a fixed sampling probability of 9% in

each stratum jointly classified by age (<55, 55-64, 65-74, 75-84, and =85 years), sex
(male and female), race (African American and Caucasian), and stroke region residency
(non-Stroke Belt, Stroke Belt, and Stroke Buckle).2”28 The sub-cohort was supplemented
by 728 incident cases of ischemic stroke that were identified in the entire REGARDS study
through September 2012. Thus, due to random selection, the sub-cohort also contained

78 incident cases of ischemic stroke. Participants who had stroke at baseline (/7=169) or
without serum zinc measurements (/7=203) were excluded. Therefore, the final data set was
comprised of 2,944 participants, including 2,346 participants in the random sub-cohort (62
incident cases) and 660 incident ischemic stroke cases (see Figure 1). The data that support
the findings of this study are available from the corresponding author and REGARDS
coordinating center upon reasonable request.

Laboratory Analyses

Fasting blood and urine samples were collected during the home visit at baseline and

were centrifuged and shipped overnight with ice packs to a central laboratory at University
of Vermont where they were stored at —80°C.2% Serum zinc levels were measured using

a NEXION 300X quadrupole inductively coupled plasma mass spectrometer with kinetic
energy discrimination to remove polyatomic interferences (ICP-MS; Perkin Elmer, Waltham,
MA\).30 Urinary cadmium was measured by NEXION 300X quadrupole ICP-MS (Perkin
Elmer, MA, USA) operated with a dynamic reaction cell to eliminate interference from
urinary molybdenum.30
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Outcome, Exposure, and Covariates

Every 6 months, follow-up phone interviews were conducted to assess time to incident
ischemic stroke (outcome measured). Incident ischemic stroke was adjudicated from
hospital records reviewed by neurologists. Medical records were pursued for all self-
reported suspected stroke and transient ischemic attack and a sub-sample of stroke
symptoms. The primary exposure was serum zinc concentration. Demographic information
(e.g. age, sex, race, and region) was collected through self-report during a computer
assisted telephone interview. Socioeconomic and lifestyle factors as well as medical histories
were also collected via computer assisted telephone interview, and included education,
smoking status, alcohol consumption, physical activity, hypertension, history of myocardial
infarction, history of atrial fibrillation, diabetes mellitus, and dyslipidemia. Details on these
covariate measures are provided in the Supplementary Methods.

Statistical Analysis

Baseline characteristics of the incident ischemic stroke cases and of the sub-cohort were
summarized. Serum zinc concentration was classified in quartiles or as a continuous
variable. Quartiles of serum zinc were calculated based on the random sub-cohort.
Analysis of variance, Kruskal-Wallis test, or x 2 test, as appropriate, was used to compare
participants’ characteristics across quartiles of serum zinc levels in the sub-cohort.

The Barlow3! weighting method of the Cox proportional hazards regression model was used
to examine the association between serum zinc levels and the incidence of ischemic stroke.
Linear association was examined by using the continuous variable of zinc concentrations
with values over 95t percentile (calculated based on the random sub-cohort) excluded.
Multivariable-adjusted hazard ratios (HRS) and the corresponding 95% confidence intervals
(Cls) using the lowest quartile of serum zinc concentration as the referent were estimated

in 3 sequential models. Model 1 was adjusted for geo-demographics, including age, sex
(female or male), race (African American or Caucasian), age-sex and age-race interactions,
and US region (Stroke Buckle, the rest of Stroke Belt, or non-Stroke-Belt region). Model

2 was additionally adjusted for socioeconomic status and lifestyle factors that were likely
associated with both zinc levels and stroke risk, including education levels (less than high
school, high school, some college, or college graduates), smoking status (never, former,

or current smokers), alcohol consumption (never, former, or current drinkers), physical
activity (none, 1 — 3 times/week, or =4 times/week), and BMI (<25.0, 25.0-29.9, or =30.0
kg/m?2).32:33 Model 3 was further adjusted for medical histories (hypertension, myocardial
infarction, atrial fibrillation, diabetes, and dyslipidemia; yes or no) and urinary cadmium,
which was found to interact with zinc on ischemic stroke risk in this cohort.30:34

Stratified analyses by pre-specified factors were performed to explore potential effect
modifiers that included sex, race, and region. Interactions were examined to determine if
there were significant effect modifications. Values of p < 0.05 were considered statistically
significant. SAS version 9.4 was used for all analysis (SAS Institute, Cary, NC).
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Table 1 shows baseline characteristics of the sub-cohort by quartiles of serum zinc levels.
Within the random sub-cohort (/7=2,346), just over half (54.7%) of participants were female
and 39.9% were African American, with an average age of 64.6+9.3 years. The median
zinc level for the random sub-cohort was 121.19ug/dL (interquartile range 104.86 pg/dL to
140.39 pg/dL). Participants with higher serum zinc levels were more likely to be younger,
Caucasian, more physically active, and have a normal BMI. Additionally, they were less
likely to have diabetes mellitus. Among ischemic stroke cases (7=660), 48.1% were female
and 40.9% were African American, with an average age of 70.2+8.5 years.

Table 2 reports multivariable-adjusted hazard ratios of incident ischemic stroke by quartiles
of serum zinc levels. Serum zinc levels were inversely associated with incidence of ischemic
stroke after adjustment for potential confounders (quartile 4 vs. quartile 1: HR=0.78, 95%
Cl: 0.61-0.98, p=0.03 for trend).

Table 3 presents associations between serum zinc levels and incident ischemic stroke
stratified by pre-specified factors (sex, race, and region). Only sex showed significant effect
modification (p=0.03 for interaction); the inverse association persisted among females but
not males. Among females, the multivariable-adjusted HR was 0.58 comparing the highest
quartile of serum zinc levels to the lowest (95% CI: 0.41-0.84, p<0.01 for trend). Among
males, the multivariable-adjusted HR was 1.08 comparing the highest quartile of serum
zinc levels to the lowest (95% CI: 0.78-1.51, p=0.92 for trend). Neither race nor region
significantly modified the association between serum zinc levels and incidence of ischemic
stroke.

Discussion

Our findings from this case-cohort study support a significant inverse association between
serum zinc levels and incidence of ischemic stroke in the US general population. This
inverse association was attenuated among men, but persisted among women.

The wide distribution of zinc in the soil may contribute to the serum zinc variation observed
in the US population.3* However, insufficient zinc intake is a common issue among the
elderly. Previous studies found approximately half of the older adults had adequate dietary
zinc intake.3:36 Belbraouet et a/37 defined risk of zinc deficiency as serum zinc levels <0.70
mg/L (=70 pg/dL), while Miyata3® used 84-159 pg/dL as the normal adult range of serum
zinc. The median zinc level for this random sub-cohort was 121.19 ug/dL, falling within the
normal/adequate range for adult serum zinc levels. Still, findings in this study suggest high
zinc levels may protect against the risk of ischemic stroke.

To the best of our knowledge, the present study is the first prospective study to assess

the association between serum zinc levels and ischemic stroke incidence. The limited
previous studies have mainly focused on exploring potential effects of zinc after a stroke
event.14-16 Two cross-sectional studies found serum zinc levels were significantly lower
among acute ischemic stroke patients compared with controls” and low serum zinc was
associated with increased stroke severity among acute ischemic stroke patients.1® Evidence
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from studies that examined the association between serum zinc and other cardiovascular
outcomes is in concordance with our findings. Dietary zinc levels were inversely associated
with hypertension?! and subclinical atherosclerosis.2? In addition, zinc levels from both
serum and diet were consistently associated with lower cardiovascular disease/coronary
artery disease risk or mortality in most of the previous studies.21-24

Infection and inflammation are important contributing factors for stroke development
among other traditional stroke risk factors and genetic susceptibility.3? Notably, zinc
plays an essential role in immune function, 4941 acting as an anti-oxidant and anti-
inflammatory agent.8-12 Thus, zinc may have a protective effect in reducing inflammation
and oxidative stress.*2 For some chronic diseases (e.g. atherosclerosis and subsequent
stroke), contemporaneous zinc deficiency may increase the production of inflammatory
cytokines’ and increase the susceptibility of endothelial cells to the damages of oxidative
stress.13 Therefore, zinc may be involved in the pathophysiology of stroke, with increased
zinc levels being protective against stroke.

In this study, we found a significant sex-zinc interaction; the inverse association between
serum zinc levels and ischemic stroke risk is more pronounced in women than men, which
may be one explanation for disparities in stroke rates by sex. Similar to other studies,*? the
serum zinc levels were not substantially different in women and men in this population.

In a previous report of REGARDS, Howard er a/** examined ischemic stroke risk by sex.
Among participants younger than 75 years of age, women generally had a lower stroke
risk compared with men. However, this pattern was not observed for oldest age group (75+
years). These findings suggest the possibility that the differential effects of zinc might be
explained by its critical function in the metabolism of sex hormones and reproductive cycle,
which are involved in the pathways protecting against cerebrovascular disease.*® Through
its structural and function roles in certain proteins, zinc finger proteins are commonly
involved in genetic regulation and expression, including nuclear hormone receptors.#6:47
Some previous studies found Zinc Finger Protein 202 gene was associated with ischemic
heart disease and myocardial infarction in women, but not in men.*8 Therefore, zinc

may better protect against stroke in women, but the mechanism underlying the possible
interaction between zinc and sex is still unclear and warrants further investigation. Given
the previous literature is limited and this study is the first one on this topic, the findings
observed here provide data for future investigation.

Our study was limited by using serum zinc measurement at baseline only, allowing for
possible within-person variation to affect our findings. However, zinc concentrations in
blood are generally stable in humans despite small changes in zinc intake.4° There is also
no evidence that the within-person variation in serum zinc is differential in this population.
Thus, our findings based on the baseline zinc exposure should not be substantially biased.
In addition, several compounds and elements may enhance or inhibit zinc absorption.
Phytate from food sources (e.g. cereals), iron given in supplement form, and cadmium can
inhibit zinc absorption, while some proteins from animal meat enhance zinc absorption.50-52
Although we did not have data on all of these nutrients or contaminants, we adjusted for
urinary level of cadmium, which has been found to interact with zinc on ischemic stroke in
this cohort. Moreover, similar to other observational studies, the residual confounding from
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dietary, environmental, and other social factors cannot be completely ruled out. The adjusted
lifestyle factors and medical histories were self-reported, which may introduce reporting
bias in these covariates. Nevertheless, our final model was adjusted for a comprehensive list
of important factors shown in literature, and the results were generally consistent. Finally,
we were not able to stratify the analyses by subtypes of ischemic stroke. Among the
ischemic stroke cases in this study, about half of them were unknown or other subtypes that
were not defined. The rest of the study sample was largely reduced, thereby not allowing for
the examination of the association of interest for each subtype.

Of note, ischemic and hemorrhagic strokes have different pathophysiology and should be
investigated separately, but most previous studies are not able to separate them due to lack of
information on stroke types. Thus, the present study only focused on ischemic stroke as the
outcome. Additionally, studies have suggested that serum zinc is an objective measurement
of zinc levels that reflects long-term exposure and total body burden compared to dietary
zinc that is prone to measurement errors. The use of serum zinc as well as adjudication

of stroke substantially reduce the possibility of measurement errors and misclassification,
which is crucial for us to understand the health impact of zinc exposure in the general
population. Another strength of the present study is that it is based on a large sample of
African American and Caucasian men and women from across the continental US, which
facilitates the exploration of potential effect modifiers and improves generalizability.

In conclusion, this national, population-based, prospective longitudinal study shows an
inverse association between serum zinc concentration and incidence of ischemic stroke,
particularly, in women. Maintaining appropriately high zinc levels is of great clinical and
public health significance. Further studies are needed to establish causal inference and better
understand the mechanisms of action.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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30,239 participants recruited in the REGARDS project

Excluded due to loss to
follow-up (n=586)

\ 4
29,653 participants eligible for inclusion in this case-cohort study

| :

A random sub-cohort was selected 728 incident ischemic stroke cases
(proportion=9%; n=2,666)
Overlap: 78 incident ischemic stroke cases in both groups

r
3,316 participants were included in this case-cohort study

Exclude who had stroke at
baseline (n=169)

Exclude who had no serum
» zinc measurements
(n=203)

\ 4
2,944 participants were included in the current analysis

4

2,346 participants in the random 660 incident ischemic stroke cases
sub-cohor
Overlap: 62 incident ischemic stroke cases in both groups

Figure 1.
Flow chart of sub-cohort and cases sampling.
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