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Abstract
Cross-sectional studies and animal-experiments suggest that methylmercury exposure could
increase risk of hypertension. This relationship has not been evaluated in large prospective studies.
Using data from prior nested case-control studies in two separate prospective cohorts, we
measured toenail mercury, a valid biomarker of long-term methylmercury exposure, among 6,045
US men and women free of hypertension at baseline. Median toenail mercury concentrations were
0.09 μg/g in the lowest quintile and 0.64 μg/g in the highest quintile, the latter corresponding to
exposures about 1.7-fold higher than the EPA reference dose (RfD). Participants were followed
prospectively (mean±SD=14.9±7.9 years) for a new self-report of physician-diagnosed
hypertension (3,540 cases), shown to be >95% sensitive and specific for diagnosing hypertension
in these cohorts as compared with review of medical records and direct blood pressure
measurement, respectively. After adjustment for demographic, clinical, and lifestyle risk factors,
the hazard ratio (95% CI) for incident hypertension in the highest vs. lowest quintile of mercury
exposure was 0.96 (0.84–1.09) in women, 0.82 (0.62–1.08) in men, and 0.94 (0.84–1.06) in both
cohorts combined. Findings were similar when more extreme categories of mercury were
compared (across deciles, with median levels in highest decile about 2.5-fold higher than the
RfD); and in analyses stratified by fish or omega-3 consumption, selenium levels, body mass
index, and age. These findings from two separate large prospective cohort studies do not support
any clinically apparent adverse effects of methylmercury exposure on risk of hypertension in men
or women, including at levels up to 2.5-fold higher than the RfD.
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INTRODUCTION
Although seafood consumption is considered part of a healthy diet and is recommended by
numerous organizations worldwide,1–3 seafood are also the major source of exposure to
methylmercury.4 In adults, the main health concern has been potential cardiovascular
toxicity, suggested by animal experiments and limited human studies.5–7 We recently
investigated the relationships between mercury exposure and incident coronary heart disease
and stroke in two large US cohorts, finding no evidence for increased risk of these clinical
events.8

However, methylmercury could influence other cardiovascular outcomes. In particular,
experimental studies in animals9–11 and findings from some cross-sectional observational
studies12–15 suggest a potential link between exposure to methylmercury and higher blood
pressure (BP) or hypertension. However, other cross-sectional studies failed to observe a
significant association.16, 17 Additionally, these cross-sectional studies were mostly of small
size and were limited by the potential for reverse causation – i.e., unable to distinguish
whether methylmercury exposure is related to development of hypertension, or whether
persons with pre-existing hypertension are more likely to consume fish and have higher
methylmercury levels. The only reported prospective study evaluated children from the
Faroe Islands: an initially observed relationship between prenatal methylmercury exposure
and BP at age 7 was equivocal and not statistically significant with additional follow-up to
age 14.18, 19

Because hypertension is a leading cause of preventable deaths in the US and
worldwide,20, 21 an effect of methylmercury exposure on hypertension would have
tremendous implications both for scientific understanding of methylmercury’s health effects
and for creating guidelines for the general adult population to balance benefits and risks of
seafood consumption versus methylmercury exposure. To elucidate the potential effects of
chronic methylmercury exposure on development of hypertension, we prospectively
investigated the relationship between mercury exposure and incidence of hypertension in
two separate US cohorts of 6,045 men and women free of hypertension at baseline.

METHODS
Population and Design

The Health Professionals Follow-up Study (HPFS) enrolled 51,529 male US health
professionals aged 40–75 years in 1986; and the Nurses’ Health Study (NHS), 121,700
female US registered nurses aged 30–55 years in 1976.8 In both cohorts, participants were
followed with biennial questionnaires on medical history, risk factors, lifestyle, and disease
incidence. For this analysis, we utilized prospectively collected data on toenail mercury
concentrations from nested case-control studies of incident cardiovascular disease in both
cohorts8 -see Online Supplement for details. The study was approved by the human subjects
committees of all author institutions. All participants provided implied consent by return of
completed questionnaires and toenail samples. After excluding 3,263 participants with
prevalent hypertension at baseline, a total of 6,045 individuals with measured toenail
mercury concentrations were included in the present analysis of incident hypertension.

Assessment of Toenail Mercury Concentrations
Toenail concentrations of mercury and of selenium, which in some animal models mitigate
toxicity of mercury,6 were measured using neutron activation analysis by personnel unaware
of the participants’ clinical information.8 See Online Supplement for details on analytic
methods and validity of these measures.
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Ascertainment of Hypertension
In both cohorts, biennial questionnaires asked participants to report physician-diagnosed
hypertension, including calendar year of diagnosis, and medication use. The validity of this
endpoint was confirmed in validation studies in these cohorts based on review of medical
records and direct BP measurements. The positive predictive value was 100%, and the
negative predictive value >95% (see Online Supplement).22, 23 Several lifestyle factors have
been significantly related to incident hypertension in these cohorts, including dietary fiber,
potassium, and magnesium; alcohol use; and baseline weight, weight loss, and weight
gain.23–25 Incident hypertension has also been highly predictive of subsequent clinical
cardiovascular events in these cohorts.23, 26 For this prospective analysis, we excluded
participants if they reported a physician diagnosis of hypertension on any questionnaire or
were taking anti-hypertensive medication before the return of toenail samples. Among the
remaining participants in each cohort, incident hypertension was diagnosed as the first self-
report of hypertension on any of the subsequent biennial questionnaires for which the date of
diagnosis was after the return of toenail samples.

In addition to the above validated methods for diagnosing incident hypertension, participants
were also asked to report their usual systolic and diastolic BP in 1986 and 1990 within one
of multiple categories: e.g., systolic <105, 105–114, 115–124, 125–134, 135–144, 145–154,
155–164, 165–174, or ≥ 175 mm Hg; and diastolic <65, 65–74, 75–84, 85–89, 90–94, 95–
104, or ≥105 mm Hg. Details of types and number of readings of BP measurements were not
collected from the participants. To evaluate this as a continuous variable, we used the
median value in each category or, in the lowest or highest categories, 5 mm Hg less or 10
mm Hg more than the cutpoint, respectively. Because these data were not separately
validated, we evaluated this information in secondary analyses to assess associations
between mercury exposure and BP in 1986 (approximating a cross-sectional analysis), BP in
1990, and change in BP between 1986–1990.

Covariates
Data on demographics, risk factors, and lifestyle habits were collected via validated self-
administered questionnaires, using the questionnaire from each participant closest in time to
their toenail sample collection. See Online Supplement for details.

Analysis
Associations of toenail mercury concentrations with incident hypertension were evaluated
using Cox proportional hazards, with time at-risk from the time of toenail sampling until the
diagnosis of hypertension, death, or the date of return of the last questionnaire in 2008,
whichever came first. Potential confounding was assessed using multivariable models
adjusted for demographics, major cardiovascular risk factors, and lifestyle and dietary
habits, including fish and omega-3 fatty acid consumption. See Online Supplement for
detailed statistical methods. All analyses were performed using SAS version 9.1 (SAS
Institute), two-tailed alpha=0.05.

RESULTS
At baseline, mean±SD age was 60.2±9.2 years among men and 53.1±6.4 years among
women (Table 1). Median concentrations of toenail mercury were 0.21 μg/g in women and
0.30 μg/g in men. The exposure distribution was more right-skewed in men than in women
(95th percentile: 1.31 vs. 0.76 μg/g, respectively), consistent with greater fish consumption
in men and also suggesting greater selection of larger, long-lived species including
sportsfish that might be higher in mercury among the men with highest exposures. Across
both cohorts combined, median toenail mercury concentrations were 0.64 μg/g in the
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highest quintile, and 0.92 μg/g in the highest decile. These levels would be equivalent to
about 1.7 and 2.5 μg/g in hair,8 respectively, or about 1.7-fold and 2.5-fold higher than the
US EPA reference dose corresponding to about 1 μg/g in hair.27

In unadjusted (bivariate) analyses, higher mercury levels were associated with less never
smoking and greater former smoking, more frequent hypercholesterolemia, and slightly
lower body mass index (Table 2). As expected, higher mercury levels were also associated
with greater consumption of fish and omega-3 fatty acids and with factors that would be
associated with fish consumption, including greater physical activity and intakes of alcohol,
fruits, and vegetables; and lower consumption of meats. Toenail mercury concentrations
were not associated with other risk factors for hypertension including family history,
prevalence of diabetes, or consumption of whole grains.

During 14.9±7.9 years (89,790 person-years) of follow-up, a total of 3,540 new cases of
hypertension were diagnosed. The median duration of follow-up from time of toenail
sampling to diagnosis of hypertension was 11.4 years (interquartile range: 5.6–16.5 years).
After adjustment for age and sex, toenail mercury concentrations were not associated with a
higher incidence of hypertension in men, women, or both cohorts combined (Table 3).
Further adjustment for other risk factors, including clinical characteristics, lifestyle
behaviors, and dietary habits, had little effect on these results. In the fully adjusted model,
the hazard ratio (95% CI) for incident hypertension in the highest compared with the lowest
quintile was 0.96 (0.84, 1.09) in women, 0.82 (0.62–1.08) in men, and 0.94 (0.84–1.06) in
both cohorts combined. Results were not appreciably altered with further adjustment for
toenail selenium concentrations or use of aspirin or lipid-lowering medications; if we
adjusted for estimated long-chain omega-3 consumption rather than fish consumption; or if
findings in women were additionally adjusted for hormone replacement use, age at first
birth, and parity (not shown).

Findings were generally similar in analyses stratified by fish consumption, long-chain
omega-3 consumption, toenail selenium levels, body mass index, or age (Table 4). Among
younger participants (age<50 y), higher mercury exposure was associated with lower risk of
incident hypertension (across quintiles, HR=0.77, 95% CI=0.61–0.98), although interaction
by age was not statistically significant (P-interaction=0.10). Findings were also similar
across a broader dose-response of deciles of toenail mercury (Table 5). In the highest decile
of exposure, there was actually a lower incidence of hypertension (HR=0.82, 95% CI=0.69–
0.96; P-trend=0.03). Mercury exposure was also not associated with higher risk of
hypertension in sensitivity analyses correcting for measurement error in mercury measures,
or excluding cases of hypertension within the first two years of follow-up or restricting to
hypertension cases occurring within the first ten years of follow-up (Supplementary Tables
S1–S2).

We evaluated self-reported BP levels in secondary analyses. In unadjusted analyses, higher
mercury exposures were associated with slightly lower systolic BP assessed in 1986, the
year of BP assessment closest to the toenail sampling in both cohorts (Table 2). In crude
cross-sectional analyses (i.e., not using sex-specific quintiles), higher mercury exposures
were not associated with systolic BP and were associated with higher diastolic BP in 1986
(not shown). After multivariable-adjustment, no significant associations were seen between
mercury exposure and either diastolic or systolic BP in 1986, diastolic or systolic BP in
1990, or change in diastolic or systolic BP between 1986 and 1990 (Supplementary Table
S3).
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DISCUSSION
Our findings in these two separate large prospective cohorts do not support clinically
apparent adverse effects of chronic methylmercury exposure on development of
hypertension at usual exposure levels seen in these men and women. In the top quintile,
median mercury exposures were about 1.7-fold – and in the top decile, about 2.5-fold –
higher than the US EPA reference dose.27 Findings were similar in men, women, and
various stratified subgroups.

These ranges of mercury exposure are comparable to those in national US surveys28 and
prior European studies.29, 30 In the NHS, median exposure was 0.23 μg/g, or about 0.62 μg/
g in hair, similar to the 75th percentile exposure among US women age 40–49 (hair mercury
0.55 μg/g; 95% CI: 0.40, 0.69).28 In the top decile of NHS, median exposure was 0.76 μg/g,
or about 2.05 μg/g in hair, similar to the top decile among white US females age 16–49 (hair
mercury 1.84 μg/g; 95% CI: 0.82, 2.86).28 Exposure was even higher in the top decile of the
HPFS cohort, consistent with their higher fish consumption compared to the average
population, and also suggesting a greater selection of higher mercury fish (e.g., bluefin
sushi, swordfish, shark, etc.) in these individuals. Overall, the similar or higher
methylmercury exposure levels in our cohorts makes the absence of evidence for higher risk
of hypertension more robust.

For assessing population health effects, the primary mercury species of interest is
methylmercury, derived principally from fish intake.31 In the absence of unusual
occupational exposures, toenail mercury concentration is a useful biomarker of usual
methylmercury exposure.32–34 We excluded dentists from measurements, so it is unlikely
that any meaningful number of these health professionals were exposed to appreciable
sources of occupational mercury. Consumption of tuna and other saltwater fish are the main
dietary factors positively associated with toenail mercury.32–34 In addition, when we
speciated toenail mercury concentrations in a subset of 29 participants, total mercury and
methylmercury concentrations correlated nearly perfectly: Spearman correlation (r)=0.97.8

Toenail mercury concentrations at one time point also predict future exposure, with a
correlation of 0.56 for levels assessed in clippings obtained 6 years apart,32 similar to
correlations over time for widely used epidemiologic measures such as BP or blood
cholesterol.35, 36 Toenail selenium concentrations are also valid biomarkers of selenium
exposure, responding to long-term changes in diet and correlating with whole blood and
serum selenium.37, 38 Reliability of toenail selenium levels over time is also reasonable, with
a correlation of 0.48 for levels in clippings obtained 6 years apart.32

Among prior cross-sectional studies, 4 studies,12–15 but not 2 others,16, 17 suggested a link
between higher methylmercury exposure and higher BP or prevalent hypertension. Most of
these studies were relatively small, including only a few hundred participants; and several
focused on specific ethnicities such as Nunavik Inuits, Cree Indians, French Polynesians, or
Brazil Amazonians, potentially limiting generalizability. Perhaps due to their small size,
most of these studies also adjusted for a limited set of potential confounders. Additionally,
all these studies could be limited by reverse causation, as a cross-sectional design cannot
distinguish whether methylmercury exposure is related to higher BP, or whether persons
with higher BP may have reasons to consume more fish and thus have higher
methylmercury levels. In an initial prospective follow-up of a Faroese birth cohort at 7
years, prenatal methylmercury exposure was associated with higher childhood BP after
adjustment for body weight.18 However, this relationship was equivocal and not statistically
significant after additional follow-up to age 14 years.19
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Overall, prior literature suggested a potential link between methylmercury exposure and
hypertension, but with mixed findings across studies and multiple relevant limitations
including cross-sectional design, low statistical power, and potential for residual
confounding due to limited covariate adjustment. Interestingly, in unadjusted cross-sectional
analyses at baseline in our cohorts, mercury levels were positively associated with diastolic
BP, as well as with hypercholesterolemia, suggesting that persons with more cardiovascular
risk factors may choose to consume more fish (i.e., reverse causation). However, mercury
exposure was not related with higher risk of hypertension longitudinally. Adjustment for
self-reported fish consumption at baseline did not materially alter these results, although
such adjustment may incompletely account for residual confounding due to potential
benefits of fish intake. Our findings provide the most robust evidence to-date that chronic
methylmercury exposure, at least at doses commonly seen in the US and many other
countries, does not increase risk of hypertension.

For some environmental toxins, such as lead or bisphenol A, harms can be assessed
independent of any potential health benefits derived from the source of exposure. In
comparison, the major source of methylmercury exposure is fish consumption, which
provides several cardiovascular and potentially other benefits.39 Thus, population
recommendations for methylmercury exposure should simultaneously consider both
potential harms and benefits of fish consumption, including of fish that contain
methylmercury.3 Guidelines regarding fish intake exist for women who may become
pregnant, infants, and young children to optimize brain development during gestation and
infancy, aiming to balance benefits of fish consumption versus the effects of methylmercury
exposure.3 However, no corresponding guidelines exist for the general adult population,
largely due to insufficient evidence for any significant long-term effects of chronic
methylmercury exposure in adults. Although we found no adverse association between
toenail mercury and hypertension risk, we cannot exclude residual confounding due to
benefits of fish or omega-3 consumption on BP,40, 41 even though we adjusted for and
stratified by fish consumption and estimated dietary omega-3 consumption. Such benefits,
for example, could account for trends toward lower incidence of hypertension with higher
mercury exposure in both cohorts. This trend was especially evident in younger adults (<50
years), in whom fewer competing risks from other causes of hypertension might make it
easier to detect a clinically relevant BP-lowering effect of fish intake. Overall, our findings
do not provide support that chronic methylmercury exposure from seafood consumption
increases risk of hypertension.

Our analysis has potential limitations. Our findings were based on toenail measurements at
baseline, and changes in methylmercury exposure over time could attenuate true
relationships toward the null. Conversely, a single toenail mercury concentration provides an
excellent biomarker of integrated usual methylmercury exposure over the past year, and a
reasonable correlation between concentrations in nails collected six years apart indicates that
a single measure also represents exposure over longer periods. Our findings were also
similar in sensitivity analyses limited to shorter durations of follow-up. Our secondary
analysis of participant-reported BP could be limited by imperfect measurements and
reporting that would attenuate findings toward the null. On the other hand, given that these
cohorts comprised educated health professionals, the reported measures are likely
reasonably valid, at least within the broad categories that were assessed. Although we
adjusted for a range of demographic, clinical, and lifestyle risk factors, residual confounding
cannot be excluded, particularly from other benefits of fish consumption. Whereas findings
were similar in two separate cohorts and there is little reason to believe that biological
effects of methylmercury in these populations would be different than among women and
men in general, these cohorts comprised largely white, educated US adults, potentially
limiting generalizability.
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PERSPECTIVES

In summary, in two large prospective US cohorts of men and women, we found no
evidence for a relationship between mercury exposure and increased risk of hypertension.
Our findings do not substantiate prior concerns, which were largely based on some cross-
sectional studies, that chronic methylmercury exposure from seafood consumption
commonly occurring in the US increases risk of hypertension in adults. These results do
not support a need to broaden existing focused guidelines, which recommend that women
of childbearing age and young children avoid specific higher-mercury fish species, to the
general population based on concern for effects on hypertension.
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Novelty and Significance: 1) What Is New, 2) What Is Relevant?

What Is New?

• Although some animal experiments suggest that mercury exposure could
increase risk of hypertension, few well designed studies have tested this in
humans.

• We evaluated this question in two separate large studies, including more than
6,000 US men and women without hypertension at baseline.

• We measured mercury exposure using specialized testing of toenail clippings,
which provides an excellent measure of long-term exposure; and followed
participants for long-term development of hypertension.

What Is Relevant?

• This is by far the largest study to look at how mercury, which comes from eating
certain fish, relates to long-term development of hypertension. This has major
public health implications, for example related to guidelines for eating fish or
avoiding mercury in the general populations.

• We included both men and women having a wide range of mercury exposure,
increasing relevance and applicability of the findings.

Summary

• During an average follow-up of 15 years, 3,540 participants developed
hypertension.

• Adjusting for other risk factors, higher mercury exposure had no association
with risk of developing hypertension.

• These findings from two separate large studies do not support any clinically
noticeable harmful effects of mercury exposure on risk of hypertension in men
or women.
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Table 1

Baseline Characteristics of 6,045 US Men and Women in Two Separate Prospective Cohorts.

Characteristic Men (n=1,624) Women (n=4,421)

Age, years 60.2±9.2 53.1±6.4

Smoking, %

 Never 44 37

 Past 44 25

 Current 12 38

Family history of myocardial infarction, % 35 21

Family history of hypertension, % 22 39

CVD case-control status, % future case 43 44

Diabetes mellitus, % 3 1

Hypercholesterolemia, % 10 4

Lipid-lowering medication use, % 1 3

Aspirin use*, % 31 26

Body mass index, kg/m2 25.5±2.9 24.1±4.4

Physical activity, METS/week 19.0±26.0 13.7±19.2

Alcohol, drinks/day 0.8±1.1 0.5±0.9

Toenail selenium, μg/g 0.92±0.63 0.79±0.20

Toenail mercury, median (5th, 95th percentile), μg/g 0.30 (0.07, 1.31) 0.21 (0.07, 0.76)

Fish, servings/week 2.0±1.8 1.8±1.6

Processed meat, servings/day 0.4±0.6 0.3±0.4

Unprocessed red meat, servings/day 0.7±0.5 0.7±0.5

Vegetable, servings/day 3.2±2.4 3.2±1.8

Fruit, servings/day 1.6±1.3 2.1±1.4

Whole grains, g/day 20.8±19.5 15.9±14.7

EPA and DHA, mg/day 257±222 180±158

Total energy, kcal/day 2057±638 1738±543

Saturated fat, % energy 11.5±2.8 12.7±3.0

Monounsaturated fat, % energy 12.6±2.7 12.9±2.9

Polyunsaturated fat, % energy 5.8±1.5 6.4±1.8

Trans fat, % energy 1.3±0.5 1.9±0.6

Protein, % energy 18.3±3.3 17.8±3.4

Values are mean±SD (continuous characteristics) or percent (categorical characteristics) except for toenail mercury which is reported as median

(5th, 95th percentile).

*
Due to questionnaire differences, defined as 2+ times/week in men and 4+ times/week in women.
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