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Abstract

Background: Most absorbed lead ends up in the bone, where it can be measured as a biomarker
of cumulative exposure, elevations of which have been shown to predict a higher risk of coronary
heart disease (CHD). Knowledge about the role of dietary patterns is critical to the development of
effective interventions for the cardiovascular toxicity of cumulative lead exposure.

Methods: 594 men, free of CHD at baseline, were followed from August 1991 to June 2011 in
the Normative Aging Study. Bone lead concentrations were measured by K-shell-X-ray
fluorescence. Dietary patterns were identified using principal components analysis. Two dietary
patterns were identified: a ‘prudent’ pattern characterized by high intake of fruit, vegetables,
legumes, tomatoes, poultry, and seafood; and a “Western’ pattern, with high intake of red meat,
processed meat, refined grains, high-fat dairy products, high-energy drinks, fries, butter and eggs.
Cox proportional hazard models were used to compute hazard ratios (HRs) and 95% confidence
intervals (CIs) for incident CHD. Effect modification on the multiplicative scale was examined
through cross-product interaction terms.
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Results: 137 men developed incident CHD events during 5,071 person-years of follow-up. After
adjusting for age, body mass index, total energy intake, smoking status, total cholesterol to high-
density lipoprotein ratio, education and occupation, an HR of incident CHD was 1.64 (95% CI:
1.27-2.11) with each doubling in patella lead concentration in the low prudent diet group
(<median prudent score); and the HR decreased to 1.07 (95% CI: 0.86-1.34) in the high prudent
diet (=median prudent score) (p-for-interaction=0.01), suggesting protective effects of prudent diet
against lead-related CHD. By contrast, the association between tibia lead and CHD was non-
significantly larger in the low Western diet group (HR=1.43, 95% CI: 1.14-1.80) compared with
the high Western diet group (HR=1.08, 95% CI: 0.86-1.34) (p-for-interaction=0.06). No
significant effect modifications were detected by Western diet in the patella lead-CHD association
and by prudent diet in the tibia lead-CHD association.

Conclusions: Prudent diet may reduce the risk of development of CHD in relation to patella
lead. However, these findings need to be interpreted with caution, given the modest sample size.
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INTRODUCTION

Lead exposure is known to have lasting adverse effects on coronary heart disease (CHD)
(Jain et al., 2007; Navas-Acien et al., 2007; Weisskopf et al., 2015, 2009). Primary
prevention strategies that control or eliminate lead sources before exposure remain the
preeminent public health approach to the problem of lead poisoning (e.g. phase-out of
leaded gasoline and paint). Unfortunately, as a potential route of lead exposure, water has
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not received as much attention. It is estimated that tragedies due to lead in water have taken
place in nearly 3,000 U.S. neighborhoods, with lead poisoning rates even greater than those
recently seen in Flint, Michigan (Pell and Schneyer, 2016). This lead could accumulate in
the osseous tissues and re-enter the circulatory system throughout a person’s lifetime.

Unlike blood lead, with a half-life of approximately 30 days, lead in the bone has a half-life
ranging from years to decades. As an indicator of long-term exposure, bone lead is
considered an endogenous source of lead in the human body, and has been identified as a
better biomarker for examining chronic health outcomes (Hu et al., 1998a; Nie et al., 2009).
Impaired renal function, systemic oxidative stress, and inflammation may serve as potential
mechanisms underlying the association between bone lead and CHD (Gonick et al., 1997;
Rodriguez-Iturbe et al., 2005; Willerson and Ridker, 2004).

Dietary strategies provide the possibility of effective and affordable ways to deal with side
effects caused by lead. A growing body of evidence indicates that deficiencies of essential
metals (such as zinc, calcium, selenium, iron) could enhance lead absorption and retention
(Bridges and Zalups, 2005; Flora and Tandon, 1990; Liu et al., 2013; Nemsadze et al., 2009;
Prasanthi et al., 2010); and that vitamins, including vitamins C, E, B4, and Bg, could play
important roles as antioxidants against lead toxicity (Al-Attar, 2011; Bakulski et al., 2014;
Bratton et al., 1981; Calabrese et al., 1987; Dawson et al., 1999; Ghanwat, 2016; Goyer and
Cherian, 1979; Hsu and Guo, 2002; Reddy et al., 2010; Renddn-Ramirez et al., 2014; Sasser
et al., 1984; Simon and Hudes, 1999; Tandon et al., 1984).

However, studies based on single nutrients or dietary components have several limitations as
they are highly interdependent and can have additive, synergistic or antagonistic effects
which may not be captured when single nutrients are examined (Stradling et al., 2014). For
instance, red meat consumption is correlated with higher intake of saturated fat and lower
intake of vegetables and has been linked to cancer and cardiovascular disease (Bronzato and
Durante, 2017; Turner and Lloyd, 2017). Vitamin C can enhance absorption of non-heme
iron (Hallberg et al., 1987), which can in turn influence the lead toxicokinetics. It is,
therefore, inappropriate to make public health recommendations to address lead issues from
studies that solely examined single nutrients or dietary components. Dietary patterns have
been widely examined during the past decade to represent the overall combination of foods
and nutrients consumed and account for quality and diversity of diets (Newby and Tucker,
2004; Wirfdlt et al., 2013). To the best of our knowledge, there is little information currently
available regarding the influence of dietary patterns on lead-related CHD.

To address this issue, we examined effect modification by dietary patterns in the association
between bone lead and CHD among participants in the Normative Aging Study (NAS), a
prospective cohort of community-dwelling middle-aged to elderly men. We aimed to
investigate whether the derived dietary patterns alter individual susceptibility to lead toxicity.
In a previous study, we found that a Western diet, characterized by high intake of processed
meat, red meat, and high-fat dairy products, was associated with increased bone lead
concentrations (Wang et al., 2017). The present study was designed to further explore the
role of dietary patterns in susceptibility to lead toxicity and CHD risk.

Environ Res. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ding et al.

METHODS

Ethics

Page 4

The current study was reviewed and approved by the Institutional Review Boards of each
participating Institute, the University of Michigan School of Public Health, the Harvard
School of Public Health and the Department of Veterans Affairs Boston Healthcare System.
All the participants provided written informed consent. Dr. Sung Kyun Park, Ning Ding and
Xin Wang had full access to all the data in the study and take responsibility for the integrity
of the data and the accuracy of the data analyses.

Study Population

The NAS cohort was initiated in 1963 with the enrollment of 2280 healthy white males from
Boston, Massachusetts. All were free of chronic medical conditions, including cancer,
diabetes, hypertension, heart disease, recurrent asthma, peptic ulcer, gout, bronchitis, or
sinusitis. Participants returned for examination every 3 to 5 years, including physical
examination, laboratory tests, dietary intake questionnaire, and other factors that might
influence health.

Between August 15t, 1991 and August 8, 2002, 871 consecutive NAS participants
underwent patella and tibia bone lead measurements using K-shell-X-ray fluorescence
(KXRF). After excluding 226 participants with prevalent CHD at baseline (angina pectoris,
myocardial infarction or CHD death), 645 men were at risk of developing CHD. In addition,
we excluded 4 participants who did not return their food frequency questionnaires (FFQs), 8
with high bone lead uncertainties, and 39 with missing values for potential covariates (28 for
HDL cholesterol, 1 for total cholesterol, 27 for education level, 1 for BMI and 8 for
variables used in the application of inverse probability weighting method), leaving a final
sample of 594 men with 2098 observations for the analyses (Figure 1).

Case Ascertainment

Coronary heart disease (CHD) cases include myocardial infarction, angina pectoris, and
CHD deaths. Myocardial infarction was diagnosed by changes in pathological Q waves,
elevation of serum enzyme levels along with chest discomfort, or autopsy. Angina pectoris
was defined as recurrent chest discomforts lasting up to 15 minutes. CHD death was
confirmed based on the 9t revision of International Classification of Disease (ICD-9) codes
410 to 414 and 429.2. Each participant provided their medical records at their regular visits.
Every possible report of a CHD event was confirmed by a board-certified cardiologist.

Bone Lead Measurement

K-shell-X-ray fluorescence (KXRF) (ABIOMED, Inc.) was used to measure bone lead
concentration for 30 min each at the patella and mid-tibia shaft, as previously described (Aro
et al., 1994). Patella bone consists primarily of trabecular bone, while tibia bone consists
primarily of cortical bone. Lead accumulation in cortical bone possesses a half-life of
decades. In contrast, lead retained in trabecular bone mobilizes more rapidly, with a half-life
of a few years. Thus, in general, tibia bone lead has been viewed as an indicator of lifetime
cumulative exposure to lead, while patella bone lead has been identified as current and
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mobilizable lead reserves (Hu et al., 1998b). The K-XRF instrument provides an unbiased
estimate of bone lead concentration (standardized by bone mineral content) with a unit of
ng/g bone mineral, and an estimate of uncertainty. Participants with patella and tibia lead
measurements with high uncertainty, >15 and >10 ug/g, respectively, were excluded, as
these uncertainties usually reflect excessive movement during bone lead measurement.

Semi-quantitative Food Frequency Questionnaire

Dietary intake was assessed with a validated, semi-quantitative FFQ adapted from the one
used in the Nurses’ Health Study (Willett et al., 1985). Each questionnaire assessed
consumption of 135 food items during the past year. Starting from 1991, the FFQs were
mailed on average every 4 years to NAS participants before their examination visits and
checked for completeness during examinations. For the purpose of this analysis, we only
used FFQs collected right before or within 1 year after bone lead measurements. Each food
item intake of the FFQ was measured by checking one of 9 frequency categories, ranging
from “never or less than 1 time per month” to “six or more times per day”. Food intake was
converted to a total amount based on serving size per day times the daily intake frequency,
and converted to nutrients by linking with a nutrient database at the Harvard School of
Public Health. The reproducibility and validity of this FFQ has been reported satisfactory
elsewhere (Wang et al., 2017; Willett et al., 1985). We estimated dietary intake of essential
minerals and vitamins that related to lead toxicity: zinc, calcium, selenium, iron, vitamins C,
B, and B.

Dietary Pattern Analysis

To identify dietary patterns, individual food items were first aggregated into 40 pre-defined
food groups, to minimize within-person variation (Wang et al., 2017). The classification of
foods or food items was based on similarities in nutrient profile and culinary preference, as
previously described (Wang et al., 2017). We derived dietary patterns using principal
components factor analysis with orthogonal rotation, as described elsewhere (O’Rourke and
Hatcher, 2013). The number of dietary patterns (factors) was decided based on Kaiser-
Guttman rule (eigenvalue>1), Scree test and interpretability.

Dietary pattern scores were calculated by summing the standardized values of food groups
with weights derived from factor analysis. A positive factor loading indicates a positive
association with the factor; while a negative factor loading shows a negative relationship. A
higher score indicates a higher adherence to dietary pattern. We identified two dietary
patterns, labeled “prudent” and “Western” patterns. The consistency and robustness of data-
driven dietary patterns were examined using maximum likelihood rather than the principal
components method, oblique instead of orthogonal transformation, as well as 135 food items
other than 40 pre-defined food groups, according to our previous study (Wang et al., 2017).
Pearson’s correlation coefficients were calculated between dietary pattern scores and single
nutrient density. The analyses were conducted by using PROC FACTOR in SAS, version 9.4
(SAS Institute, Inc., Cary, North Carolina).
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Self-administered questionnaires were used to obtain demographic and socio-economic
information during regular follow-up visits. Total energy intake was obtained using semi-
quantitative FFQ based on food intake. Serum high-density lipoprotein (HDL) and total
cholesterol concentrations were analyzed using blood samples during laboratory
examinations. Body mass index (BMI) was calculated from height and weight obtained
during the physical examination. Smoking status was categorized as never, former, or current
cigarette smoking. Education levels were identified as less than high school, high school,
some college, or undergraduate or higher degree. Occupation was expressed as white collar,
or non-white collar work.

Statistical Analyses

Hazard ratios (HRs) and 95% confidence intervals (Cls) of patella and tibia bone lead were
estimated by Cox proportional hazards regression to account for long-term follow up until
the first CHD event. Participants contributed follow-up time from the date of KXRF bone
lead measurement to the date of first CHD event or CHD death, whichever occurred first for
CHD cases; or the end of study (June 2011) for non-cases. In the multivariate analyses, HRs
were adjusted for age, BMI, total energy intake, smoking status, ratios of total cholesterol to
HDL cholesterol, education, and occupation. Patella and tibia bone lead concentrations were
log-transformed with base 2 based on the evidence of log-linear relationships (Ding et al.,
2016). To facilitate interpretation of the results, HRs and 95% Cls were interpreted as effects
of a two-fold increase in bone lead concentration.

In assessing potential interactions between bone lead and diet, we first analyzed prudent and
Western diets, separately, in the models, for the ease of illustration. Diet scores higher than
their medians were identified as high adherence, while those lower than their medians were
labeled as low adherence, with cutoffs at their medians (=0.16 for prudent diet and —-0.14 for
Western diet). We then divided our study population into four dietary groups to examine the
health effects of bone lead in the sub-populations: 1) participants with low adherence to both
Western and prudent diet, 2) low adherence to prudent diet and high adherence to Western
diet, 3) high adherence to prudent diet and low adherence to Western diet, and 4) high
adherence to both Western and prudent diet.

For the first approach, we included a cross-product term of bone lead concentrations with
binary indicator of prudent or Western dietary pattern, separately, as shown in the models
below.

AME) = }\O(t) X exp(ﬁlLead + ﬁzHigh_prudent + ﬁ3Lead X High_prudent

+ [? Covariates)

M) = Ao(t) X exp(,/; 1Lead + /§2H igh_Western + /§3Lead X High_Western

+ /? Covariates)

Environ Res. Author manuscript; available in PMC 2020 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ding et al.

Page 7

Where A(?) is the hazard of CHD at time t and A (9 is the baseline hazard; Lead is log-
transformed concentration of either patella lead or tibia lead; High prudent (or High
Western) includes men with high adherence to prudent (or Western) diet, while those with
low adherence to prudent (or Western) diet were identified as the reference group;
Covariates include age, BMI, total energy intake, smoking status, ratios of total cholesterol
to HDL cholesterol, education, and occupation.

For the second approach, four dietary groups were compared: 1) participants with low
adherence to both Western and prudent diets, 2) low adherence to prudent diet and high
adherence to Western diet, 3) high adherence to prudent diet and low adherence to Western
diet, and 4) high adherence to both Western and prudent diets.

Main effects of dietary groups and their interaction with log-transformed bone lead
concentration in our final model as shown below.

Mt)=
}I»\O(t) X exp(ﬁlLead + ﬁ2DieAtary group2+/§3Dietary gr?up3+ﬁ4Dietary group,+
/iSLead X Dietary group2+/)’6Lead X Dietary group3+/j7Lead X Dietary group 4+

/? Covariates)

Where A(?) is the hazard of CHD at time t and A9 is the baseline hazard; Lead is log-
transformed concentration of either patella lead or tibia lead; Dietary group,includes men
with low adherence to Western diet and high adherence to prudent diet. Dietary groups
includes men with high adherence to Western diet and low adherence to prudent diet.

Dietary group,includes men with high adherence to both Western and prudent diets;
Covariates include age, BMI, total energy intake, smoking status, ratios of total cholesterol
to HDL cholesterol, education, and occupation. More details of significance testing for effect
modification used in our study can be found in appendix.

It is possible that participants’ enrollment into the KXRF bone lead sub-study were affected
by their bone lead concentrations, dietary patterns or other health factors at the time of
enrollment. To mitigate potential selection bias, we assigned weights to participants based
on inverse probability weighting (IPW), to create a pseudo population representing the
original cohort, as per Weisskopf et al (Weisskopf et al., 2015). Briefly, a single logistic
regression model was constructed to predict the probability of sub-study entrance, with one
record per study visit at the time of bone lead measurement for those participants in the sub-
study; for those without bone lead measured, we utilized the last visit before 2002 (the last
year of bone lead measurements in our study). The C statistic from this model was 0.87. All
the predictors incorporated in the logistic regression model are presented in our previous
studies (Ding et al., 2016; Wang et al., 2017).

To verify analytical consistency, we conducted additional analyses to evaluate multiplicative
interaction through cross-product terms between bone lead concentrations and continuous
dietary pattern scores in the multivariate Cox proportional hazard regression models.
Moreover, we assessed correlation between nutrients and dietary pattern scores, as well as
effect modification by single nutrients. All the statistical analyses were conducted by SAS,
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version 9.4 (SAS Institute, Inc., Cary, North Carolina). All the statistical tests were two-
sided, with a type | error rate of 0.05.

RESULTS

Among 594 NAS participants with bone lead measurements and dietary history information,
137 developed CHD during 5066 person-years of follow-up, with an average of 8.52 years
per participant (SD= 5.75 years). Summary statistics of the key study variables at baseline
are listed in Table 1 for CHD incident cases and non-cases. The average patella bone lead
concentration was 32.2 ug/g (SD=18.9 ug/g) for CHD cases, and 29.4 ug/g (SD=18.9 ug/g)
for non-cases. Tibia bone lead concentration was 22.6 ug/g (SD=13.5 ug/g), on average, for
CHD cases, and 20.9 pg/g (SD=13.2 ug/g) for non-cases. The mean baseline age of
participants who developed CHD events was 65.5 years (SD=6.2 years), younger than non-
cases with 66.5 years (SD=7.5 years) (P=0.13). Traditional CHD risk factors, such as BMI
and ratio of total to high-density lipoprotein cholesterol (HDL) in the CHD incidence group
were significantly higher than in non-cases. The mean BMI was 28.7 kg/m? in cases and
27.6 kg/m? in non-cases (= 0.003). The ratio of total to HDL cholesterol was 5.2 among
cases and 4.9 among non-cases (~= 0.001). Moreover, CHD cases tended to be former
smokers, to have lower level of education, and greater total energy intake, although these
differences did not reach statistical significance.

Two major patterns were identified through principal components analysis (Table 2). The
first factor was named a prudent dietary pattern, loaded heavily with fruit, legumes, whole
grains, tomatoes, seafood, poultry, cruciferous vegetables, dark-yellow vegetables, leafy
vegetables, and other vegetables. The second factor, labeled as a Western dietary pattern,
shows high loadings for intakes of processed meat, red meat, refined grains, butter, high-fat
dairy products, eggs, and fries.

Table 3 shows the associations of bone lead with incident CHD among participants with
high or low adherence to prudent or Western diet, respectively. After adjusting for age, BMI,
total energy intake, smoking status, ratio of total cholesterol to HDL, education and
occupation, participants with low adherence to a prudent diet had a HR of 1.64 (95% CI:
1.27-2.11) per doubling increase in patella lead concentration, whereas those with high
adherence to a prudent diet had a HR of 1.07 (95% CI: 0.86-1.34) (p-for-interaction=0.01).
There was no significant difference in the patella lead-incident CHD associations by Western
diet (p-for-interaction=0.71). No statistically significant effect modification by dietary
pattern in the association between tibia lead and incident CHD was observed although effect
modification by Western diet was borderline significant (p-for-interaction=0.90 by prudent
diet, p-for-interaction=0.06 by Western diet). Unlike patella lead, the association between
tibia lead and CHD was larger in the low Western diet group (HR=1.43, 95% CI: 1.14-1.80)
compared with the high Western diet group (HR=1.08, 95% CI: 0.86-1.34).

Figure 2 and Figure 3 present effect modification by four dietary groups, according to the
combination of the categories of dichotomized dietary pattern scores. Within the low
Western diet, those in the low prudent diet showed a HR of 1.73 (95% CI: 1.14-2.62) per
doubling increase in patella lead whereas those in the high prudent diet had a non-significant
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association (HR=1.16, 95% CI: 0.86-1.56). Similarly, within the high Western diet, those in
the low prudent diet showed a HR of 1.57 (95% CI: 1.14-2.17) per doubling increase in
patella lead whereas those in the high prudent diet had a non-significant association
(HR=0.98, 95% CI: 0.72-1.33) (P-for-interactions=0.03 for prudent dietxpatella lead and
prudent dietxWestern dietxpatella lead; 0.68 for Western dietxpatella lead and prudent
dietxWestern dietxpatella lead). The interactions between tibia lead and dietary patterns
were less pronounced and not statistically significant (P-for-interactions=0.51 for prudent
dietxtibia lead and prudentxWestern dietxtibia lead; 0.07 for Western dietxtibia lead and
prudentxWestern dietxtibia lead.). However, the trends were opposite as seen above in Table
3. Within the high prudent diet, a larger association was observed in the low western diet
(HR=1.49, 95% ClI: 1.15-1.94) whereas a null association was observed in the high western
diet (HR=0.94, 95% CI: 0.68-1.29). We did not find differences in the associations between
low vs. high western diet groups within the low prudent diet.

The prudent pattern was positively correlated with dietary intake of calcium, iron, zinc, and
vitamins C, By, By, and Bg (Supplemental Table A.1). In contrast, the Western pattern was
negatively associated with intakes of minerals and vitamins. Compared with dietary patterns,
single nutrients had moderate magnitude and/or significance in the detection of modification
effects with bone lead on CHD (Supplemental Table A.2). Iron, zinc, and vitamin Blhad
statistically significant impact on the association between patella lead and CHD, with higher
nutrient levels associated with lower risks of CHD. Meantime, calcium and iron were found
to have significant interaction with tibia lead. Higher levels of iron and lower levels of
calcium were associated with lower risks of CHD. Note that nutrient levels were solely
estimated from food consumption without nutritional supplements.

DISCUSSION

CHD is a multifactorial chronic disease that develops from the interplay of environmental
toxicants, lifestyle, and many other factors. An understanding of the interaction between
these risk factors is important to identify susceptible groups as targets for CHD prevention.
In our previous study (Wang et al., 2017), dietary patterns were found to affect bone lead
concentration among middle-aged to elderly men. In this study, we evaluated potential effect
modification by dietary patterns on the association between bone lead and incident CHD
events. Among subjects with low adherence to the prudent diet, higher patella lead
concentrations were associated with higher risks of CHD incidence; while there was no
association between patella lead and incident CHD among those with high adherence to the
prudent diet. These results suggest that consumption of a prudent diet, made up primarily of
fruit, legumes, whole grains, tomatoes, seafood, poultry, and various kinds of vegetables,
may reduce lead toxicity on the risk of CHD development. However, our findings need to be
interpreted with a caution given the limited power.

We did not detect statistically significant interactions between bone lead and Western diet. It
is hard to come to a conclusion about the role of Western diet in the association between
lead and CHD risk. Our previous study showed that the Western diet, and not the prudent
diet, was associated with higher concentrations of blood and bone lead markers (Wang et al.,
2017). Lead absorption has been shown to increase with a high-fat and high-cholesterol diet,
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after exposing rats to lead for 48 hours (Barltrop and Khoo, 1975). Hence, the previous
literature and our present findings suggest that the Western diet may play a more important
role in lead toxicokinetics and influence cumulative lead dose and lead body stores, whereas
the prudent diet may play a critical role in lead toxicodynamics and the adverse health
effects of lead.

A possible explanation for the discrepancies in results between patella and tibia lead is the
difference between these two distinct measures of bone lead exposure in terms of their
compositions and magnitude of health effects. The patella is composed mostly of trabecular
bone, which has a higher resorption rate; in contrast, the tibia constitutes more cortical bone
with a slow rate of bone turnover and a longer half-life (Hu, 1998; Hu et al., 2007).
Trabecular bone typically has more active metabolism than cortical bone (Clarke, 2008).
Previous findings have shown that rates of turnover activity for trabecular bone are around
2% per year and 8% for trabecular lead (Rabinowitz, 1991).

Therefore, trabecular bone lead, represented here by patella lead, is considered the major
skeletal source of circulating lead and a moving average of environmental lead exposure in
the past 10 years. On the contrary, cortical bone lead, represented by tibia lead, is an
indicator of lifetime exposure even during a period when exogenous exposure decline
substantially. It is expected that patella lead may be influenced by lifestyle factors and other
predictors, more than tibia lead. This is consistent with previous results that cigarette
smoking was linked to increments in patella lead concentrations; however, no significant
differences by smoking status were detected for tibia lead (Wilker et al., 2011).

Dietary patterns in general play a role in bone resorption and formation. A healthy diet with
high consumption of fruit and vegetables has contributed to increased bone mineral density
(BMD) and decreased bone resorption rates, particularly in old age (Hardcastle et al., 2011;
Tucker et al., 2002). Previous animal and human studies have suggested differential effects
of dietary patterns on trabecular vs. cortical bone (Kim and Park, 2013; Laudermilk et al.,
2011; Wray et al., 2011). In Sprague-Dawley rats, a low calcium diet led to decreased
trabecular BMD.(Kim and Park, 2013) Moreover, high vitamin A (VA) intake affected
trabecular bone more than cortical bone, while the effects of a VA-marginal diet did not
impact tibia bone mineral content (BMC) in old rats.(Wray et al., 2011) In another study,
dietary protein intake was related to trabecular but not cortical BMC and bone strength.
(Laudermilk et al., 2011) However, it is still unclear whether different dietary patterns affect
trabecular and cortical bones differentially.

The observed findings of the prudent diet are consistent with many studies in animals and
humans, which have shown that a deficiency in essential minerals, such as zinc, calcium, and
iron, can contribute to greater lead burdens and toxicity. (Bridges and Zalups, 2005; Flora
and Tandon, 1990; Liu et al., 2013; Nemsadze et al., 2009; Prasanthi et al., 2010) Zinc,
calcium, and iron have similar chemical and physical characteristics to lead, and compete for
binding sites of metal absorptive and enzymatic proteins.(Bridges and Zalups, 2005)
Additionally, zinc supplementation has been shown to increase urinary lead elimination and
reduce adverse effects of lead on delta-aminolevulinic acid dehydratase (ALAD) activity in
rats. (Flora and Tandon, 1990) Zinc and calcium supplementation could protect against lead-
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induced oxidative damage on proteins, lipids, and DNA(Prasanthi et al., 2010); while iron
deficiency can result in enhanced lead toxicity to the heme-synthetic system.(Nemsadze et
al., 2009)

Moreover, high consumption of foods rich in vitamin C, vitamin E, vitamin B and vitamin
Bg, may counteract oxidative damage.(Al-Attar, 2011; Bakulski et al., 2014; Bratton et al.,
1981; Calabrese et al., 1987; Dawson et al., 1999; Ghanwat, 2016; Goyer and Cherian, 1979;
Hsu and Guo, 2002; Reddy et al., 2010; Renddn-Ramirez et al., 2014; Sasser et al., 1984;
Simon and Hudes, 1999; Tandon et al., 1984) Vitamin C and vitamin E can act as low
molecular mass antioxidants that scavenge lead-related reactive oxygen species (ROSs) by
rapid electron transfer and inhibit lipid peroxidation.(Al-Attar, 2011; Calabrese et al., 1987;
Dawson et al., 1999; Ghanwat, 2016; Goyer and Cherian, 1979; Hsu and Guo, 2002;
Rendon-Ramirez et al., 2014; Simon and Hudes, 1999) Vitamin Bg has been reported to
reduce lead-associated increases in homocysteine, a known risk factor for cardiovascular
disease, among middle-aged to elderly men.(Bakulski et al., 2014) Vitamin B; and vitamin
Bg have ring structures with nitrogen atoms, which mediate interactions with lead,(Reddy et
al., 2010; Tandon et al., 1984) and these vitamins have been shown to be effective in
decreasing lead concentrations in the liver, kidneys, bone and blood in animal studies.
(Bratton et al., 1981; Reddy et al., 2010; Sasser et al., 1984)

To our knowledge, this is the first study to evaluate effect modification on lead toxicity by
data-driven dietary patterns. Previous studies have focused mainly on single nutrients related
to lead toxico-kinetics and toxico-dynamics. Although several nutritional factors have been
found to counteract or exacerbate lead toxicity, it is not sufficient to consider individual
nutrients to represent overall dietary exposure. Thus, we derived dietary patterns to achieve
better translatability into public health intervention. To verify analytical consistency, we
compared our pattern results with those obtained using the maximum likelihood method,
orthogonal vs. oblique transformation, as well as factor identification from 135 food items
instead of 40 pre-defined food groups, and we found similar patterns and factor loadings
(data not shown).

The main strength of the present study was the use of a prospective, longitudinal cohort with
bone lead measured before the development of CHD. Unlike blood lead concentration,
which reflects only recent exposure to lead, bone lead is an endogenous reservoir of body
lead and captures long-term lead exposure during a person’s lifetime. Given that bone lead
may be a better indicator of cumulative lead exposure than blood lead, it could be the best
biomarker to examine effect modification by diet on the chronic toxicity by bone lead.

Some limitations need to be addressed in this study. First, statistical methods used to derive
dietary patterns, including food grouping and principal component factor analysis, involve
some subjective decisions. However, our previous study has already shown the high
reproducibility of these data-driven dietary patterns.(Wang et al., 2017) In addition,
participants in our study were predominantly white, middle-aged to elderly men, 95% of
whom were of European descent, so the present findings may not be generalizable to
women, to other racial/ethnic groups, or to younger individuals. Our results may be subject
to selection bias at enrollment into the bone lead sub-study or with selective dropouts during
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follow-up. To minimize the possibility of bias in effect estimates, we utilized inverse
probability weighting approach and found similar results with or without incorporation of
weights into the models. However, a competing risk situation might still arise among
participants with high Western pattern scores or “unhealthy” diet.

In conclusion, our study suggests that a prudent diet with a combination of natural
antagonists to lead toxicity may reduce the risk of development of CHD. However, these
findings need to be interpreted with a caution given the modest sample size. More
epidemiologic studies with a larger sample size and animal studies directly evaluating the
role of dietary patterns in lead toxicity are needed to confirm our findings. If confirmed,
such information will be crucial to identify susceptible populations that are at greater risk for
CHD and to effectively prevent CHD events and premature mortality.

Significance Testing for Effect Modification

In order to disentangle effect modification by prudent and Western diet, likelihood ratio tests
were utilized to examine significance of interactions, with a full model compared to two
reduced models. The full model included cross-product terms between Western dietary
scores and bone lead, between prudent dietary scores and bone lead, between Western and
prudent dietary scores, and with a three-way interaction term among bone lead, Western and
prudent dietary score, as shown in the model below. This model is mathematically equivalent
to the model with four separate dietary groups.

A(?:}\O(t) X exp([)’lLead +ijHighwestern-'_/}3HighpmdentA+/}4Lead X Highwestern
+p 5Lead X Hig hprudent+ﬂ 6ngA hwestern X nghprudent+ﬂ 7Lead
X High X High +ﬁiC0variates)

western prudent

Where A(dis the hazard of CHD at time t and A (dis the baseline hazard; Lead is log-
transformed concentration of either patella lead or tibia lead; High prudentincludes men
with high adherence to prudent diet, while those with low adherence to prudent diet were
identified as the reference group; High Western includes men with high adherence to
Western diet, while those with low adherence to Western diet were used as the reference;
Covariates include age, BMI, total energy intake, smoking status, ratios of total cholesterol
to HDL cholesterol, education, and occupation.

These two reduced models were shown below:

Mt)=7\0(t) X exp(ﬂA] Lead + ﬁzHigh_Western + B3High_prudent + /}4Lead
X High_prudent + /}SHigh_Western X High_prudent + /?Covariates)

to examine effect modification by Western diet; while,

X(t)=)»0(t) X exp(/? lLeud + ﬁ 2Hi gh_Western + /%High_prudem + /? 4Lead
X High_Western + ﬁSHigh_Western X High_prudent + ﬁCovariates)
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to evaluate effect modification by prudent diet.
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HIGHLIGHTS
. A prudent diet may reduce lead toxicity on the risk of CHD development.
. Diet could impact toxicokinetics and toxicodynamics of bone lead.
. Future studies directly evaluating the role of dietary patterns in lead toxicity

are needed.
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Participants who participated in the
bone lead sub-study (N=871)

Excluded participants who
developed CHD at
> baseline (N=226)

v

Participants who were at risk of
developing CHD (N=645)

A 4

Participants who returned their FFQs (N=641)

Excluded because of high
> bone lead uncertainties
(N=8)

Excluded participants with

> missing values of

potential covariates
(N=39)

A 4

Final analytic sample for CHD outcome with
both patella and tibia lead levels (N=594)

Figure 1.
Flow diagram of the VA Normative Aging Study 1991-2011 cohort and analytic sample.

CHD, coronary heart disease; FFQ, food frequency questionnaire.
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Dietary Group

Low prudent and High Western

High prudent and High Western

Low prudent and Low Western

High prudent and Low Western

Overall

Figure 2.
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30/1114

2211150

47/1488
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HR (95% Cl)

157 (1.4, 2.47)

0.98 (0.72,1.33)

173 (1.14, 262)

1.16 (0.9, 1.56)

130 (1.09, 1.56)
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05 1 2.5
HR

Adjusted hazard ratios (HRs) of incident CHD per 2-fold increase in patella lead
concentration by combined dietary groups (7=594). Model was adjusted for age, BMI, total
energy intake, smoking status (current/former/never), total cholesterol to HDL cholesterol
ratio, education level and occupation. Low and high dietary groups were based on each
dietary score cut at the median. Tests for effect modification were based on likelihood ratio
tests comparing the full model (cross-product terms of Western dietxprudent diet, Western
dietxpatella lead, prudent dietxpatella lead and a three-way interaction of Western
dietxprudent dietxpatella lead) vs. the reduced model (the full model minus an interaction
term of prudent dietxpatella lead or Western dietxpatella lead). P-for-interactions were 0.03
for prudent dietxpatella lead and prudent dietxWestern dietxtibia lead; 0.68 for Western
dietxpatella lead and prudent dietxWestern dietxtibia lead.
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Dietary Group No. of cases/person-year HR (95% Cl)
Low prudent and High Western 38/1265 1.17(0.87, 1.57) i
High prudent and High Western 301114 0.94(0.68, 1.29) ——
Low prudent and Low Western 2211150 1.31(0.85, 2.01) ——
High prudent and Low Western 471488 1.49 (1.15, 1.94) ——
Overal 13715017 1.25(1.06, 1.48) —+
I |
05 1 25
HR
Figure 3.

Adjusted hazard ratios (HRs) of incident CHD per 2-fold increase in tibia lead concentration
by combined dietary groups (17=594). Model was adjusted for age, BMI, total energy intake,
smoking status (current/former/never), total cholesterol to HDL cholesterol ratio, education
level and occupation. Low and high dietary groups were based on each dietary score cut at
the median. Tests for effect modification were based on likelihood ratio tests comparing the
full model (cross-product terms of Western dietxprudent diet, Western dietxtibia lead,
prudent dietxtibia lead and a three-way interaction of Western dietxprudent dietxtibia lead)
vs. the reduced model (the full model minus an interaction term of prudent dietxtibia lead or
Western dietxtibia lead). P-for-interactions were 0.51 for prudent dietxtibia lead and prudent
dietxWestern dietxtibia lead; 0.07 for Western dietxtibia lead and prudent dietxWestern
dietxtibia lead.
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Table 1.

Baseline characteristics (mean £ SD or %) of according to CHD status, the VA Normative Aging Study
(r=594).
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Baseline characteristics

Incident CHD (n=137)

Non-CHD (n=457)

Age, years 65.5 6.2 66.5+7.5
Follow-up time, years 57+47 9.3+59
Body mass index, kg/m? 287+4.0 276£3.7
Smoking

Never 27.0% 32.2%

Former 66.4% 57.8%

Current 6.6% 10.0%
Total cholesterol, mg/dL 234 +40.0 226 +355
High-density lipoprotein 47.1+11.7 49.4+135
(HDL), mg/dL
Total cholesterol/HDL ratio 5214 4914
Total energy intake, kCal 2110 + 893 1989 + 676
Education

<high school 13.1% 10.3%

High school 35.0% 34.1%

Some college 24.8% 24.5%

>4-year college 27.0% 31.1%
Occupation

White collar 33.6% 36.5%

Non-white collar 66.4% 63.5%
Patella lead, pug/g 32.2+18.9 29.4+18.9
Tibia lead, pg/g 22.6£135 20.9+13.2
Food intakes (servings/d)
Fruit 16+1.2 14+12
Legumes 04+04 04+03
Vegetables 21+31 17+13
Tomatoes 0.6+0.9 0.6+0.5
Seafood 0403 04+03
Poultry 04+0.4 0.4+0.3
Condiments 0.5+0.7 0.5+0.6
Processed meat 04+05 03+0.3
Red meat 05+0.4 05+0.3
Refined grains 16+14 14+1.1
Butter 03+0.7 03+0.7
High-fat dairy products 12+16 11+13
Eggs 0.2+0.3 0.2+0.3
Fries 01+0.1 01+0.1
High-energy drinks 04+0.7 0.3+0.6
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Baseline characteristics

Incident CHD (n=137)

Non-CHD (n=457)

Dietary patterns
Prudent diet score

Western diet score

02+13
01+11

Dietary intake of selected nutrients?

Calcium, mg
Iron, mg

Zinc, mg
Vitamin C, mg
Vitamin By, mg
Vitamin B,, mg

Vitamin Bg, mg

810 + 303
15.3+6.0
12.0+39
171 +81
1.7+£05
2.0+0.6
24+08

a . . .
Selected nutrients were adjusted for total energy intake.
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-0.1+08
-0.1+£0.8

811 + 315
148 +4.7
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Table 2.

Factor loading matrix” for the dietary patterns derived from the FFQ in the VA Normative Aging Study
(m=594).

Foods or food groups  Prudent dietary pattern  Western dietary pattern

Fruit 0.55 —
Legumes 0.47 —
Cruciferous vegetables 0.70 —
Dark-yellow vegetables 0.62 —
Leafy vegetables 0.64 —
Other vegetables 0.76 —
Tomatoes 0.65 —
Seafood 0.39 —
Poultry 0.53 —
Condiments 0.40 —
Processed meat — 0.59
Red meat — 0.56
Refined grains — 0.36
Butter — 0.53
High-fat dairy products — 0.39
Eggs — 0.41
Fries — 0.39
High-energy drinks — 0.34

a . .
Absolute values <0.30 were not shown in the table for simplicity.
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Table 3.

Adjusted estimates” of CHD per 2-fold increase in bone lead concentration, stratified by Western and prudent

dietary scores, respectively (/7=594).

Patella lead Tibia lead
No. of cases  Hazard Ratio P for Hazard Ratio P for
/person-year (95% CI) interaction (95% ClI) interaction
Association in total 137/5017 1.30 1.25
population (1.09, 1.56) (1.06, 1.48)
Prudent Diet
Low 60/2415 1.64 0.01 1.24 0.90
(1.27,2.11) (0.96, 1.59)
High 7712602 1.07 1.26
(0.86, 1.34) (1.02, 1.55)
Western Diet
Low 69/2638 1.35 0.71 1.43 0.06
(1.05, 1.72) (1.14, 1.80)
High 68/2379 1.27 1.08
(0.96, 1.61) (0.86, 1.34)

a . . . . .
Model was adjusted for age, BMI, total energy intake, smoking status (current/former/never), total cholesterol to HDL cholesterol ratio, education

level and occupation.
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