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Background: Lead (Pb) is widespread and exposure to this non-essential heavy metal can cause
multiple negative health effects; however the mechanisms underlying these effects remain
incompletely understood.

Objectives: To identify plasma metabolomic signatures of Pb exposure, as measured in blood
and toenails.

Methods: In a subset of men from the VA Normative Aging Study, mass-spectrometry based
plasma metabolomic profiling was performed. Pb levels were measured in blood samples and
toenail clippings collected concurrently. Multivariable linear regression models, smoothing splines
and Pathway analyses were employed to identify metabolites associated with Pb exposure.

Results: In 399 men, 858 metabolites were measured and passed QC, of which 154 (17.9%)
were significantly associated with blood Pb (p <0.05). Eleven of these passed stringent correction
for multiple testing, including pro-hydroxy-pro (B(95%Cl): 1.52 (0.93,2.12), p= 7.18x10°7), N-
acetylglycine (B(95%Cl): 1.44 (0.85,2.02), p= 1.12x10"9), tartarate (8(95%Cl): 0.68 (0.35,1.00),
p = 4.84x107), vanillylmandelate (B(95%Cl): 1.05 (0.47,1.63), p= 4.44x10°7), and lysine
(B(95%Cl): 1.88 (-2.8,-0.95), p= 9.10x107%). A subset of 48 men had a second blood sample
collected a mean of 6.1 years after their first. Three of the top eleven metabolites were also
significant in this second blood sample. Furthermore, we identified 70 plasma metabolites
associated with Pb as measured in toenails. Twenty-three plasma metabolites were significantly
associated with both blood and toenail measures, while others appeared to be specific to the
biosample in which Pb was measured. For example, benzanoate metabolism appeared to be of
importance with the longer-term exposure assessed by toenails.

Discussion: Pb exposure is responsible for 0.6% of the global burden of disease and
metabolomics is particularly well-suited to explore its pathogenic mechanisms. In this study, we
identified metabolites and metabolomic pathways associated with Pb exposure that suggest that Pb
exposure acts through oxidative stress and immune dysfunction. These findings help us to better
understand the biology of this important public health burden.

Keywords
Metabolomics; Lead (Pb); Lead exposure; Normative Aging Study (NAS); Heavy metal

1. Introduction

Lead (Pb) is a non-essential heavy metal whose toxic effects have been recognized for
centuries (Wani et al., 2015). It remains ubiquitous in the environment due to its widespread
usage in industrial and manufacturing processes such as the production of fuels, paints, and
plastics and through contaminated phosphate fertilizers (Hoffman et al., 2015; Garcia-Leston
et al., 2010). Exposure occurs primarily through the ingestion of contaminated food, dust
and drinking water, the inhalation of contaminated air, metallic dust, aerosols and vapors,
dermal contact, and through smoking (Jomova and Valko, 2011). Consequently, Pb
constitutes one of the most widespread environmental pollutants in the world and, with no
known beneficial physiological role (Jomova and Valko, 2011), represents an important
global public health burden (Metryka et al., 2018).
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Crucially, Pb accrues in the human body, and exposures during early life can continue to
result in adverse health effects throughout the life-span (Bakulski et al., 2014). In particular,
Pb deposited in bone, where it has a half-life of up to 30 years in cortical bone and 8 years in
trabecular bone, can reenter the circulation due to increased bone turnover later in life,
thereby resulting in re-exposure (Hu et al., 1998). Pb can be highly toxic even in trace
amounts (Jomova and Valko, 2011) and its bioaccumulation in the human body can be
detrimental to health in numerous ways. Heavy metals such as Pb can undergo redox
cycling, creating reactive species and leading to notable changes in DNA structure (Bagchi
et al., 1995). Thus, Pb is classified as a possible human carcinogen (group2b) and its
inorganic compounds as probable carcinogens (group 2a) based on an observed increase in
the risk of lung, stomach, kidney and brain cancers. Pb exposure has also been linked with
high blood pressure, heart disease, kidney disease, reduced fertility, cardiovascular disease,
and neurodegenerative disorders (Bakulski et al., 2014; Kelly et al., 2013). Furthermore, the
immune system has been shown to be uniquely sensitive to the effects of Pb, with evidence
that exposures negatively impacts almost all of its functions (Metryka et al., 2018; Fischbein
etal., 1993).

Although regulatory actions over the last two decades have dramatically reduced de novo
exposure to Ph, environmental levels of Pb in the United States are no longer decreasing,
and the health effects of previous exposures persist (Bakulski et al., 2014). Therefore, it is
vital to better understand the impacts of Pb exposure on the human body. Metabolomics, the
systematic profiling of all the small molecules in a biological system (Fiehn, 2002; Patti et
al., 2012), is currently underutilized in the study of heavy metal exposure. Genomic,
epigenetic, transcriptomic, and proteomic variability leads to alterations in metabolite
concentrations in biological fluids and tissues. Metabolomics therefore, as the downstream
‘ome’ most closely related to phenotype, provides an integrated profile of biological status
reflecting the ‘net results of these preceding omes’ and, crucially, their environmental
interactions. By capturing the perturbations of multiple metabolic pathways, the metabolome
enables a functionally relevant, holistic exploration of the health impacts of environmental
exposures such as Pb (Stringer et al., 2016). As such, metabolomics profiling of blood
represents a powerful tool to increase mechanistic understanding of the pathobiology of Pb
exposure. However, existing literature on the metabolomics of Pb exposure is limited
(Eguchi et al., 2018).

In this study, we perform mass-spectrometry based plasma metabolomic profiling of a large,
well-characterized cohort of men from the US Department of Veterans Affairs (VA)
Normative Aging Study (NAS) with comprehensive clinical and environmental exposure
measurements to explore the signature changes in the blood metabolome related to Pb
exposure.

Methods

2.1. Study population

The VA Normative Aging Study (NAS) is a longitudinal study of aging in men based in
Boston, Massachusetts. The NAS recruited 2280 men aged 21-80 from 1961 to 1970 who
were free of known chronic disease and has been following them since (Payton et al., 1998).
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Self-reported information regarding medical history, smoking history, dietary intake, and
other health-related factors has been collected periodically throughout follow-up.
Participants have routine physical examinations and laboratory tests every 3-5 years. At
study visits throughout all of follow up, a 7-ml sample of venous blood is obtained from
each participant after fasting and collected in a trace metal- and Pb-free tube containing
ethylenediaminetetraacetic acid. The samples are spun at 3000 revolutions per minute
(RPMs) for 15 min. Subsequently, serum and plasma samples are placed in 1.8 ml Nunc
tubes for long-term storage at =80 °C. Between 1992 and 2014, 825 of 1286 active NAS
participants provided toenail clippings during study visits. If possible, toenails were
collected from all toes and were stored in locked facilities at room temperature (Wu et al.,
2019). The NAS received written informed consent from study participants at each visit, as
well as approval from the Review Boards of all institutions involved in data collection and
analysis.

For the current study, we selected a subset of 399 NAS men with measured blood Pb levels
and concurrent blood samples collected between 2000 and 2008 that were available and
suitable for metabolomic profiling (samples collected prior to 2000 were not suitable for
profiling due to their storage conditions). Three hundred and ten of these men had toenail
samples, in which Pb could be measured, collected at the same study visit (between 2000
and 2008). Forty eight of the 399 had a second blood sample with measured Pb levels and
metabolomic profiling collected between 2002 and 2008 (Supplementary Fig. 1).

Metabolomic profiling

Metabolomic profiling was conducted by Metabolon Inc. (Durham, NC, USA) using non-
targeted high resolution Ultrahigh Performance Liquid Chromatography Coupled Tandem
Mass Spectroscopy (UPLC-MS/MS) with Thermo Fisher Q-exactives and accurate mass
data enabling the broadest coverage of the metabolome. The methods have been described in
detail previously (Evans et al., 2014). In brief, the four platforms were as follows: (1)
UPLC-MS/MS under positive ionization for early eluting metabolites; (2) UPLC-MS/MS
under positive ionization for late eluting metabolites; (3) UPLC-MS/MS under negative
ionization; and (4) UPLC-MS/MS, polar platform (negative ionization). Metabolites were
identified by their mass-to-charge ratio (/77/2), retention time (rt), and through a comparison
to a library of purified known standards. Metabolites were quantified using area-under-the-
curve and processed according to our in-house standard quality control (QC) pipeline (Kelly
et al., 2018), which retains the maximum number of metabolites, including those with a high
level of missingness as these may represent biologically important markers of exposure in a
subset of the population, while excluding statistically uninformative metabolites. Missing
values were imputed with half the minimum intensity for a given metabolite (Supplementary
Fig. 2), and data were log transformed and Pareto scaled. Metabolites of unknown identity
or with an interquartile range of zero after QC were considered uninformative and excluded
from analysis.

Blood Pb

Whole blood samples were collected in lead-free tubes containing edentate calcium
disodium (EDTA). Samples were digested with nitric acid and centrifuged then analyzed by
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Zeeman background-corrected flameless atomic absorption at ESA Laboratories, Inc.,
Chelmsford, Massachusetts. Analysis was calibrated with National Institute of Standards
and Technology Blood Pb Standard Reference Materials (Bakulski et al., 2014)(further
information in Supplementary Methods). The half-life of Pb in blood is approximately 30
days and reflects both recent intake and equilibration with lead stored in the body in bone
(Bakulski et al., 2014; Mordukhovich et al., 2012; Longnecker et al., 1993).

2.4. Toenail Pb

Toenail clippings were pre-cleaned by sonicating for 15 min in approximately 10 mL (mL)
of 1% Triton X-100 solution to remove extraneous contaminants. The samples were rinsed
with distilled deionized water, dried at 60 °C for 24 h in a drying oven, then dissolved in
HNO3 acid for 48 h and diluted to 5 mL with deionized water. Samples were analyzed by
inductively coupled plasma-mass spectrometry (ICP-MS) utilizing the Agilent 8800 ICP-MS
Triple Quad (Agilent technologies, Inc., Delaware, USA) (Wu et al., 2019) (further
information in Supplementary Methods). The half-life of Pb in toenails is up to 18 months
and measurement reflects the last six to twelve months of exposure. (Bakulski et al., 2014;
Mordukhovich et al., 2012; Longnecker et al., 1993).

2.5. Statistical analysis

ANOVA or chi-squared tests were used to look for differences across blood Pb level
categories in continuous and categorical baseline variables, respectively. Principal
components analysis (PCA), which converts potentially correlated variables, such as
metabolites, into a smaller number of uncorrelated principal components via orthogonal
transformation, was used to visualize the metabolomics data to search for clusters of
individuals with similar global metabolomic profiles, and to determine whether these
profiles corresponded to higher blood Pb levels.

Independent linear regression models adjusting for age at blood collection, height, weight,
smoking status (never, regular or former) and race (White and Other, due to the small
number of men of non-white races) were run for each metabolite to identify those associated
with blood Pb as a continuous variable. To adjust for multiple testing while also accounting
for the high correlation between metabolites that are closely connected through interlinked
biological pathways, we employed the “number of effective tests approach” (Li et al., 2012;
Nyholt, 2004). This method determines the number of principal components required to
explain a given percentage of the variance in the data (i.e. the number of effective tests). The
adjusted p-value threshold was then calculated as a/mwhere a denotes the nominal p-value
threshold of 0.05, and /m denotes the number of effective (i.e. independent) tests. We
explored thresholds of 75% (p <7.58 x 1074), 95% (p <2.44 x 10™4) and 99% (p <1.68 x
10™4) variance explained for these analyses as well as a nominal a of 0.05. For the top
metabolites passing multiple testing correction, we employed smoothing splines using the
‘drsmooth’ R package, to visualize a dose-response relationship between metabolite
intensity and blood Pb level. A subset of men had a second blood sample collected at least
one year after their initial sample in which blood Pb was measured and metabolomics
profiling was performed; in these men we reran the regression models for our top hits to
determine whether the Pb-metabolite associations were robust over time. We used the same
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methods to identify associations between blood metabolites and Pb exposure, as measured in
toenail samples, which indicate medium term exposure, and compared these findings to
those using blood Pb which may be indicative of shorter-term exposure.

All analyses were conducted using R version 3.6.0. Significant metabolites were further
explored using the “‘Pathway Analysis’ functionality in MetaboAnalyst 4.0 (Chong et al.,
2018), which takes both over-representation analyses and pathway topology into account,
and visualized using the Metscape Bioinformatics tool (Karnovsky et al., 2012), a plug in for
Cytoscape (Shannon et al., 2003).

3. Results

3.1. Study population

A total of 399 men were eligible for this study (Table 1). All had blood samples collected
between May 2000 and July 2008. The median and interquartile range of blood Pb levels in
the population were 3.00 pg/dL and 2.00-4.00 pg/dL, respectively (Supplementary Table 1).
The majority of men (n =290, 72.7%) had low levels of Pb in their blood (1-4 pg/dL), 17
(4.3%) men had no trace of Pb in their blood, 81 (20.3%) had moderate levels, and 11
(2.8%) had high levels, including one participant with a level of 29 pg/dL. There was no
difference in the baseline characteristics (age, height, weight, race or smoking status) of
these 399 men by blood Pb level.

A total of 1301 metabolites were measured in the plasma samples. After QC and data
processing, including the exclusion of metabolites of unknown identity (nh = 320) and of
metabolites with zero variance (n = 123, of which 106 were xenobiotics), 858 metabolites
were included in the analyses The greatest proportion of metabolites (49.5%) were lipids, as
defined by Metabolon super pathway, followed by amino acids (21.9%) and xenobiotics
(13.8%) (Supplementary Fig. 3). PCA identified no obvious clustering by blood Pb exposure
category across the first two principal components which explain the largest amount of
variance in the metabolite data (PC1: 9.1% and PC2: 7.4% of the variance, respectively
(Supplementary Fig. 4)).

3.2. Short-term measures of Pb in blood

Multivariable linear regression models (adjusting for age at blood collection, height, weight,
smoking status and race) identified 154 of 858 (17.9%) metabolites as associated with blood
Pb levels as a continuous measure at p <0.05 (Supplementary Table 2). Reflecting the
overall composition of the measured metabolites, these hits were primarily lipids (42.9%),
amino acids (26.6%) and xenobiotics (9.7%) (Fig. 1). Pathway analyses using
MetaboAnalyst 4.0 (Chong et al., 2018) determined that these 154 metabolites were
enriched for metabolites of the glycerophospholipid metabolism (enrichment p = 0.018) and
sphingolipid metabolism (enrichment p = 0.069) pathways.

There was evidence of high correlation among many of the 154 significant metabolites
(Supplementary Fig. 5). To account for multiple testing, while taking these correlations into
account, we explored an effective number of tests (ENT) threshold of 75% variance
explained (66 principal components corresponding to a p-value threshold of p <7.58 x
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1074); 95% (205 principal components corresponding to a p-value threshold of p <2.44 x
1074), and 99% (297 principal components corresponding to a p-value threshold of p <1.68
x 1074). Eleven, eight, and five metabolites retained significance at the ENT75%, ENT95%
and ENT99% thresholds, respectively. Of the top eleven metabolites, nine were higher
among men with higher blood Pb levels, pro-hydroxy-pro (B (95% CI): 1.52 (0.93,2.12), p =
7.18 x 1077), N-acetylglycine (B (95% Cl), 1.44 (0.85,2.02), p = 1.12 x 107%), tartarate (B
(95% C1):0.68 (0.35,1), p = 4.84 x 107°), suberate (C8-DC) (B (95% Cl): 0.71 (0.35,1.07), p
=1.20 x 10™4), N-formylmethionine ( (95% CI): 1.52 (0.73,2.31), p = 1.76 x 107%),
hydroxyasparagine (B (95% CI): 1.46 (0.7,2.23), p = 2.09 x 10~4), hexanoylglycine (B (95%
Cl): 0.73 (0.35,1.11), p = 2.21 x 1074), sphingomyelin (d18:2/16:0, d18:1/16:1) (B (95%
Cl): 1.66 (0.75,2.56), p = 3.66 x 1074), and vanillylmandelate (VMA) (B (95% CI): 1.05
(0.47,1.63), p = 4.44 x 1077). Two metabolites, lysine (8: 1.88 (-2.8,-0.95), p = 9.10 X
107°) and theobromine (B: 0.69 (-1.08,-0.29), p = 7.07 x 10~4) were negatively associated
with blood Pb levels. The numbers of metabolites passing the ENT thresholds were too
small to apply pathway analyses.

We modeled the dose-response curves for the top eleven metabolites using smoothing
splines (Fig. 2). These plots indicated a potential outlier, an individual with a blood Pb level
of 29 pg/dL, which was almost double the next highest level (15 pg/dL). To ensure this
individual was not driving the results, we conducted a sensitivity analysis excluding this
individual. In the 398 remaining men; 192, 39, 26 and 23 metabolites were significant at
thresholds of p <0.05, ENT75%, ENT95%, and ENT99%, respectively. There was high
consistency with the initial analysis including all 399 men, 138 metabolites were significant
in both analyses at an alpha of 0.05. All of the top 39 hits at ENT75% in the subsample of
398 men were significant at a threshold of p <0.05 in the total sample. Pro-hydroxy-pro,
tartarate, N-acetyleglycine, lysine, and suberate (C10-DC) were the top five metabolites in
both the full sample and the sensitivity analyses; and the significance of the association with
blood Pb actually increased for these five metabolites after the removal of the outlier with
concordant directions of effect (Table 2).

3.3. Second blood sample in a subset of men

A total of 48 men had a second blood sample, taken between 1 and 7.5 years after the first
sample (mean = 6.1 years), in which Pb was measured and which was suitable for
metabolomic profiling. There was high correlation in the Pb measures between the two
timepoints in these 48 men (p: 0.74, p = 1.92 x 10~9) (Supplementary Fig. 6). The
distribution of baseline characteristics in this subset of men was similar to that in the full
sample (Supplementary Table 3). Although power was limited in this analysis, three of the
top 11 metabolites identified in the first sample (n = 399 men) were significantly associated
with whole-blood Pb measured concurrently to the metabolites among those with a second
sample (n = 48): lysine (B (95% CIl): 3.65 (-6.49,-0.81), p = 0.016), N-formylmethionine (8
(95% Cl): 2.20 (0.16, 4.26), p = 0.041), and sphingomyelin (d18:2/16:0, d18:1/16:1) (B
(95%CI): 2.55 (0.21, 0.489), p = 0.039). The remaining metabolites showed consistency in
magnitude and direction of effect, further supporting the association between these
metabolites and Pb (Fig. 3). The only exceptions were vanillylmandelate and
hexanolglycine, which showed discordant directions of effect between the first and second
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sample; although it should be noted that neither of these metabolites reached significance in
the second sample.

3.4. Medium-term measures of Pb in toenails

Three hundred and ten of 399 men (78%) provided toenail clippings at the same time as the
blood samples, in which Pb could be measured for metabolomics profiling. These 310 men
were representative of the larger sample (Supplementary Table 4). There was a modest but
significant correlation between measures of Pb levels in blood and in toenail; (o: 0.26, p =
4.06 x 107%) (Supplementary Fig. 7); this correlation was very similar when the high blood
Pb level outlier was excluded (r/0: 0.25, p = 6.58 x 1075). The median and interquartile
range of toenail Pb levels in this subpopulation were 0.26 pg/g and 0.13-0.58 pg/g,
respectively (Supplementary Table 1). A total of 70 blood metabolites were associated with
toenail Pb at an alpha of 0.05 (Supplementary Table 5, Fig. 4). In comparison to the blood
Pb results, the majority of significant metabolites were amino acids (n = 30, 42.9%) and
xenobiotics (n = 16, 22.9%); with lipids comprising only nine (12.9%) significant
metabolites. No pathways were significantly enriched among these metabolites. After
correction for multiple testing, four metabolites were associated with toenail Pb at a
threshold of ENT75%, of which one retained significance at ENT99%; homaocitrulline
(B(95%CI): 0.59 (0.30, 0,88), p = 8.31 x 107°), 5-6-dihydrouridine (B(95%Cl): 0.86
(0.40,1.32), p = 2.66 x 107%), gamma-tocopherol/beta-tocopherol (B(95%Cl):
0.47(0.21,0.72), p = 3.21 x 1074 and dimethylarginine (isobar SDMA + ADMA)
(B(95%CI): 1.02 (0.45, 1.59), p = 5.47 x 1074). These metabolites were not among the top
hits in the blood Pb analysis; although all but gamma-tocopherol/beta-tocopherol were
significantly associated with blood Pb levels at an alpha of 0.05.

Overall, 23 metabolites were significantly associated with both blood and toenail measures
of Pb with concordant directions of effect. One metabolite, diacylglycerol (16:1/18:2
(Hoffman et al., 2015), 16:0/18:3 (Wani et al., 2015)), demonstrated a discordant effect
between Pb exposure as measured in blood and in toenail, but was not highly significant in
either; B: 0.37, p = 0.028 and B: 0.24, p = 0.010, respectively. Of the 46 metabolites that
were unique to the toenail analysis, seven were from Metabolon superpathways that were
not identified as being dysregulated in blood Pb analysis; six were from the benzanoate
metabolism pathway (3-(3-hydroxyphenyl)propionate sulfate; 3-hydroxyhippurate sulfate; 3-
hydroxyhippurate; 3-methoxycatechol sulfate (2); 3-(3-hydroxyphenyl)propionate and 4-
hydroxyhippurate) and one was from the guanidino and acetamido Metabolism
(guanidinosuccinate). The remainder were involved in some of the same super-pathwaysas
those identified in the blood Pb analysis, even if the specific metabolites differed.

4. Discussion

Exposure to Pb is widespread and has far-reaching negative physiological effects. Isolating
the underlying biological pathways affected by Pb exposure can help us to better understand
the mechanisms of these effects (Eguchi et al., 2018). However, quantifying chronic Pb
exposure can be complex; the metabolome, as the objective downstream product of genetics,
environment and their interactions, is an ideal matrix in which to investigate such exposures.
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This study, in 399 men from the VA Normative Aging Study, represents one of the first
metabolomics profiling studies of Pb exposure.

Of 858 metabolites that we could identify and quantify in plasma, 18% were associated with
Pb levels measured concurrently in the same blood sample. The greatest proportion of these
metabolites were lipids, followed by amino acids and xenobiotics; and in each of these
metabolite classes, the majority were positively associated with Pb exposure. The top hits
were robust to stringent correction for multiple testing, and could largely be validated in two
ways; (i) blood metabolite ~ bood Pb measures in repeat blood samples from 48 men, and in
(ii) blood metabolite ~ toenail Pb measures in 310 men for whom toenail clippings were
available. The half-life of Pb in toenails is up to 18 months; and clippings typically reflect a
longer-term measure of exposure integrated over the previous 6—12 months. In comparison,
the half-life of Pb in blood is approximately 30 days (Bakulski et al., 2014; Mordukhovich et
al., 2012). Interestingly, there were also some metabolites that were uniquely associated Pb
exposure as measured in toenails, which may suggest some differential effects of Pb on the
metabolome according to duration of exposure.

Men in the study sample were aged 57-97 years at blood collection between the years of
2000 and 2008; and in common with many older adults, may have sustained exposure to
high levels of Pb earlier in their lives from occupational sources, Pb-based paint, and,
widespread combustion of leaded gasoline (Bakulski et al., 2014). The Normative Ageing
Study also includes a large proportion of military veterans, fire fighters and police officers,
who may be at an increased risk of exposure to Pb by occupation (Ji et al., 2014). However,
in this study we had only shorter term measures of Pb exposure in blood and toenails. In the
men included in these analyses, blood levels of Pb ranged from 0 to 29 pg/dL with a mean of
3.47 pg/dL and a median of 3 pg/dL. According to the National Health and Nutrition
Examination Survey (NHANES), the mean blood level of a comparable population of men
aged 65 and older in the United States in 2003-2012 was 2.16 pg/dL (95% CI 2.11, 2.22
pg/dL) (Jain, 2016). In 2015, the National Institute for Occupational Safety and Health
(NIOSH) designated 5 ug/dL, as the reference level for adults; anything above this level is
determined to be an elevated blood level, which would include 92 (23.1%) of the
participants in this sample. Nevertheless, our participants’ blood Pb levels are well below
those in many studies of industrially exposed workers (Myers et al., 2002; Rosenman et al.,
2003; Piacitelli et al., 1997; Far et al., 1993), which have been found to be as high as 75
ug/dL (Baker et al., 1979), and below the U.S. Occupational Safety and Health
Administration (OSHA) lead standards level which requires workers to be removed from
exposure if their levels are 50 pg/dL or greater. Notably, we did not see any obvious
metabolomically driven clustering of subjects with blood Pb levels above or below 5 pg/dL,
suggesting no overall global shift in the metabolome between these exposure groups. In the
subsample of men with measured Pb in toenails, the mean and median levels were 0.62 pg/g
and 0.26 pg/g respectively, with a range of 0.02-14.73 ug/g, which is generally in keeping
with estimates from other populations (Grashow et al., 2014).

To date, few studies have explored the metabolome of Pb exposure. Among those that have,
participants have primarily been drawn from highly exposed populations both residentially
and occupationally, with blood Pb levels well in excess of the safe reference level and the
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levels seen in our sample (Eguchi et al., 2018; Clarkson and Kench, 1956; Dudka et al.,
2014). Nevertheless, there was substantial concordance between prior findings and ours,
identifying amino acid and lipid metabolism as the groups of pathways most commonly
dysregulated by Pb exposure (Eguchi et al., 2018; Clarkson and Kench, 1956; Dudka et al.,
2014). More specifically, metabolites from a number of interconnected amino acid pathways
were significant in our primary blood Pb analyses. Fig. 5 displays these significant
metabolites (in dark red) within the context of their pathways; glycine serine, alanine and
threonine metabolism’, “histidine metabolism’, ‘purine metabolism’, and the “urea cycle and
metabolism of arginine, proline, glutamate, aspartate and asparagine’. A number of these
pathways and metabolites, particularly glutamate, histidine, alanine and purine have been
previously identified as significantly dysregulated in other Pb exposed populations,
including in the urine of residents living in close proximity to a lead-acid battery recycling
site (Eguchi et al., 2018) and of men occupationally exposed to lead fumes and lead-oxide
dust (Clarkson and Kench, 1956). It is hypothesized that one of the main effects of Pb
exposure is the induction of increased oxidative stress via its chemical affinity for proteins
and non-protein thiols and the Fenton mechanism (Rubino, 2015). This is consistent with the
identification of dysregulation of these oxidative-stress related pathways as well others noted
in our study such as the methionine and cysteine metabolism pathways — which involve
sulfur-containing amino acids that are readily oxidized (Yan et al., 2019). It should also be
noted that a large number of acetylated amino acids were also among the significant hits,
including N-acetylglycine, N-acetylserine and N-acetylalanine, which may have been
generated in response to free radicals and reactive oxidative species generated from exposure
induced chronic oxidative stress (Rubino, 2015; Cao et al., 2017).

Glutamate, an excitatory neurotransmitter that plays a key role in neurotoxicity is of
particular interest, given one of the other key actions by which Pb is known to influence
health is as a potent neurotoxin (Garza et al., 2006; Sanders et al., 2009). Neurotransmitters
are dependent on the action of cations, Pb has the ability to mimic these cations thereby
disrupting neurotransmitter release (Marchetti, 2014). Accordingly, we identified a number
of other neurotransmitters including aspartate, serotonin, and myo-inositol among our top
metabolomic hits. Furthermore, in agreement with existing studies we identified several
metabolites of the urea cycle, which is related to the metabolism of ammonia — another
known neurotoxin (Eguchi et al., 2018). There is also evidence to suggest that exposure to
Pb may result in microgliosis and astrogliosis, a nonspecific reactive change of glial cells in
response to damage to the central nervous system (CNS), by triggering a signaling cascade
and the production of proinflammatory cytokines (Metryka et al., 2018).

In fact, the immune system is one of the more sensitive targets of Pb; and Pb exposure has
been shown to impact almost all of its functions (Metryka et al., 2018; Fischbein et al.,
1993). A wealth of evidence demonstrates that Pb can promote inflammatory responses
through its actions on cytokine metabolism, and on enzymes involved in the inflammatory
process and on certain acute phase proteins (Metryka et al., 2018). Furthermore, Pb has been
shown to impair the function of cells of the immune system, including T lymphocytes, B
lymphocytes, dendritic cells and macrophages, and increase the secretion of IgA, IgE, 1gG,
histamine, and endothelin (Metryka et al., 2018; Fischbein et al., 1993). In keeping with a
global influence of Pb on the immune system, we identified glycerophospholipid and
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glycosphingolipid metabolism as two pathways dysregulated with Pb exposure (Fig. 6). Both
pathways metabolize lipids that play a role in inflammation via their roles as downstream
signaling molecules. These findings are in agreement with existing work showing that Pb
exposure leads to an increase in the level of total cholesterol, triglycerides, elevated
lipoprotein changes in polyunsaturated fatty acids and induction of lipid peroxidation
(Kasperczyk et al., 2015).

Our results therefore provide biological and mechanistic evidence for some of the multi-
faceted means through which Pb exposure can negatively impact the human body and
health; through the induction of oxidative stress and through its impairment of both
neurological and immunological functions. Our top metabolite hit was pro-hydroxy-pro, a
dipeptide that has not previously been associated with Pb, but which has a biologically
plausible relationship through its involvement in anti-oxidative reactions and immune
responses (Wu et al., 2011). Among our top hits were a number of other novel findings
which could reflect the greater breadth of the metabolome measured in this study than in
previous analyses. We also identified several metabolites that have been identified as being
associated with Pb in these previous studies such as heme (Eguchi et al., 2018),
sphingosine-1-phosphate (Lukomska et al., 2017), and corticosterone (Virgolini et al., 2005).
The consistency of our findings with existing literature that in many cases utilizes different
biosamples to measure both Pb and the metabolome; as well as study populations differing
both in demographics and levels of exposure, points to the global influence of Pb on the
human body. Nevertheless, as noted, we did identify some metabolites that seems to be
unique to Pb as measured in toenails versus the blood. For example, N-acetylputrescine, an
abundant polyamine, was associated with Pb exposure as measured in toenails but not in
blood. Interestingly, given that toenail Pb provides a longer-term measure of exposure, this
metabolite was also associated with Pb exposure in individuals living in close proximity to a
lead acid battery recycling site who are therefore likely to have sustained Pb exposure
(Eguchi et al., 2018).

Unfortunately, we were not able to measure homocysteine in this study, a one-carbon
metabolite which has commonly been associated with blood Pb levels in population-based
studies (Schafer et al., 2005), and has been suggested as a potential mediator between Pb
and a number of pathological conditions (Bakulski et al., 2014). However, homocysteine, is
a metabolite of methionine and we did note several other methionine metabolites among our
significant hits. There were several other limitations. Our sample consists predominantly of
White men, many of whom served in the military during World War 1l or the Korean War;
therefore the insights gained may not be generalizable to the wider population. It may not be
possible to extrapolate these findings to women; who have been shown to exhibit higher
levels of Pb due to lower circulating levels of iron (Gaudet et al., 2019). We also did not
consider other metals in our analyses, and it is possible that men may have been co-exposed
to other metals that may also influence the metabolome. Further work is needed to explore
this. Although data from an independent population were not available for replication of our
findings, we did have repeat samples from a subset of men at a later time-point which
support the findings for a number of our top hits results. Furthermore, we had an additional
longer term measure of Pb exposure in the form of toenail clippings, which largely
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corroborated findings in blood, providing support for the validity and robustness of our top
Pb-associated metabolites.

There are several other strengths to this study, which is among the first and largest studies to
utilize high-resolution metabolomics profiling to explore the biology underlying Pb
exposure. It is nested within an established and well-characterized longitudinal study of
men, encompassing rich epidemiological data and clinical data, as well as validated
measures of Pb exposure including repeat samples from a subset of participants. The study
utilizes validated, calibrated and quality-assured methods with the inclusion of quality-
control samples to ensure robust and reproducible findings, thus providing fertile ground for
novel discoveries. Furthermore, there is limited potential for measurement bias in this study,
despite the use of a retrospective cohort, as both Pb exposure and metabolite levels are
assessed using objective measures. Metabolomic profiling was conducted with the use of
measurements from blood samples based on the qualities of blood which is easily accessible
and has shown great promise in the development of metabolomics biomarkers in other
settings.

In conclusion, our understanding of how various occupational exposures, including Pb,
influence the health and the human body remains limited (Metryka et al., 2018; Vermeulen,
2017); despite the fact that according to the US Agency for Toxic Substances and Disease
Registry’s Priority Substance List it is the second most dangerous environmental poison and
contributes to 0.6% of the global burden of disease (Metryka et al., 2018). Metabolomics is a
particularly powerful tool for exploring the effects of Pb exposure (Deng et al., 2019). In this
study, we identified a number of metabolites and metabolomic pathways associated with Pb
exposure as measured in both blood and toenails, using a global and untargeted approach
that both confirmed previous findings and revealed novel ones. These findings help us to
better understand the biology of Pb exposure and may also support the development of
biomarkers of exposure, something which is currently lacking (MVermeulen, 2017). Taken
together, our findings demonstrate that exploiting the potential of metabolomics provides a
novel way to help address the substantial global burden of toxic heavy metal exposure.
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Volcano Plot demonstrating the association between continuous Pb blood levels and 858
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Fig. 3.

BI%od Pb-metabolite associations in the first sample from 399 men and the second sample
from 48 men for the top 11 hits at a threshold of ENT75%. A// estimates are from
generalized linear models including Pb and metabolite intensity as continuous variables
adjusted for age at blood collection, height, weight, smoking status (regular or former) and
race (White or Other).
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Fig. 4.

Se%/enty blood metabolites associated (p <0.05) with Pb exposure levels as measured in
concurrently collected toenail clippings. *indicates the metabolite was also significant (p <
0.05) in the blood Pb analysis, All estimates are from generalized linear models including Pb
and metabolite intensity as continuous variables adjusted for age at blood collection, height,
weight, smoking status (regular or former) and race (White or Other).
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Fig. 5.

Metscape-derived Pathway based network of ‘Glycine serine alanine and threonine
metabolism’; “‘Histidine metabolism’; ‘Purine metabolism’; ‘Urea cycle and metabolism of
arginine, proline, glutamate, asparatate and asparagine’; with blood Pb associated
metabolites in dark red Metabolites are shown in hexagons; metabolites from these pathways
identified as significant in the metabolite ~ blood Pb analysis in 399 men are in dark red.
Reaction numbers are shown along the edges between the metabolite nodes..
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Metscape-derived Pathway based network of ‘Glycerophospholipid metabolism’; and
‘Glycosphingolipid metabolism” with blood Pb associated metabolites in dark red,
Metabolites are shown in hexagons; metabolites from these pathways identified as
significant in the metabolite ~ blood Pb analysis in 399 men are in dark red. Reaction
numbers are shown along the edges between the metabolite nodes..
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