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Abstract

Health Benefits of Plant-based Diets:
Effects of Dietary Phytochelatins on Toxic Metal Absorption

By Kristine K. Dennis

Plant-based dietary patterns reduce risks of chronic disease, including cardiovascular
disease, type 2 diabetes, and chronic kidney disease. The mechanisms through which plant-based
diets protect health are not fully understood. Phytochelatins (PyCs), metal-binding compounds
produced by plants, may be beneficial through reducing absorption of toxic dietary metals, such
as cadmium (Cd). Cd accumulates in the body and can lead to increased chronic disease risk at
current dietary levels. The interaction of PyCs with Cd may be one mechanism through which
plant-based diets confer health benefits. However, dietary PyC types and concentrations are
unknown, and the functional effects of these compounds are minimally understood. The purpose
of this dissertation was to establish foundational understanding of dietary PyCs and how these
compounds may protect from Cd exposures.

The present body of work examines the role of PyCs in human health using molecular
and population-based approaches. In Aim 1, we created a database of over 46,000 exact masses
of PyC and PyC-metal complexes, establishing a tool to facilitate PyC research in biological
systems using high-resolution mass spectrometry. The second aim examined PyC concentrations
in twenty commonly consumed plant foods. PyCs were quantified in all food types with PyC-
Gly the most common. In Aim 3, PyC»>-Gly absorption and function was investigated in an
intestinal epithelial cell model by co-treating cells with PyC>-Gly and Cd at expected dietary
concentrations. We discovered PyC,-Gly is absorbed into and through the intestinal cell
monolayer and may reduce Cd absorption. The fourth aim investigated if intake of metal-binding
plant compounds, as measured via plant food score (PFS), was associated with lower Cd body
burden. In a cross-sectional study in the REGARDS cohort, higher PFS was associated with
lower Cd body burdens in middle-aged but not older adults. In the closing chapter, | provide my
perspective on the potential implications of this research and explore remaining open questions
and future directions.

This dissertation demonstrates PyCs are widely distributed in the human diet and may
protect from toxic metal exposures, adding to our understanding of the potential mechanisms
through which plant-based diets promote health.
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CHAPTER 1

Introduction

Plant-based dietary patterns and chronic disease prevention

Poor diet is a major modifiable risk factor for chronic disease, including cardiovascular disease,
cancer, and type 2 diabetes (1). Individual foods and nutrients impact chronic disease risk. For
example, both red and processed meat are associated with increased risk of colon cancer (2-4)
and mortality from cardiovascular disease and cancer (5), while processed meat consumption is
associated with higher incidence of coronary heart disease and type 2 diabetes (6, 7). In contrast,
diets higher in fruits and vegetables are inversely associated with cardiovascular disease and type

2 diabetes risk (8-10).

For chronic disease prevention, evidence supports plant-based diets, defined broadly as diets
with high quantities of vegetables, fruits, whole grains, nuts, seeds, and legumes and low
quantities of animal foods, for reducing risks of cardiovascular disease, type 2 diabetes, chronic
kidney disease, and some cancers (11-14). Plant-based dietary patterns include vegetarian and
vegan diets along with diets which have limited intake of animal products. For example, the
Mediterranean dietary pattern emphasizes plant foods while including moderate to high fish
intake and low dairy and meat intake. People with greater adherence to Mediterranean diets and

other plant-based diets have reduced risks of a wide range of chronic diseases (12, 13, 15).



Some of the mechanisms through which plant-based diets confer health benefits have been
explored, but a full understanding of the health benefits of plant-based diets is not available.
Specific compounds such as lignans, plant sterols, and polyphenols have been linked to disease
pathways. For example, dietary lignans can modulate inflammatory and apoptotic pathways and
cell proliferation due to their antioxidant, anti-estrogenic, and anti-cancer properties (16, 17). In
a controlled study, women consuming a lignan commonly found in flaxseed, secoisolariciresinol
diglucoside, had reduced cell proliferation in benign breast tissue (18). In patients recently
diagnosed with breast cancer, women consuming 25 g/day of flaxseed had reduced tumor
biomarkers (19). Other studies focus on the protective mechanisms linked to overall dietary
patterns higher in plant foods. In studies of chronic kidney disease (CKD), research suggests
lower dietary acid load through proportionally higher consumption of fruits and vegetables
relative to animal products reduces incident CKD and CKD progression (20-22). Other studies
have found higher fiber intake, particularly from legumes and vegetables, reduces CKD risk (23-
25). Plant-based dietary patterns bring together a range of phytochemicals which contribute to

reduced chronic disease risks through specific biological mechanisms.

Dietary exposome — impact of interacting dietary exposures

Challenges to understanding mechanisms underlying the health benefits of plant-based diets exist
due to the human diet being a complex exposure, consisting of nutrient and non-nutrient
components. The interaction of these components and the related biological response ultimately
contributes to health or disease across the lifespan. The dietary exposome is a concept
encompassing the cumulative impact of exposures occurring through the human diet across the

lifetime (Figure 1.1) (26, 27). Dietary patterns capture this complexity by inherently



encompassing the interactions of individual food components, such as phytochemicals, fiber, and
minerals. Additionally, environmental exposures occur via diet, such as mercury (Hg) in fish,
polycyclic aromatic hydrocarbons (PAHS) in charbroiled foods, and cadmium (Cd) in leafy
greens and shellfish. The interaction of these nutritional and environmental exposures in the diet

influences the resulting impact on health and disease processes.

Importantly, foods derived from both plants and animals can contain dietary toxic metals, such as
lead, Hg, and Cd, which contribute to increased disease risks. Cd is a particular metal of interest
as dietary Cd is the greatest source of Cd exposure in non-smokers in the U.S. population.
Dietary Cd exposures occur from a wide range of foods, including shellfish, organ meats, leafy
greens, cereals, and bread products (28, 29). Additionally, Cd has a long half-life of 10 to 30
years, resulting in Cd accumulation in the body over the lifespan (29). Cd body burden is
associated with increased risks of kidney dysfunction, type 2 diabetes, and cancer, among others
(30). As chronic disease continues to increase in the U.S., Cd-related disease processes may
contribute to increased disease burdens. For example, individuals experiencing reduced kidney
function related to type 2 diabetes may suffer more rapid decline if they also have a high Cd
body burden. Strategies to mitigate dietary Cd absorption could reduce risks of long-term health

consequences.

Plants contain naturally occurring metal-binding compounds which could protect against dietary
toxic metals such as Cd. Phytochelatins (PyCs) are a class of metal-chelating plant compounds

produced widely in plants which could contribute to the health benefits of plant-based diets



through their interactions with toxic dietary metals (31-33). PyCs have high metal-binding
capacity due to y-glutamyl-cysteine peptides which repeat from 2-11 times (34, 35). However,

the PyC types and concentrations in the human diet are unknown.

In this dissertation, we focus on characterizing dietary PyCs and understanding how PyCs may
prevent absorption of Cd from the diet. We centralize our research questions on preventing risks
related to Cd absorption due to its wide distribution in the human diet, the health risks of lifelong
exposure, and the potential to mitigate absorption through interactions with phytochemical

compounds concentrated in plant-based dietary patterns.

Overall goals and specific aims

The goal of this dissertation was to gain insight into how plant-based dietary patterns may
protect from dietary toxic metal absorption. We approached this through investigating PyCs,
metal-binding plant compounds found in the human diet, using molecular and population-based

approaches to address the following four aims, considered in successive chapters.

Specific Aim 1

To create a database of predicted PyC and PyC-metal complexes of common metals and

metalloids for use with mass spectrometry analyses.

In Chapter 2, titled Phytochelatin database (PyCDB) —a resource for phytochelatin

complexes of nutritional and environmental metals, we created a database of 46,260 PyCs and



PyC-metal complexes using 13 metals of nutritional and toxicological significance. Due to the
multiple PyC forms which exist and chemical properties of PyCs and metals, PyCs have a wide
range of possible structures. Previous research of PyCs focus on a few PyC or PyC-metal
complexes. With advances in ultra-high resolution mass spectrometry technigues,
characterization of a large number of PyCs and PyC-metal complexes in a single sample analysis
is possible. However, no resource was available for high-throughput assessment of mass
spectrometry data for PyCs. Here we created a database to directly query plant and food mass
spectrometry data for accurate mass annotation of PyCs. Additionally, we established a

workflow for using the database, including an online querying system for the PyCDB.

Specific Aim 2

Determine the relative abundance of phytochelatins in five groups of commonly consumed plant

foods.

In Chapter 3, Distribution of phytochelatins, metal-binding compounds, in plant foods: a
survey of commonly consumed fruits, vegetables, grains, and legumes, we investigated the PyC
types and concentrations in commonly consumed plant foods by food group, food type,
processing level, and growing conditions using liquid chromatography-mass spectrometry. Prior
research demonstrated PyCs are widely produced across the plant kingdom (35, 36). However,
PyCs have not been studied in commonly consumed foods. Given the metal-binding properties of
PyCs, dietary PyCs could have implications for metal absorption, redox systems, and metal
homeostasis in humans (32, 33, 37, 38). Through this project, we establish an understanding of
PyC concentrations in the human diet for the first time, providing a foundation for future

research on the biological mechanisms and consequences of PyC-metal interactions.



Specific Aim 3

Investigate the impact of PyC,-Gly concentrations on Cd and PyC»-Gly uptake and transcellular
transport in a human intestinal cell model.

In Chapter 4, Transport and function of a common dietary phytochelatin, PyC>-Gly, in
intestinal epithelial cells, we used a cell model system to study PyC,-Gly absorption through an
intestinal epithelial cell monolayer at dietary concentrations established in Chapter 3.
Additionally, we investigated if Cd uptake into cells was reduced when co-exposed to dietary
PyC,-Gly and Cd concentrations. Previous studies demonstrated transport of PyCs-Gly into
intestinal epithelial cells and reduced Cd accumulation in cells co-treated with PyCz-Ser (33, 39).
However, PyC»-Gly intestinal epithelial transport and function remains a knowledge gap in the
literature. This chapter addresses this gap by examining the absorption and impact of two doses

of PyC»-Gly and Cd in combination and alone in Caco-2 epithelial cell monolayers.

Specific Aim 4

Determine if intake of metal-binding plant compounds, as measured by a plant food score, is
inversely associated with cadmium body burden in a cross-sectional sample of adults.

In Chapter 5, Plant food intake is associated with lower cadmium body burden in middle-
aged adults, we examined the association between a plant food score and urinary Cd in the
REasons for Geographic and Racial Differences in Stroke (REGARDS) cohort. Prior studies
have found variation in Cd bioavailability is not fully explained by known factors (40, 41).
Metal-binding plant compounds could reduce absorption of Cd but cannot be directly assessed

with dietary recall information in population studies (42-45). We created a plant food score to



serve as a proxy for consumption of metal-binding phytochemicals via plant-derived beverages
and foods. Using food frequency questionnaire information and an established measure of Cd
body burden, this chapter describes the creation and use of our plant food score to investigate

another potential benefit of plant-based dietary patterns — reduced Cd body burden.

In the final chapter, | summarize these findings to provide new understanding of the potential of
PyCs in plant-based diets to provide a protective mechanism against disease processes involving
toxic metals. | further present a perspective on critical knowledge gaps which must be addressed
to confirm the mechanistic insights provided by these findings and address directions for
developing new resources to translate knowledge of PyC distributions and abundances in foods
into improved dietary guidance to reduce risks of toxic metal exposure. The information obtained
from this dissertation research provides new understanding of the role of PyCs and metal-binding
plant compounds in human nutrition and establishes a foundation for future research

investigating novel mechanisms through which plant-based diets confer health benefits.
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Figure 1.1. The dietary exposome. Dietary patterns capture the entire diet, including the
synergistic and antagonistic effects of interacting dietary exposures. The interactions of
nutritional exposures such as polyphenols, iron, and dietary fiber with non-nutritional exposures
such as polycyclic aromatic hydrocarbons (PAHSs), cadmium (Cd), and methylmercury (MeHg)
ultimately determines the biological effects of the diet on human health. Created in
BioRender.com.
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Abstract

Phytochelatins (PyC) are a diverse set of plant compounds that chelate metals, protect against
metal toxicity and function in metal homeostasis. PyCs are present in plants consumed as food
by humans and could, in principle, impact absorption and utilization of essential and toxic metals
such as selenium and cadmium, respectively. PyCs vary in terminal amino acid composition and
chain length, exist in multiple oxidation states, and reversibly bind multiple metals;
consequently, PyCs include a large set of possible structures. Although individual PyC-metal
complexes have been studied, no resource exists to characterize the diversity of PyCs and PyC-
metal complexes. We used the scientific literature to develop a database of elemental formulas
for polymer forms varying in chain length from 2 to 11 glutamyl-cysteine repeats. Using
elemental formulas, we calculated monoisotopic masses using the most abundant isotopes of
each element and calculated masses for complexes with 13 metals of nutritional and
toxicological significance. The resulting phytochelatin database (PyCDB) contains 46,260
unique elemental formulas for PyC and PyC-metal complexes. The database is available online
for download as well as for direct mass queries for mass spectrometry using an accurate mass
annotation tool for user-selected PyC types, metals, and adducts of interest. We performed
studies of a commonly consumed food, onion, to validate the database and test utility of the tool.
Onion samples were analyzed using ultra-high resolution mass spectrometry-based
metabolomics. Mass spectral features were annotated using the PyCDB web tool and the R
package, xXMSannotator; annotated features were further validated by collision-induced
dissociation mass spectrometry. The results establish use and a workflow for PyCDB as a

resource for characterization of PyCs and PyC-metal complexes.

Keywords: phytochelatin, metabolomics, metals, nutrition
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Introduction

Phytochelatins (PyCs) function as key mediators of metal detoxification and homeostasis in
plants. PyC-metal complexes protect plants from metal toxicity through chelating heavy metals
and metalloids such as cadmium (Cd) and arsenic (As). They also bind required nutrients such as
zinc (Zn), selenium (Se) and copper (Cu) (1). Due to their essential role, PyCs are extensively
studied in agriculture and soil bioremediation (2-4). However, studies focus on analyzing only
specific PyCs and a few metals of interest. More comprehensive characterization of PyC-metal
complexes would allow greater understanding of metal sequestration and management in plants
and additionally, a role for PyCs in metal bioavailability and toxicity in humans and other animal

species consuming PyC-containing foods.

PyCs are glutathione (GSH)-derived polypeptides that are formed enzymatically by dipeptidyl
transfer of a donor y-glutamyl-cysteine (y-Glu-Cys) to GSH or related peptide. The first PyC
form identified was (y-Glu-Cys)n-Gly where n = 2-11 (5). Other forms exist in which glycine
(Gly) can be substituted with B-alanine (B-Ala), Ala, glutamine (GIn), serine (Ser), or glutamate
(Glu) or with no additional amino acid (4, 6-8). Because of their high thiol (-SH) content due to
Cys residues, PyCs have strong metal-binding abilities and increasing metal capacity with

increasing PyC size (3, 9).

PyC synthesis is increased in response to metal exposure, allowing plants to bind and mediate
risk of heavy metal toxicity. PyCs have been observed in a wide range of plant species (1),

accumulating in different tissues depending on the plant (10). For example, in rice (Oryza sativa)
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seedlings exposed to a high dose of Cd, PyC,-Gly was at the highest concentration in leaves
followed by roots and shoots (6). In a different study of wild basil (Clinopodium vulgare) grown
with excess Cd, the roots had 4-fold and 10-fold higher concentrations of PyC,-Gly compared to
leaves and shoots, respectively (11). PyC concentration and lengths also vary with exposure to
different metal types and concentrations (11). Functionally within plants, PyC-metal complexes
are sequestered in the vacuoles of plant cells but also occur at lower proportions in cytosol and
phloem sap (1, 12). However, comprehensive characterization of types, concentration and tissue-
location of PyCs and PyC-metal complexes has not been completed across common plants

grown for human consumption.

With the development of high-resolution metabolomics (HRM) (Figure 2.1) (13-16),
characterization of multiple forms of metal-free PyC and PyC-metal complexes within a single
analysis is possible. However, no database exists to allow characterization of PyCs in plants and
food. Here we create a phytochelatin database (PyCDB) for use with metabolomics analyses that
contains elemental compositions and monoisotopic masses for a wide range of probable and
experimentally detected PyC and PyC-metal complexes. We also provide the PyCDB through an
accompanying web-based metabolite annotation tool. We include a metabolomics analysis of a
common plant food, onion, as an example for identifying PyCs using the PyCDB in a HRM
workflow. Additionally, we provide validation of PyC and PyC-metal complexes included in the
PyCDB using collision-induced dissociation mass spectrometry. This database provides a
resource for research of PyC and PyC-metal complexes in studies of metals with agricultural,

nutritional, and toxicological significance.
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Materials and Methods

Selection of Phytochelatins

Many metals bind with high affinity to thiols (-SH) in Cys residues, and thousands of potential
variations of PyC-metal complexes are possible due to the variation in PyC lengths and terminal
amino acids. In addition, sulfur can exist in different oxidation states (e.g. thiol versus disulfide
form), and metals can interact with multiple functional groups in the peptides (e.g. O- and N-
containing groups). Because generation of non-biologically relevant structures in a database can
introduce an obstacle to understanding biology, we limited the range of predicted structures to
those for which evidence indicates existence or likelihood of existence under relevant biologic
conditions. Therefore, to define the scope of the database, we started with thiol (-SH) forms of
PyCs. As most metals have the greatest binding affinity to the ionized thiolate (-S°) form of thiol
groups, preferential binding to thiol groups (over O- and N-containing groups) was assumed for
this database iteration. At biological pH (near neutral or slightly basic), a proportion of the thiol
groups is expected to be in the metal-binding thiolate form, and experimental evidence shows
thiolate binding in PyC-metal complexes (17-19). Based upon this, the PyC-metal complex
elemental compositions were calculated accordingly, with two protons removed for every
divalent (2+) metal ion bound. For monoisotopic mass calculations based on PyC elemental
compositions, we used the most abundant isotope for each element. Finally, predicted
compounds were based on likely chemical interactions for common metal oxidation states at
neutral pH, room temperature and room air. As knowledge of PyC-metal complexes increases,

future versions will be updated to include other PyC-metal complexes.
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Using the seven PyC forms (see “Base Phytochelatins” in Table 2.1) based upon C-terminal
amino acid and repeating y-Glu-Cys peptide units of 2 to 11, we calculated base elemental
formulas from which predicted forms of PyC-metal complexes were generated (1) (Figure 2.2).
As (y-Glu-Cys)n-Ala and (y-Glu-Cys)n-p-Ala are identical in elemental composition and
monoisotopic mass, duplicate elemental compositions were not included. Disulfide (S-S) bonds
are formed in molecules with two or more Cys under oxidizing conditions. Disulfide bonds form
during food storage and preparation (20). Additionally, disulfide bonds will form during sample
preparation unless specific anaerobic conditions or reducing agents are used. Disulfide PyC
forms likely also exist in vivo due to normal reduction-oxidation reactions occurring as part of
cellular signaling and metabolic processes. Single disulfide forms for PyC, to PyC11 were
calculated by subtracting 2H from the elemental formulas, accounting for the two protons lost
from thiol groups during disulfide bond formation. For each additional disulfide, an additional
2H were subtracted. For metal-bound forms, an additional two Cys (-SH groups) will be required
for binding of a metal in a 2+ oxidation state. For example, a two disulfide form can only occur
in PyC4 or longer, and 2+ metal (Me?*)-binding can only occur with a two disulfide form in PyCs
or longer. Up to five disulfide forms were included corresponding to known PyC lengths (Table
2.1). PyC-metal complexes were calculated using the elemental formulas described above as
base units for construction of other forms. If two thiols were not available for binding, the PyC-

metal complex was not included.
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Selection of metals

Database metals include selected metals of either nutritional or toxicological importance. Other
factors considered for metal selection included the common oxidation states, most abundant
isotopes, and expected Lewis acid-base chemistry. The Lewis acid-base chemistry influences the
ability of metals to form stable complexes. This relates to whether the metal ion is a hard acid or
soft acid. Soft acids have greater tendency to form stable complexes with thiolates (-S°) (21, 22).
Of note but beyond the scope of the current discussion, the molecular environment of the thiol
group will also impact the affinity to which it binds the metal. The molecular environment will
be influenced by factors such as the biological matrix and sample preparation. For example, the
binding affinity of metals to the thiolate will change depending on pH. These factors must be
considered when designing experiments and interpreting results for studies of PyC-metal

complexes.

Many of the soft metals of nutritional and toxicological interest have a common oxidation state
of 2+: Cd, cobalt (Co), Cu, iron (Fe), lead (Pb), manganese (Mn), mercury (Hg), nickel (Ni), and
Zn. Some have common oxidation states of 1+: Cu, Hg, and silver (Ag). Initial calculations were
made for the 2+ ions of the most abundant isotope, including *4Cd, *°Co, 3Cu, *Fe, 2%8Pb, 5Mn,
202Hg, 58Ni, ®4zn, for the 1+ ion (*°’Ag), and for negatively charged (2-) forms of selenium
(89Se). This includes 5 nutritionally important minerals (Fe, Cu, Mn, Se, and Zn) and 8 metals of
environmental health concern (Cd, Co, Pb, Mn, Hg, Ni, Ag, and Se) (Supplementary
Information, Figure S2.2). Some metals, such as Se and Mn, are both nutritional and
toxicological metals due to tolerable upper intake limits (i.e. Mn, adults, 11 mg/day; Se, adults,

400 pg/day) being relatively low compared to some exposure levels in humans. Although
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calcium (“°Ca, 2+) and magnesium (>*Mg, 2+) are hard acids and may not bind effectively to
thiols, they are abundant in plants and could be present as PyC complexes (22). These Ca and
Mg forms were included in the current database and additional forms for potassium (*°K, 1+) and

sodium (*®Na, 1+) could be included in future database iterations.

Phytochelatin-metal complexes

PyC-metal complexes including one or two metals for 2+ ions and Se (2-) were calculated by
subtracting 2H and 4H, respectively, from base elemental formulas to account for the loss of
thiol protons during metal binding. For Se, the calculations were based upon experimental results
demonstrating that selenite reacts with two PyC: to create a bound PyC>-Se and an oxidized (S-
S)PyCo.. The product was shown to be the selenotrisulfide, -S-Se-S- (23), where the Se of selenite
was reduced to the formal 2+ oxidation state in binding to two thiolates. Ag (1+) one-metal and
two-metal forms were calculated by subtracting 1H per metal addition. For two metal (2+) bound
forms, at least 4 thiols would be needed. Therefore, calculations for two metal (2+) forms were
completed for PyC4 and larger, one disulfide forms for PyCs and larger, two disulfide forms for
PyCs and larger, and three disulfide forms for PyCio and PyC11. Two metal complexes were
calculated for all possible combinations of included metals, recognizing that the precise structure
of the complexes cannot be predicted based upon these calculations. A larger number of metals
and metal combinations could bind to longer chain lengths (up to 5 in PyC1o or PyC11 forms).
However, these were not included in this PyCDB version because of the large number of

combinations and limited evidence for such complex forms.
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For all two metal PyC-metal complexes, bridging sulfurs, as occur in iron-sulfur clusters, are
possible for most of the metals included in this database iteration (24). We referred to these as
sulfido and disulfido forms. The elemental formulas were calculated by adding either one or two
sulfurs to elemental formulas for two metal complexes. As selenide may form similar complexes,
these were calculated by addition of one Se to the elemental compositions, referred to as the
selenido form. Diselenido forms will be included in future database versions if disulfido forms

are found.

Calculation of monoisotopic masses

Monoisotopic masses were calculated using the elemental formulas of the predicted compounds.
Monoisotopic mass values were generated for each PyC and PyC-metal complex using a
modification of the R package, OrgMassSpecR. This R package allows for automated
calculations of monoisotopic masses using elemental formulas. Modifications were made to the
functions ListFormula and MonoisotopicMass to include all elements of interest. Monoisotopic
mass calculations were completed using the National Institute of Standards and Technology

exact masses (rounded to eight decimal places) for the most abundant isotopes (25).

PyCDB web interface

The phytochelatin database (PyCDB) web tool was developed using the shiny package, shinyBS
package and DT package in R. The web interface is maintained in the shiny server. Users can
enter their experimental masses directly in a text box or upload them with “.csv” format or “.txt”

format to perform accurate mass matching within the PyCDB web tool. Using the
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get_mz_by_monoisotopicmass function in xXMSannotator, the mass-to-charge ratio (m/z) for each
PyC and PyC-metal complex for adducts of interest were calculated by adding the mass of the
respective adduct (e.g. M+H, M+2H) and dividing by the charge state (z = 1, 2, 3) of the adduct
(26). For accurate mass matching with the web tool, there is the option to include annotation only
for elemental formulas which meet the nitrogen (N), oxygen (O), phosphorus (P), and sulfur (S)
to carbon (NOPS) ratio check (27). The NOPS check allows filtering out elemental formulas
which do not include the most common ratios of N, O, P, and S atoms to carbon. The user-
defined input parameters can be specified and used by the back-end R function to find PyC/PyC-
metal matches. Once the processing is complete, a table of PyC/PyC-metal matches is available

in the web tool or for download as a .csv file.

Using the PyCDB locally

The user has the option of using the full database locally with existing tools or R packages, such
as XMSannotator (26). With the xMSannotator multilevelannotation function, annotation criteria
are available in addition to those available via the PyCDB web interface. The output of
multilevelannotation includes a confidence level (i.e. none, low, medium, high) for annotated
metabolites. Additional criteria include retention time clustering, hydrogen/carbon ratio checks,
adduct requirements specified by the user for high confidence scores (e.g. M+H for high

confidence), and abundance ratio checks for isotopes and multiply charged adducts.

Results and application

PyCDB content
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The current database includes 46,260 unique elemental formulas for 240 PyC and 46,020 PyC-
metal complexes. Information available for each complex includes the molecular formula,
monoisotopic mass, isotope, PyC type (see Table 2.1), number of repeat units (e.g. PyC> to
PyCi1), and information on bound metals (including type and number). With increasing PyC
length, the number of compounds in the database increases due to the higher number of metal-

binding sites in longer peptides (Supplementary Information, Figure S2.2).

PyCDB website implementation

The database is available in a user-friendly form from https://kuppal.shinyapps.io/pycdb/. As
seen in Figure 2.3, users can select specific search criteria after uploading their experimental
masses. Search options include selecting a subset of the 13 metals, adducts of interest, and
specific PyC lengths or types (i.e. terminal amino acid). The “NOPS check” option can help
users further filter less likely masses based on the ratio of nitrogen, oxygen, phosphorus and
sulfur (NOPS) atoms to carbon in the chemical formula (27). The user can also define the mass
error in parts per million (ppm; e.g. 5 ppm) to perform the accurate mass search. As described
above, the user-defined input parameters are used by the back-end R function to find PyC
matches. The full database is also available for download at

https://s3.amazonaws.com/phytochelatindatabase/full version PyCDB 20180821.csv, which

can be used with other annotation tools like xMSannotator for users interested in additional

annotation criteria (26).


https://s3.amazonaws.com/phytochelatindatabase/full_version_PyCDB_20180821.csv
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Example: phytochelatin detection in onions

Samples from eight onions were analyzed using HRM. Detected metabolites were defined by
accurate mass (m/z), retention time, and intensity profiles. Details of the sample preparation and
analysis are described in the Supplementary Information. 19,270 features were detected on the
C18 column. The feature table was analyzed two ways, targeting a subset of the database
(Supplementary Information). First, the feature table was annotated using xMSannotator with the
custom database option. The xMSannotator code used for the analysis is provided in the
Supplementary Information. 628 features were annotated using the PyCDB subset. The feature
table was also analyzed in the PyCDB web tool using the same parameters as xMSannotator but
without the NOPS check. The PyCDB web tool uses a simple annotation function which does not

provide confidence scores. This resulted in 845 annotated features.

Using selection criteria based on high confidence matches from xMSannotator and high intensity
features, features were selected for further validation with collision-induced dissociation mass
spectrometry (MS/MS). The feature m/z 538.1270 was matched to (S-S)PyCz-Gly
(C18H27N5010S2) [M+H]. MS/MS of this m/z target was completed to confirm the identity
(see Figure S2.1). Many annotated PyC-metal complexes from the onion data were at too low
intensity for collision-induced dissociation analysis. PyC-metal complexes formed using
chemical standards and selected metals (see Supplementary Information) showed that
experimental masses were consistent with predicted masses. Additional details of metabolite
validation and PyC-metal complex collision-induced dissociation are provided in the
Supplementary Information (Figure S2.1 and Figure S2.3 to S2.8). Examples are provided along

with literature data for PyCs and PyC-metal complexes in Table 2.2,
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Future Directions

The database is open source and can be refined as plant and food metabolomics data are
compared to the predicted complexes. Such modifications can include additional metals of
nutritional and toxicological significance such as molybdenum and arsenic. Although
selenocysteine (Sec) is not common in plants, Sec may form in the PyC in high Se conditions
and be of interest to explore. Other metals and metal oxidation forms are possible. The complex
coordination chemistries of the metals will need to be considered for inclusion. To aid in
confirmation of identities, additional methods, such as metal removal or study by ion mobility
spectrometry-mass spectrometry, may be needed to address low abundance of the PyC-metal
complexes in biologic materials. Although up to two metals were only considered in the current
database iteration, PyC binding of up to five metals for longer forms is chemically possible and
could be explored. Finally, a future iteration of the PyCDB could include an in silico
fragmentation tool to account for predicted MS/MS spectra of PyC-metal complexes. Although
peptide fragmentation tools are available, predicted fragmentation for PyC-metal complexes will
need to consider metal interactions with O- and N-containing carboxy and amino groups as well

as sulfido, disulfido, and selenido PyC forms included in the database.

In addition to the potential applications of the PyCDB for understanding metal homeostasis in

plants and absorption of nutritional and toxicological metals in plant-derived foods, the PyCDB
could also be useful for understanding metal-dependent processes such as nutritional immunity.
Nutritional immunity is the process by which a host controls access to micronutrients to protect

from bacterial infections (28, 29), and PyCs could contribute to mechanisms of nutritional
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immunity due to their metal-binding characteristics. Thus, the PyCDB has the potential to be a

useful resource for diverse in vivo and in vitro investigations of PyCs and PyC-metal complexes.

Conclusions

The range of potential PyCs and PyC-metal complexes in plants and food products is extensive
and diverse. The PyCDB provides a foundational resource for research efforts to characterize
PyC profiles. Here we demonstrate PyCs can be detected and validated in the edible portion of a
commonly consumed plant food, onion. Additionally, PyCs and PyC-metal complexes formed in
vitro are detected at the predicted masses in the database. Future database versions can include
additional PyC forms and validated compounds. Given the significant role of PyCs in binding
metals of toxicological and nutritional significance, this database provides a resource to improve
understanding of PyCs in metal homeostasis and metal bioavailability in plants and plant-derived

foods consumed by animals.
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Table 2.1. PyC structures vary by terminal amino acid, number of repeating peptide units (n = 2-11)
and number of disulfide bonds (m = 1-5).

Base PyCs Elemental formula (e.g. n = 2) Disulfide form
(y-Glu-Cys)a-Gly C18H29N5010S> (S-S)m(y-Glu-Cys)n-Gly
(y-Glu-Cys)n-B-Ala C19H31N5010S2 (S-S)m(y-Glu-Cys)n-p-Ala
(y-Glu-Cys)n-Ala C19H31N5010S2 (S-S)m(y-Glu-Cys)n-Ala
(y-Glu-Cys)n C16H26N409S> (S-S)m(y-Glu-Cys)n
(y-Glu-Cys)a-GIn C21H34N6011S2 (S-S)m(y-Glu-Cys)n-Gln
(y-Glu-Cys)n-Ser C19H31N5011S; (S-S)m(y-Glu-Cys)n-Ser

(y-Glu-Cys)n-Glu C21H33N5012S2 (S-S)m(y-Glu-Cys)s-Glu




Table 2.2. Comparisons of predicted masses in database with experimental masses of
PyCs identified by mass spectrometry

PyC Predicted mass  Experimental mass Mass deviation Adduct
(m/2) (m/2) (ppm)
Unbound PyCs
(S-S)PyCo- 538.1272 538.1254 3.3 M+H
Gly?P
PyC,-Gly?" 540.1429 540.1437, 540.1, 1.5,-,0.1, - M+H
540.1430, 540.0
PyCs-Gly?P 772.1946 772.1955, 772.2, 1.2,-,0.3, - M+H
772.1948, 772.0
PyCs-Gly?P 1004.2464 1004.2436,1004.2,  2.8,-,0.6, - M+H
1004.2458, 1004.0
PyCs-Gly” 1236.2982 1236.2 - M+H
PyCe-Gly® 1468.35 1468.2 - M+H
PyC.-Ser® 570.1534 570.1538 0.7 M+H
PyCs-Ser® 802.2052 802.206 1 M+H
PyCs-Ser® 1034.257 1034.2577 0.7 M+H
PyC,-GIn® 611.18 611.1802 0.3 M+H
PyCs-GIn® 843.2318 843.2328 1.2 M+H
PyC,-GluP 612.1640 612.1648 1.3 M+H
PyCs-GluP 844.2158 844.2167 1.1 M+H
PyCs-GIuP 1076.2675 1076.2686 1 M-+H
PyC-metal complexes
PyC,-Gly-HgP 740.0979 740, 740.1 - M-+H
PyCs-Gly-HgP 972.1496 972,972.1 - M+H
PyCs-Gly-HgP 1202.1858 1202, 1202.2 - M+H
PyCs-Gly- 1404.1564 1404, 1404.2 - M+H
Hg(2)"
PyC,-Gly-Cd? 652.0306 652.0346 6.1 M+H
PyCs-Gly-Cd?P 884.0824 884.0710, 884.1 12.9, - M+H
PyCs-Gly-Cd?P 1116.1341 1116.1392, 1116.1 4.6, - M+H



PyC4-Gly-
Cd(2)?

PyCs-Gly-CdP
PyC,-Ph®
PyCs-Ph®
PyC4-Ph®

PyCa-Pb(2)°
PyCo-Zn?"P
PyCs-Zn®
PyCs-Zn*

PyCs-Zn(2)*"
PyC2-Mn?
PyCs-Mn?
PyCs-Mn?

PyCs-Mn(2)?

1228.0218

1348.1859
746.1039
978.1556

1210.2074

1416.1684
602.0564
834.1081

1066.1599

1128.0734
593.0653
825.1170

1057.1688

1110.0912

1228.0279

1348.2
746.1034
978.1559

1210.1986
1416.1556

602.0560, 602.0544

834.1136
1066.1608
1128.0763

593.0665

825.1251
1057.1672
1110.0913

0.7
0.3
7.3

0.7,3.3

6.6
0.8
2.6
2
9.8
1.5
0.1

M+H

M+H
M+H
M+H
M+H
M+H
M+H
M+H
M+H
M+H
M+H
M+H
M+H
M+H

dCompared with standards; see supplementary information.
bPreviously identified PyC derivative with mass as reported (6, 18, 19, 30-32).

*Data not shown.
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Analyze plant samples with
HRM LC-MS platform

\ 4

Feature table (m/z, RT, intensity)

from MS1
Feature table + PyCDB Feature table into PyCDB
into xMSannotator web annotation tool

o

Selection of target m/z features
for MS/MS

o

MS/MS validation of PyCs

Figure 2.1. HRM workflow for PyC detection and validation. Using liquid chromatography with
ultra-high resolution mass spectrometers followed by the application of data extraction
algorithms, broad characterization of the metabolites (mass-to-charge, m/z; retention time, RT;
and relative intensity) can be obtained. The mass spectral feature table is then searched against
the database of compounds using matching criteria such as a retention time window and
maximum allowable ppm differences. Annotated features of interest are then targeted for
validation by collision induced dissociation using tandem mass spectrometry (MS/MS).
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@@@” @ Cys @ Cys G
.....', \\‘II'// + oH*

B
C18H29N5()1052 » C18H27N501052Cd
+ +
cd** 2H*

PyC,-Gly + Cd** » Cd-PyC,-Gly

Figure 2.2. Formation of PyC-metal complexes. A, PyCs form complexes with metal ligands.
Metal ligands in 2+ oxidation state will bind with the sulfurs of thiol groups on two cysteine
residues. B, An example of the elemental formulas in PyCDB for the base PyC, phytochelatin2-
glycine (PyC2-Gly), in metal-bound and unbound forms. C, An example of the abbreviated name
for the base PyC form, number of repeating peptide units, and metal (if bound).
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PyGDB
@gnnmm Database

Select your masses file (.csv' or .txt')

538.1272 - Browse...
540.1429
1004.246416 More options for filtering records
770.1789884 NOPS check ?
7721946384 Include disulfide forms? Metals Bound
609.1643241 FALSE ® Al Yes No ¢ Al 0 1 2
560.1097
562.1254 ) - Hesls
1026.228911 - More filter options Al
7092 1814834
PyC base form (terminal 1 AA) PyC length
lon Mode Adduct Type
All All
Positive v Unknown

Molecular Weight Tolerance % (ppm)

5 Load Example

|ﬂpu[.m1 database.mz PCID Name Formula Monoiso(opchass Adduct delﬂBrencB(ppm)
538.1272 538.12721 61 gf“gamma'e‘”'cys’z' C18H27NSO10S2  537.11993 M+H 0.01933
540.1429 540.14286 11 (gamma-Glu-Cys)2-Gly-  C18H29N5010S2  539.13558 M+H 0.07331
1004246416 1004246416 13 (gamma-Glu-Cys)d-Gly-  C34H53N9O18S4  1003.23914 M+H 0
770.1789884 770178988 62 gf)(gamma-G\U-Cys)} C26H3IN7O14S3  769.17171 M+H 0
772.1946384 772194638 12 (gamma-Glu-Cys)3-Gly-  C26H41N7O14S3  771.18736 M+H 0
Showing 1 to 5 of 15 entries Previous | 1 | 2 3 Next

Figure 2.3. Screenshots of the web version of the PyC database. Query masses of interest can be
entered manually or uploaded from a .csv or .txt file. Screenshot provided of an example search
using the “Load Example” button with the default search settings and the output shown below.
The output can be reviewed on the webpage or downloaded as a .csv file for future use. The
webpage also provides an option to “Download Whole Database” for use with other annotation
tools such as the R package, xMSannotator.
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Phytochelatin database (PyCDB): A resource for phytochelatin complexes of nutritional and
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Abstract

The supplementary information includes the methods of onion sample preparation and
metabolomics analysis, annotation of onion features with xMSannotator, LC-MS/MS validation
of PyC,-Gly in onions, R script used for annotation with xMSannotator, and MS/MS results for
PyC authentic standards (PyC»-Gly, PyCz-Gly, PyC4-Gly) complexed with manganese and

cadmium.

Metabolomics of onions

Eight onions were selected for analysis. 100 mg pieces of each onion were frozen at -80°C.
Metabolites were extracted from onion samples using a Polytron homogenizer in 400 pL
extraction solution (2:1 acetonitrile to water) and homogenates were centrifuged for 10 min at

14,000 rpm at 4°C. Metabolites in the supernatant were collected, loaded into auto-sampler vials,
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and run on a high resolution LTQ-Velos Orbitrap mass spectrometer (Thermo Fisher). Samples
were analyzed in triplicate with a 10 pl injection volume on a C18 column in positive
electrospray ionization mode using a previously described method (1, 2). The data were
extracted using the R packages apLCMS and xMSanalyzer to provide a table of detected
metabolites (mass spectral features defined by accurate mass (m/z), retention time (RT), and

intensity profiles) (3, 4).

Annotation of onion data with xMSannotator

Feature tables were analyzed using xMSannotator and the multilevelannotation function with the
custom database option as defined in the R script below. Based on the expected concentration
and frequency of detected PyC lengths from previous research, a subset of the PyCDB was run
with only PyC» to PyCs, focusing on forms with one or no metals (5, 6). xMSannotator allows
accurate mass matching (Level 5 identification according to Schymanski et al. 2014) based on
criteria such as correlation analysis, network modularity analysis, RT-based clustering, and mass
defect analysis to assign confidence scores (0-3) to the annotations (7, 8). Multiple adducts were
considered (i.e. M+H, M+Na, M+K, M+2H, M+3H, M+NH.) with the M+H adduct required for
the highest confidence level to be assigned. Using these parameters, 628 features were annotated

using the PyCDB subset defined above.

Validation of phytochelatin with MS/MS

MS/MS of m/z 538.1270 was completed on the LTQ-Velos Orbitrap. The identification was

confirmed via MS/MS in positive mode using collision-induced dissociation at 35V on the LTQ-
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Velos Orbitrap. Validation of (S-S)PyC»-Gly with MS/MS was performed in two ways. First,
MS/MS onion spectra were uploaded into MetFrag for matching (9, 10). MetFrag links with
PubChem, which has three phytochelatins in the database (PyC.-Gly, PyCs-Gly, PyCs-Gly) (11).
From MS/MS spectra for m/z 538.1270, MetFrag returned a top match for (S-S)PyC,-Gly
(C18H27N5010S2). An example of a representative MS/MS spectra can be seen in Figure
S2.1B. As an authentic standard is available for PyC,-Gly, MS/MS analysis was performed on
the LTQ-Velos Orbitrap to generate a reference spectra (Figure S2.1A). Validation was also
performed via matching of fragmentation patterns of the onion spectra (Figure S2.1B) with the

spectra of the PyC,-Gly authentic standard.

Mass fragmentation analysis of PyC and PyC-metal complex standards

Analytical standards of PyC,-Gly (95% purity), PyCs-Gly (95% purity), and PyCs-Gly (95%
purity) were obtained from CPC Scientific Inc. CdCI> and MnCl, were obtained from Sigma-
Aldrich. Individual stock solutions of PyC,, PyCs, CdCl., and MnCl, were prepared in HPLC-
grade water. PyC»-Gly, PyCs-Gly and PyCs-Gly were prepared at 10 pM. PyC-metal complex
solutions were prepared in water at 10 uM:10 uM PyC to metal ratios and were analyzed with
direct injection mass spectrometry using a LTQ-Velos Orbitrap mass spectrometer (Thermo

Fisher).

R script for annotation of onion metabolites with xMSannotator

1) Read in PyCDB as custom database file:
PC_full<-read.csv("full_version_PyCDB_20180821.csv")

2) Create subset of PyCDB for query (optional):
PC_full$PCkeep<-ifelse((PC_full$PC.General %in% c("PC2","PC3","PC4","PC5","PC6"))
& (PC_full$Metal.Form %in% c("0","1")), 1,0)
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PC2_PC6<-subset(PC_full, PC_full$PCkeep ==1)

3) Read in data table:
dataA<-read.table("~/PyC/FoodFiles/onion/C18/C18_ Onion_Stage3b_filter.txt",
header=TRUE)

4) Specify search parameters

max.mz.diff<-10 #mass search tolerance for DB matching in ppm
max.rt.diff<-10 #retention time tolerance between adducts/isotopes
corthresh<-0.7 #correlation threshold between adducts/isotopes
max_isp=5 #maximum number of isotopes to search for
mass_defect_window=0.01 #mass defect window for isotope search

5) Specify output location
outloc<-"~/PyC/FoodFiles/C18/onion_PyCDBpaper/"

6) Specify number of cores to be used
num_nodes<-4

7) Specify name of database to search against
db_name="Custom"

status=NA

customIDs<-NA

8) Specify number of sets the total database entries should be split into for searches
num_sets<-300

9) Specify ionization mode and adducts for search
mode<-"pos"
queryadductlist=c("M+2H","M+H","M+Na","M+K", "M+3H","M+NH4")

10) Provide name of custom database to be used for annotation
customDB<-PC2_PC6

11) xMSannotator multilevel annotation function
HHTHHHHEHHEHHEHHHE T
dataA<-unique(dataA)

print(dim(dataA))

print(format(Sys.time(), "%a %b %d %X %Y™"))

system.time(annotres<-
multilevelannotation(dataA=dataA,max.mz.diff=max.mz.diff,max.rt.diff=max.rt.diff,cormeth
od="pearson",num_nodes=num_nodes,queryadductlist=queryadductlist,
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mode=mode,outloc=outloc,db_name=db_name,
adduct_weights=NA,num_sets=num_sets,allsteps=TRUE,

corthresh=corthresh,NOPS_check=TRUE,customIDs=customIDs,missing.value=NA,deepspl
it=2,networktype="unsigned",

minclustsize=10,module.merge.dissimilarity=0.2,filter.by=c("M+H"),biofluid.location=NA,0
rigin=NA,status=status,boostiIDs=NA,max_isp=max_isp, customDB=customDB,
HMDBselect=NA,mass_defect_window=mass_defect_window,pathwaycheckmode="pm",m
ass_defect_mode="pos")

)

print(format(Sys.time(), "%a %b %d %X %Y"))
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Figure S2.1 (Supplementary). Matching MS/MS spectra of m/z 538.1272 [M+H] for PyC,-Gly

authentic standard and onion samples (representative spectra shown). A, Fragmentation pattern
for (S-S)PyC»-Gly [M+H] from the authentic standard sample using collision-induced
dissociation (CID) at 25V. B, Fragmentation pattern for (S-S)PyC,-Gly [M+H] from an onion

sample using CID at 35V.
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Figure S2.2 (Supplementary). Characteristics of the database. A, Number of compounds in
database by phytochelatin length (i.e. repeating peptide units, n = 2-11). With increasing
phytochelatin length, the number of possible phytochelatins and phytochelatin-metal complexes
increases. B, The most common isotope of metals of nutritional and toxicological significance
are included in the database.
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Figure S2.3 (Supplementary). MS1 spectra of PyC,-Gly authentic standard alone (A) and in
combination with equimolar MnCl> (B) or CdCl> (C). (S-S)PyC»-Gly, oxidized form of PyCo-
Gly; PyC»-Gly, reduced form of PyC,-Gly; PyC,-Gly-Mn, PyC»-Gly complexed with Mn?* ion;
PyC,-Gly-Cd, PyC,-Gly complexed with Cd?* ion.
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Figure S2.4 (Supplementary). MS/MS of (S-S)PyC.2-Gly, PyCz-Gly-Mn, and PyC2-Gly-Cd.
A, Fragmentation pattern for (S-S)PyC.-Gly [M+H] (m/z 538.13) from the authentic standard
sample using collision-induced dissociation (CID) at 25V. B, Fragmentation pattern for PyC-
Gly-Mn [M+H] (m/z 593.07) from the authentic standard mixed with equimolar MnCl> using
CID25V. C, Fragmentation pattern for PyC,-Gly-Cd [M+H] (m/z 652.03) from the authentic
standard mixed with equimolar CdCl using CID35V.
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Figure S2.5 (Supplementary). MS1 spectra of PyCs-Gly authentic standard alone (A) and in
combination with equimolar MnCl> (B) or CdClI> (C). (S-S)PyCs-Gly, oxidized form of PyCs-
Gly; PyCs-Gly, reduced form of PyCs-Gly; PyCs-Gly-Mn, PyCs-Gly complexed with Mn?* ijon;
PyCs-Gly-Cd, PyCs-Gly complexed with Cd?* ion.
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Figure S2.6 (Supplementary). MS/MS of (S-S)PyCs-Gly, PyCs-Gly-Mn, and PyCs-Gly-Cd.
A, Fragmentation pattern for (S-S)PyCs-Gly [M+H] (m/z 770.18) from the authentic standard
sample, (B) for PyCs-Gly-Mn [M+H] (m/z 825.12) from the authentic standard mixed with
equimolar MnCly, and (C) for PyCs-Gly-Cd [M+H] (m/z 884.09) from the authentic standard
mixed with equimolar CdCl. using collision-induced dissociation (CID) at 25V.
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Figure S2.7 (Supplementary). MS1 spectra of PyCs-Gly authentic standard alone (A) and in
combination with equimolar MnCl> (B) or CdCl> (C). (S-S)PyCs-Gly, oxidized form of PyCs-
Gly; PyCs-Gly, reduced form of PyC4-Gly; PyCa-Gly-Mn, PyC4-Gly complexed with Mn?* ion;
PyC4-Gly-Cd, PyC4-Gly complexed with Cd?* ion; PyC4-Gly-Cd(2), PyCs-Gly complexed with
two Cd?* ions.
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Figure S2.8 (Supplementary). MS/MS of PyCs-Gly. Fragmentation pattern for PyCs-Gly

[M+H] (m/z 1004.25) from the authentic standard sample using collision-induced dissociation
(CID) at 25V.
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Abstract

Phytochelatins (PyCs) are metal-binding compounds produced by plants. PyCs may reduce
bioavailability of dietary toxic metals such as cadmium. However, the PyC concentrations in
foods are unknown. The objective of this study was to analyze PyC contents in a subset of
commonly consumed plant foods. Foods (20) across five groups were analyzed and PyCs
quantified using liquid chromatography-mass spectrometry (LC-MS/MS). The impact of factors
such as food processing were also explored. PyCs were in all 20 foods. Five PyC types were
detected with PyC,-Gly, PyCs-Gly and PyC»-Ala at quantifiable concentrations. PyC,-Gly was
found at the highest concentrations and most widely distributed. PyC»-Gly concentrations were
highest in fruits and root vegetables. Foods with increased processing tended to have reduced
PyC concentrations. This survey of commonly consumed plant foods in the United States
demonstrates PyCs are widely distributed and provides a foundation for understanding their

concentrations and impact in the human diet.

Keywords: toxic metals, nutritional metals, metal bioavailability, functional foods, plant-based

nutrition, phytochemicals

Chemical compounds studied in this article: Phytochelatin (PubChem CID: 20756463);
Phytochelatin 2 (PubChem CID: 14704021); Phytochelatin 3 (PubChem CID: 174541);

Phytochelatin 4 (PubChem CID: 14704026)
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Introduction

Dietary patterns emphasizing plant foods are consistently associated with reduced risks of
cardiovascular disease, cancer, type 2 diabetes, and other chronic diseases (1, 2). Plant foods
contain health-promoting phytochemicals including flavonoids, carotenoids, and phenolic acids
(3). Phytochemicals contribute to a range of protective mechanisms including regulation of
inflammatory pathways, antioxidant functions, and cancer-preventing pathways via alterations in
gene expression impacting cell proliferation and apoptosis (3). Through eating plant foods,
individuals consume a diverse array of phytochemicals which can work synergistically or alone
to promote internal biological environments with antioxidant, anticancer, and anti-inflammatory
activities (3). However, a major barrier to studying the health impacts of consuming
phytochemicals is understanding the distribution of specific compounds across the wide range of

plant foods (3).

Phytochelatins (PyCs), are glutathione (GSH)-derived metal-binding polymers produced by
plants, and are one class of phytochemicals not characterized in the human diet (4). PyCs consist
of 2-11 repeating y-glutamyl-cysteine (y-Glu-Cys) peptides and are enzymatically formed by
phytochelatin synthase (4). Plants produce PyCs at basal levels and at increased levels as a
protective response to metal exposure (5). The peptide repeats typically end with a terminal Gly
but can also terminate with Ser, Glu, Gln, Ala, B-Ala, or no amino acid (5, 6). Common names
for PyCs include a subscript for the number of repeating y-Glu-Cys units and the terminal amino

acid (7).
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A distinctive feature of PyCs is their high Cys content. Metals bind with high affinity to the thiol
(-SH) group of Cys at biological pH (close to neutral or slightly basic), resulting in significant
capacity to bind and sequester metals in plants (8). For example, PyC,-Gly [(y-Glu-Cys)2-Gly]
can bind a metal with an oxidation state of +2. With longer chain lengths, PyCs have increased
metal-binding capacity (8). As longer PyCs are formed through the addition of y-Glu-Cys
peptides in response to metal exposure, the most abundant PyCs tend to be the shorter chain

lengths (4).

Due to their metal-binding properties, PyCs may have an important role in the absorption of
dietary metals. For example, average dietary cadmium (Cd) levels in the U.S. population are
linked with poor health outcomes across multiple organ systems due to the long half-life of Cd
and its accumulation in the body (9). Dietary factors which reduce Cd bioavailability could have
an important role in reducing Cd-related health risks such as kidney dysfunction and cancer (9).
Studies of PyCs in mammalian systems have demonstrated PyCs protect against uptake of Cd.
Researchers investigating the impact of PyCs-Gly and PyCs-Gly on Cd accumulation in rats
observed reduced Cd in the liver and kidneys, common target organs for Cd accumulation,
compared to rats exposed to only Cd (10). Investigations in gastrointestinal cell models also
demonstrated reduced cellular Cd accumulation when cells were exposed to PyCs-Ser in
combination with Cd (11). This evidence suggests consumption of PyCs in the diet may protect

against Cd uptake (10, 11).
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PyCs have been studied extensively in agricultural and bioremediation in efforts to improve soil
and plant health. From this body of research, PyCs are known to occur in agricultural plants
grown for human consumption, such as soybeans, corn, and rice (4, 6). However, these studies
have focused on roots, stems, and leaves from plant seedlings exposed to heavy metals. There is
little known about the amount of PyCs in the edible components of harvested mature plants.
Studies show PyCs tend to concentrate in roots as they are produced in response to metals taken
up from the soil (6, 12). PyCs are also produced in or transferred to leaves and stems but
typically at lower concentrations than roots (13, 14). The PyC types, distributions, and
concentrations ultimately depend on a variety of factors including the plant species and growing
conditions. Some plant families predominantly have PyCs with terminal amino acids other than
Gly, such as Ala in Fabaceae (legumes) or Ser in Poaceae (cereal grasses/grains), and evidence
demonstrates plants can produce multiple PyC types (6, 15, 16). The PyC length and terminal
amino acid influence the molecular environment of the metal-binding thiol group and
consequently, the affinity with which metals bind to PyCs (7). These could be important factors
for understanding the impact of dietary PyCs on metal absorption in humans. For plants, soil
heavy metal concentrations have the greatest influence on PyC production. In a study of plant
communities along soil pollution gradients, plants had greater PyC content with increasing soil
heavy metals (17). However, plants do not require heavy metal exposures to produce PyCs and

will produce PyCs in response to essential metals (e.g. zinc, copper) (15).

The human diet is a mixture of exposures, including beneficial components such as fiber and
phytochemicals, but also potentially harmful components such as pesticides, herbicides, and

toxic metals. As with other phytochemicals, the health impact of PyCs will depend on the
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characteristics and concentrations of PyCs, other dietary components consumed, and nutritional
status of the individual (3). Additionally, food processing impacts phytochemical concentrations
and will likely influence PyCs as well (18). The present study was designed to establish an
understanding of PyC concentrations and types in commonly consumed foods in the U.S. diet for
the first time. We tested the hypothesis that PyCs most directly related to the precursor GSH, i.e.,
PyC»-Gly and PyCsz-Gly, are widespread among plant-derived foods, while other PyCs (PyCa-
Gly, PyCs-Gly, PyCs-Gly, PyC,-Glu, PyC,-Ala) have more restricted distributions. Additionally,
we examined how factors like food group, growing conditions, and food processing may impact
PyC concentrations. Here we provide characterization of PyCs in twenty commonly consumed
foods across five plant food groups. Through this work, we provide evidence of important food
characteristics that impact PyC concentrations, demonstrate the widespread distribution of PyCs
in plant foods, and establish relevant dietary PyC concentrations and types for understanding the

impact of this relatively unexplored class of phytochemicals on human health.

Material and Methods

Materials

Acetonitrile (HPLC grade), formic acid (LC-MS grade), and water (HPLC grade) were
purchased from Sigma Aldrich (St. Louis, MO, USA). HPLC grade water was prepared with 2%
formic acid as a solvent for LC-MS/MS. Analytical standards of PyC»-Gly, PyCs-Gly, PyCs-Gly,
PyCs-Gly, PyCe-Gly, PyC»>-Glu, and PyC,-Ala at 95% purity were obtained from CPC Scientific
Inc (San Jose, CA, USA). Individual stock solutions of PyCs were prepared in HPLC-grade

water.
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Selection of representative foods

Five plant food groups were selected based on expected distribution of PyCs due to known plant
physiology as well as colloquial terms for common vegetable types (i.e. leafy greens, root
vegetables, fruits, legumes, and grains). From each of the five plant food groups, four food types
were selected based on commonly consumed foods in the U.S. in each group (19). Tomatoes
were included with the fruit group due their designation in plant anatomy. Corn was considered
in the grain group even though ground corn products and fresh corn are often categorized into

different food groups.

For each food type, ten individual items were purchased from local grocery stores in Atlanta,
Georgia (May 2019 to August 2019), totaling 40 samples per group. Food types included corn,
brown rice, whole wheat flour, oats, oranges, apples, bananas, tomatoes, carrots, potatoes,
onions, sweet potatoes, kale, romaine lettuce, head lettuce, spinach, peanuts, beans, tofu, and
peas. Twelve individual items were purchased for apples to increase diversity for subset
comparisons as described below. For each food, items were purchased with at least three
different brand names or stores for analysis. To address PyC variability due to storage conditions
and processing, a selection of fresh, frozen, and canned options was included when available
(Table S3.1). To explore other factors that could impact PyC concentrations, foods were selected
with different varieties, growing locations, and growing conditions (e.g. conventional and
organic). Fresh foods were kept refrigerated at 4°C and frozen foods were kept frozen at -20°C.
Shelf stable items such as dry and canned foods were kept at room temperature until prepared for

analysis.
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Sample preparation

Samples were prepared from portions of the food item generally considered edible in the United
States. For foods usually consumed cooked (i.e. rice, sweet potatoes, potatoes), foods were
prepared using typical cooking directions. In brief, sweet potatoes and potatoes were baked in
foil at 350°F for 40-50 minutes until softened. Brown rice was cooked in 2:1 ratio of filtered
water to rice by bringing to a boil and then reducing to a simmer for 40 minutes. If necessary,
foods were cut before grinding with a mortar and pestle. Liquid nitrogen was used to freeze
fruits, leafy greens, and root vegetables prior to grinding to facilitate breakdown of fibrous

materials and transfer to extraction vials.

Ground food samples were loaded into 2 mL microcentrifuge tubes, weighed, and stored at -80°C
until extracted for LC-MS/MS analysis. A 2:1 acetonitrile to water solvent mixture was added to
ground food samples at a ratio of 2 uL solvent to 1 mg food. Samples were vortexed, sonicated
(10 seconds at 30% amp), incubated on ice for 30 min, and centrifuged for 10 min (14,000 rpm)
at 4°C. The supernatant was removed and stored at -80°C until LC-MS/MS analysis. Sample
extraction following reduction with dithiothreitol was tested and not included in the final method

as it did not improve PyC recovery.

LC-MS/MS analysis

Food sample supernatants were thawed, vortexed, and loaded into autosampler vials. Pooled
samples for each food type were mixed from the supernatant for use as a quality control

reference, and seven PyC standards were added at 1 uM for use during quantification. Samples
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were randomized within each food type and analyzed on a high resolution LTQ-Velos Orbitrap
mass spectrometer (Thermo Fisher). Pooled food samples with and without added PyC standards
were analyzed at the end of each food type analysis for estimating PyC concentrations and
validating PyCs with chromatographic characteristics and ion dissociation mass spectrometry
(MS/MS). Each sample was analyzed in triplicate with a 10 ul injection volume on a HILIC
column in positive electrospray ionization mode. The mass spectrometer was operated at 60,000
resolution and mass-to-charge (m/z) range of 500-1,250 following optimization for PyC detection

and quantification.

Phytochelatin quantification

The intensity of each PyC (M+H adduct) was determined using the area under the curve (Thermo
Scientific Xcalibur software, Genesis peak integration algorithm) (Table S3.2) (7). For some
samples, reduced and oxidized PyC forms of the M+H adduct were detected. Tests with
dithiothreitol treatment did not improve reproducible quantification and introduced an additional
step in sample preparation, so the approach used for these samples was to sum the intensities for
the multiple forms [e.g. PyC2-Gly: m/z 538.1272 (oxidized) and m/z 540.1429 (reduced)].
Comparisons of intensities for commercial standards treated in this manner showed this to be
reliable, i.e., disulfide bonds form internally within PyC and the signal of the oxidized form is
not decreased due to larger aggregate formation. Technical replicates were averaged.
Quantification used a method of additions. To account for food specific matrix effects for each
food item, intensity values of 1 uM PyC authentic standards were determined by subtracting the
intensity of the pooled sample from the intensity of the pooled sample with PyC standards.

Estimates of PyC concentrations in each food item were then determined relative to the intensity
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of the added 1 uM PyC standard. Samples with MS/MS patterns matching the characteristic
fragmentation pattern of the respective PyC standard but within an unreliable range for

quantification were designated as “detected but not quantified”.

PyC quantities are reported as pg/g edible weight (EW), which refers to the weight of the food
item as purchased or prepared. For example, oats and whole wheat flour are reported using the
dry weights, potatoes are reported using the prepared weight (i.e. canned or baked), and apples
are reported using the fresh weight. PyC quantities per serving size were calculated using the
Food Pyramid Equivalent Database (FPED) serving equivalents converted to grams. FPED
equivalents for fruits and vegetables are in 1 cup equivalents and for protein and whole grains are

in 1 ounce equivalents (20).

Statistical analysis

One-way ANOVA with Tukey’s post-hoc test was used to compare PyC»-Gly concentrations
across food groups (e.g. fruits, leafy greens, root vegetables, grains, legumes) and within food
groups (e.g. apples, oranges, bananas, tomatoes), PyCs-Gly and PyC»-Ala concentrations across
food types, and any food types with multiple varieties or processing levels. Unpaired t-tests were
used to compare PyC concentrations between two groups (e.g. red kale vs. curly kale; fresh
potatoes vs. canned potatoes). Pearson’s correlation was used to assess the association between
concentrations of multiple PyCs within one food type. All statistical analyses were performed
using the software GraphPad Prism version 8.3.1 for Windows, GraphPad Software, San Diego,

California USA, www.graphpad.com. Significant differences were defined as p-values < 0.05.
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Results and Discussion

Overall distribution of PyCs in commonly consumed foods

Our results establish the novel finding that PyCs are widely distributed in plant foods. Foods
from five plant food groups were analyzed with four food types per group and ten food items per
type, totaling 202 individual food items (Table 3.1). PyCs were found in all five food groups and
twenty food types analyzed, demonstrating PyCs are consumed via a variety of foods. Five PyC
types were detectable and/or quantifiable in these foods. PyC»-Gly was the predominant PyC
type with quantifiable concentrations in 18 of 20 food types and 182 of 202 food items. In
alignment with previous studies in plant seedlings, the four other PyC types measured occurred
much less frequently (4). Quantifiable levels of PyCs-Gly were in six food types and PyCz-Gly
was detectable but not quantifiable in one additional food. PyC,-Ala was quantifiable in four
food types and detectable but not quantifiable in an additional four types (Figure S3.1, Table
S3.3). PyC4-Gly and PyC»>-Glu were detectable but not quantifiable in five and three food types,
respectively (Table S3.3). Long-chain PyCs, PyCs-Gly and PyCe-Gly, were not detected in any
foods. Other studies have not observed long-chain PyCs in plant seedlings grown under control
conditions and have observed only trace quantities of long-chain PyCs when plants are grown

with exposure to heavy metals (4, 21).

PyC»-Gly quantification in 18 of 20 food types

As PyC,-Gly is one of the most common PyCs in the plant kingdom, we focused our analysis on
PyC2-Gly concentrations to determine if the distribution in foods was similar. PyC>-Gly

concentrations were highly variable across the five food groups (one-way ANOVA, p < 0.05)
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with fruits and root vegetables having the highest PyC»>-Gly concentrations followed by grains,
leafy greens, and legumes (Figure 3.1A). In root vegetables and fruits, average PyC,-Gly
concentrations were 2.55 pg/g EW (range 0.09-15.26) and 2.63 pg/g EW (range 0.13-8.85),
respectively. Root vegetables and fruits had significantly higher PyC2-Gly concentrations than
average legume concentrations (0.30 pg/g EW, range 0.00-2.25, Tukey’s, p < 0.05). Average
PyC2-Gly concentrations in leafy greens and grains were similar (1.24 pg/g EW, range 0.07-
5.44; 1.38 pg/g EW, range 0.00-15.01). The highest PyC,-Gly concentrations in individual food
items were distributed across fruit and vegetable food groups; in descending order of PyC,-Gly
content were carrots, corn, oranges, apples, onions, and romaine lettuce (Figure 3.1B, C, E, F).
The lowest PyC,-Gly concentrations were in grains and legumes with no detection of PyC,-Gly

in two legume food types, tofu and beans.

Root vegetables

PyCs are produced by plants in response to soil metals. Previous studies demonstrate PyCs
frequently concentrate in or near roots relative to stems and leaves (6, 12). Therefore, we
investigated whether edible components of plants which grow closer to the roots would have
higher concentrations of PyCs. The four types of root vegetables varied significantly in their
PyC»-Gly concentrations (Figure 3.1B). Of the two true roots in our study, carrots had high
PyC»-Gly concentrations with an average of 6.36 pg/g EW. Sweet potatoes, the only other true
root of the root vegetables studied, had the lowest average PyC»-Gly concentrations of the root
vegetables at 0.24 pg/g EW with consistently low concentrations across all samples (range 0.09-
0.61). Onion and potato samples had similar concentrations to fruits and leafy greens with

similar average concentrations and variability across individual samples (2.53 pg/g EW, range
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1.22-4.22 and 1.07 pg/g EW, range 0.24-3.35, respectively). These findings suggest that PyC
types and concentrations in plant foods are specific to each food and more systematic and

complete assessment should be conducted before generalizing to categories of plant food groups.

Grains and legumes

Grains are an important source of nutrition globally, accounting for 50% of calories consumed
worldwide and therefore, may serve as an important source of PyCs in the diet. Legumes are a
major source of protein in many low- and middle-income countries and have been identified in
the U.S. dietary guidelines as an important component within a healthy dietary pattern. Although
anatomically distal plant components like grains and legumes are farther from metal exposures at
the roots, phytochelatin synthase, the enzyme producing PyCs, is expressed constitutively
throughout the plant (22). Among the grains measured, PyC»-Gly concentrations were very low
except in fresh and canned/frozen corn samples (Figure 3.1C). Within corn samples, average
PyC»-Gly concentrations were 5.20 pg/g EW and there was high variability in concentrations
driven by the very low PyC,-Gly levels in cornmeal/flour and high levels in fresh corn (range
0.01-15.01). Legumes had low concentrations of PyC>-Gly (Figure 3.1D). Peas had an average
PyC»-Gly concentration of 1.16 pg/g EW (range 0.37-2.25) and peanuts had an average of 0.03
pg/g EW (range 0.00-0.13). The other two legumes studied, tofu and beans, had no detectable
PyC»-Gly. Other studies in beans and soybeans, from which tofu is made, found PyC-Ala but not

PyC-Gly (23, 24).
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Fruits

Among fruits, oranges had the highest average PyC»,-Gly concentration at 5.09 ug/g EW
(Tukey’s, p < 0.05) (Figure 3.1E), followed by apples at 3.23 pg/g EW. Oranges and apples had
similar variability in concentrations across samples (range 3.14-8.85 and 0.87-8.17,
respectively). Tomatoes had an average PyC»-Gly concentration of 1.67 pug/g EW (range 0.67-
3.52) and bananas had the lowest PyC»-Gly concentrations of all fruits at 0.40 pg/g EW (range
0.13-0.83). Although no previous studies have examined the PyC concentrations in apple,
orange, or banana plants or their fruits, the phytochelatin synthase gene ortholog has been
documented in each species (25). Additionally, PyCs have been identified in the roots of 1-year
old citrus plants grown with and without Cd exposures (26). Similar studies in tomato plants
have identified PyCs in leaves and roots with and without Cd exposures (27, 28). In a study of
tomato seedlings, PyC»>-Gly concentrations were about 5 pg/g fresh weight (FW) in leaves and
roots with no Cd exposure (27). The slightly higher concentrations observed in the tomato
seedlings study are in alignment with previous studies demonstrating roots and young leaves

have higher concentrations relative to old leaves and stems (24, 29).

Leafy greens

Compared to fruits and grains, leafy greens are anatomically at an intermediate location between
roots and the distal fruiting bodies of plants. Additionally, leafy greens are known to have higher
concentrations of Cd than other plant foods. Therefore, we hypothesized leafy greens may have

intermediate to high PyC concentrations based on plant anatomy and metal accumulation. Leafy

greens actually had lower PyC»-Gly concentrations relative to root vegetable and fruit groups
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(Figure 3.1A). Romaine lettuce had the highest average PyC,-Gly concentration of 2.50 ug/g
EW followed by head lettuce at 1.02 pg/g EW. Spinach had the lowest average PyC>-Gly
concentrations of the leafy greens studied (0.54 ug/g EW). The average kale concentration was
0.90 pg/g with one kale sample having a 5-fold higher PyC,-Gly concentration (5.44 pug/g EW)
(Figure 3.1F). High exposure to soil heavy metals while growing could explain the high
concentrations in this kale plant. In a study of lettuce, increasing Cd exposures led to 2 to 10-fold
higher PyC content relative to unexposed plants (29). Other studies of lettuce have found zero to
very low levels of PyCs in leaves unexposed to heavy metals with total PyC concentrations
around 0.1 pg/g FW (29). When plants are exposed to Cd in hydroponic growing systems, the
concentrations increase to about 1.3 pug/g FW in new leaves (29). The low PyC levels may be
due to the experimental growing conditions in these studies. In contrast to our findings, a study
which grew both spinach and lettuce in a hydroponic system with the same exposures observed
the highest PyC concentrations in Cd-exposed shoots and roots of spinach, not lettuce (30).
Nutrients in hydroponic systems differ from soil. As other soil metals like copper and zinc
induce PyC generation, the difference in our results may reflect the impact of growing leafy

greens in soil versus hydroponic conditions.

Difference in PyC types and concentrations across foods

As hypothesized, short chain PyCs (PyC»>-Gly and PyCs-Gly) are commonly distributed and
present at the highest concentrations across all foods studied. Of the subset of six food types with
multiple quantifiable PyCs, PyC,-Gly was at significantly higher concentrations than other PyCs
in all foods (Figure 3.2). PyC»-Gly levels were 10 to 34-fold higher than PyCs-Gly in brown

rice, tomatoes, oranges, peas, corn, and potatoes. Of the six foods with quantifiable PyCs-Gly
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concentrations, the highest concentrations were in oranges followed by corn and potatoes
(Figure S3.1A). In alignment with other studies, the PyC-Ala type predominated in legumes,
occurring as the only detectable PyC in tofu and beans (15, 23, 24). In a study including beans
and peas, peas contained PyC-Gly and PyC-Ala but beans only contained PyC-Ala (23). Of the
four foods with PyC»-Ala, three of the food types were legumes, with tofu containing the highest
concentrations (Figure S3.1B). No PyC»-Ala was detected in peanuts but was detectable in other
non-legume foods including corn, brown rice, and apples. PyCs other than PyC-Gly have been
previously detected in corn and brown rice, including PyC-Ser and PyC-Glu, but to our
knowledge, PyC-Ala has not (6, 21). In foods with multiple quantifiable PyCs, PyC
concentrations were positively correlated (Figure S3.2). In a study of arsenic-exposed rice

varieties, PyC types and chain lengths were also positively correlated (16).

Difference in PyC content by level of food processing

The impact of food processing on PyC content has not been described. However, food processing
is known to decrease GSH content (31), the precursor from which PyCs are formed. In alignment
with previous research on GSH, foods with increased levels of food processing tended to have
lower PyC,-Gly and PyCs-Gly content (Figure 3.3) (31). This trend was particularly pronounced
in corn. Fresh corn had some of the highest PyC»>-Gly concentrations while dried and milled corn
had some of the lowest (Figure 3.3A). The milling technique could influence PyC
concentrations as more or less of the corn kernel will be included in the resulting cornmeal or
flour. Also, different corn varieties are used for fresh and canned corn versus milled corn which
may contribute to this difference. With higher levels of processing, PyC,-Gly concentrations

were consistently lower in peas and potatoes (Figure 3.3A). A significant trend was observed in
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peas across step-wise increases in food processing. This may be explained by thermal
degradation, a process which frequently reduces phytochemical concentrations (18). Dry grain
products in our study had low PyC concentrations which may be due to PyC degradation as these
products are stored at room temperature. In our study, fresh peas, corn, and potatoes had the
highest concentrations with decreasing concentrations in frozen and canned foods, respectively.
Lower PyC concentrations in frozen foods relative to fresh may be due to blanching prior to
freezing and packaging (18). Cooking and canning can lead to greater phytochemical reductions
due to increased thermal degradation with higher temperatures and longer cooking times (18,
32). In a study of GSH in foods, raw spinach had the highest total GSH concentration (394
nmol/g) followed by cooked (234 nmol/g) and canned (71 nmol/g) (33). This study observed a
similar pattern of total GSH concentrations in carrots (raw, 255 nmol/g; cooked 188 nmol/g;
canned, 0 nmol/g) (33). Studies of other compounds have found similar patterns, with reductions
in phytochemical content with increased food processing (31, 34). Thermal processing could also
disrupt the enzymatic activity of phytochelatin synthase, disrupting additional PyC synthesis
which could otherwise occur in fresh foods. In some cases, thermal degradation can increase
compound extraction through disrupting the food matrix and improving bioaccessibility (18). In
our study, tomatoes had slightly higher PyC>-Gly concentrations in canned as compared to fresh
(canned: 2.38 pg/g EW, range 1.62-3.52; fresh: 1.36 pg/g EW, range 0.67-2.50; p > 0.05). This
may be due to increased extractability of PyCs from the canning process. Additionally, canning
may concentrate PyCs in tomatoes more than other canned plant foods like potatoes and peas due
to their high water content. Similar patterns were observed with PyCs-Gly concentrations for

these foods (Figure 3.3B). Given the known influence and specificity of food processing on
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phytochemical concentrations, food processing will likely impact PyC concentrations in other

plant foods.

Comparison of PyC concentration by growing conditions and food variety

As PyCs are enzymatically produced by plants in response to their environment, we considered
how growing conditions or food variety may impact PyC concentrations. Soil metal
concentrations are known to impact PyC concentrations and vary geographically. When we
examined how growing locations and organic versus conventional farming may impact PyC
concentrations, no differences were found (Figure S3.3, S3.4A). Agricultural growing practices
do impact soil characteristics and metal exposures but conventional and organic labelling may
not capture meaningful differences (35). Additionally, the data available about growing locations
were limited to state or country level which may not be granular enough to observe differences.
For example, specific geographic regions may have increased heavy metals due to nearby

manufacturing processes emitting heavy metals that deposit in nearby soils (35).

As indicated by the trends we observed, plant variety may impact PyC content in some foods.
Many plant foods have multiple varieties from the same species widely available in grocery
stores. For example, apple varieties include gala, fuji, red delicious, and many others. Our data
indicate there may be some difference by food variety in apples, kale, and potatoes but these
differences were not significant (Figure S3.4B). In a study examining the response of six rice

varieties to the same Cd exposures, PyC concentrations varied up to 10-fold (16). More broadly,



70

phytochemical content is known to differ across common plant food varieties (36). Our data

indicate plant variety will be important to consider when studying PyCs in human foods.

PyC»-Gly content by serving size

To understand the relative proportion of PyC,-Gly obtained in the diet, we calculated PyC,-Gly
for a typical serving using the mean PyC,-Gly concentrations in foods and the serving size from
USDA Food Pyramid Equivalents Database. Fruits and vegetables had the highest quantity of
PyC,-Gly (Table 3.2). The whole grain and protein foods had very low PyC,-Gly amounts per
serving with the highest quantity coming from brown rice (Table 3.2). Raw corn and raw carrots
had the highest quantity of PyC>-Gly with over 1000 pg/serving. Oranges, canned tomatoes,
frozen or canned corn, and onions followed in descending order with over 400 pg/serving. As
previously discussed, we observed higher quantities of PyCs in less processed foods. Raw corn,
carrots, and peas had four times the PyC»-Gly per serving than the canned version, and baked
potatoes had two times the quantity relative to canned. In tomatoes, the opposite relationship was
observed with canned tomatoes containing two times the PyC»-Gly per serving than fresh

tomatoes.

The values obtained indicate that the average amounts of PyC»-Gly in the human diet could
range from 0.38 mg to 3.75 mg for individuals consuming less than 3 servings of fruits and
vegetables per day to 0.88 mg to 8.75 mg for individuals consuming 7 or more servings per day.
This may be highly impacted, however, by specific food selections. Of importance for

mechanistic studies, the measured amounts suggest that relevant PyC concentration ranges in the
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intestinal lumen are 0.35 uM to 8.11 UM if one assumes dilution in 2 L from dietary intake and
0.08 uM to 1.80 uM if one assumes dilution in 9 L from endogenous and exogenous sources

(37).

This study establishes PyC types and amounts coming from specific plant foods in the diet. Open
questions remain about how the metal-binding properties of PyCs influence metal bioavailability.
From previous research on Cd and PyCs, we know PyC exposure can lead to reduced absorption
of Cd (10, 11). However, how PyCs impact bioavailability of other toxic metals or essential
metals is unknown. Studies of iron bioavailability indicate compounds structurally similar to
PyCs, GSH and Cys, can enhance iron absorption (38). Although structurally different, phytic
acid is another compound produced by grains, legumes, nuts, and some vegetables with metal-
binding properties, which provides context and considerations for studying PyC health effects.
Mineral bioavailability studies indicate the impact of phytic acid is highly dependent on dietary
context. For example, absorption of minerals may not be negatively impacted in individuals who
are well-nourished and eating a diverse diet (39). The affinity of binding will depend on the
metal, ratio of phytic acid to metal, and other factors such as pH. Similar factors including gut
microbiome activity are likely to influence the availability and function of PyCs in the
gastrointestinal tract (7). Other health effects of PyCs could include a role in nutritional
immunity wherein the host controls access to micronutrients as a mechanism to protect from
bacterial infections. Additionally, the structural similarity of PyCs to GSH, a major antioxidant,

suggests PyCs may impact cellular redox mechanisms and availability of redox metals.
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Conclusion

We determined PyCs are widely distributed across plant food groups, and high concentrations
occur in specific food types and not necessarily specific food groups. PyC»-Gly was the
predominant PyC in 18 of 20 food types, indicating focused study of PyC,-Gly may be warranted
in future studies examining health effects. Although more extensive surveys of foods are
required, our data provide a foundation for estimating PyC concentrations consumed in the
population and examining these biologically relevant concentrations in model systems for their
potential health effects. Additional research is needed to evaluate the extent to which PyC

content contributes to health benefits of plant-based diets.
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Table 3.1. Plant food groups and food types analyzed per group

Food group Whole grains Fruits Root vegetables  Leafy greens Legumes
corn orange  carrot kale peanuts
brown rice apple potato romaine lettuce beans
whole wheat flour banana onion head lettuce tofu
oats tomato  sweet potato spinach peas




Table 3.2. PyC»-Gly content per typical serving.

PyC2-Gly Serving in PyC2-Gly
Food (ug/g EW)? grams” (Hg/serving)
Fruits & Vegetables
corn (raw) 13.89 150 2080
carrot (raw) 8.48 125 1060
orange (raw) 5.09 185 942
tomato (canned) 2.38 245 583
corn (frozen) 2.59 165 437
corn (canned) 2.52 165 416
onion (raw) 2.53 160 405
apple (raw) 3.23 110 355
carrot (canned) 1.92 145 278
peas (raw) 1.89 145 274
romaine (raw) 2.50 95 238
tomato (raw) 1.36 170 231
peas (frozen) 1.15 145 167
potato (baked) 1.33 120 160
head lettuce (raw) 1.00 110 110
spinach (canned) 0.60 170 102
peas (canned) 0.46 160 73.6
potato (canned) 0.47 155 72.9
kale (raw) 0.90 70 63.0
banana (raw) 0.40 150 60.0
sweet potato (baked) 0.26 200 52.2
spinach (raw) 0.70 70 49.0
Whole Grains
brown rice (cooked) 0.29 98 28.6
oats 0.01 28 0.32
corn (cornmeal) 0.01 28 0.24
whole wheat flour 0.00 28 0.07
Protein
peanuts 0.04 14 0.50
tofu 0.00 31 0.00
beans (canned) 0.00 44 0.00

aV/alues listed are mean edible weights (EW).

bServings are listed as Food Pyramid Equivalents Database (FPED)
equivalents based on the USDA dietary guidelines for Americans. Fruits
and vegetables are listed as gram weights for 1 cup equivalents. Proteins
and whole grains are listed as gram weights for 1 ounce equivalents.
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Figure 3.1. PyC,-Gly concentration of 20 food types across five food groups. A, Bar graphs
(mean £ SEM) show differences in PyC»>-Gly concentrations across food groups (p < 0.05, one-
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way ANOVA). B-F, Scatter plots of each food group show variability in PyC,-Gly

concentrations within food groups (p < 0.05, one-way ANOVA) and some foods. Horizontal
lines indicate mean values. Points represent individual PyC»-Gly levels in each food sample
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which are the average of three technical replicates. Carrots (B), corn (C), oranges (E), and apples

(E) have the highest concentrations across all 20 food types. Tofu (D) and beans (D) contain no

detectable PyC,-Gly. EW, edible weight.
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Figure 3.2. PyC,-Gly concentrations were higher in all foods with multiple quantifiable PyCs
(A-F). PyCs-Gly and PyC»-Ala concentrations were quantifiable in only this subset of analyzed
foods. Points represent individual PyC levels in each food sample and are the average of three
technical replicates. Horizontal lines represent the mean value of each PyC in the respective
food. EW, edible weight.
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Figure 3.3. Food processing reduces PyC»-Gly and PyCs-Gly content in some foods. A, PyCs-
Gly concentrations were higher in corn and pea food samples with less food processing. No
difference was detected in concentrations in potato and tomato samples with different processing
levels. B, PyCs-Gly concentrations were higher in corn samples with less food processing and
there was with no difference in peas, potatoes, and tomatoes. Points indicate PyC concentrations
of individual food samples and are the average of three technical replicates. Horizontal lines
indicate mean values. EW, edible weight.
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Figure S3.1 (Supplementary). PyCs-Gly and PyC»-Ala concentrations detected in a subset of
foods. A, Oranges had the highest PyCs-Gly concentrations of all foods (potatoes, brown rice,
peas, tomatoes, Tukey’s, p < 0.05; corn, Tukey’s, NS). B, Tofu had the highest PyC>-Ala
concentrations of all foods (Tukey’s, p < 0.05). Points indicate PyC concentrations of individual
food samples and are the average of three technical replicates. Horizontal lines indicate mean
values. EW, edible weight.
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Figure S3.2 (Supplementary). PyC concentrations strongly correlate in individual food items
(A-E, p <0.05). Points indicate PyC concentrations of individual food samples and are the
average of three technical replicates. EW, edible weight.
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Figure S3.3 (Supplementary). Conventionally and organically grown foods did not differ by
PyC»-Gly content. Points indicate PyC concentrations of individual food samples and are the
average of three technical replicates. Horizontal lines indicate mean values. EW, edible weight;
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Figure S3.4 (Supplementary). PyC,-Gly concentration did not differ by growing location (A) or
variety (B) for food samples with this information. Horizontal lines indicate mean values. EW,
edible weight.



Table S3.1 (Supplementary). Food types with multiple
processing levels.

Food type Processing levels included
corn fresh, canned, flour/meal
tomato fresh, canned

pea fresh, frozen, canned
carrot fresh, canned

potato fresh, canned

spinach fresh, canned
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Table S3.2 (Supplementary). Phytochelatin m/z targets.

Phytochelatin® m/z Adduct
(S-S)PyC-Ala 552.1429 M+H
PyC.-Ala 554.1585 M+H
(S-S)PyC2-Glu 610.1483 M+H
PyC2-Glu 612.1640 M+H
(S-S)PyC,-Gly 538.1272 M+H
PyCo-Gly 540.1429 M+H
(S-S)PyCs-Gly 770.1790 M+H
PyCs-Gly 772.1946 M+H
(S-S)2PyC4-Gly 1000.2151 M+H
(S-S)PyC.:-Gly 1002.2308 M+H
PyCs-Gly 1004.2464 M+H
(S-S)2PyCs-Gly 1232.2669 M+H
(S-S)PyCs-Gly 1234.2825 M+H
PyCs-Gly 1236.2982 M+H
(S-S)3PyCe-Gly 731.6551 M+2H
(S-S)2PyCs-Gly 732.6630 M+2H
(S-S)PyCs-Gly 733.6708 M+2H
PyCs-Gly 734.6786 M+2H

80xidized forms of each phytochelatin represented by the
number of disulfide bonds (S-S).



Table S3.3 (Supplementary). MSMS
confirmation of detectable but not quantifiable
phytochelatins.

Phytochelatin Food type

PyCs-Gly carrot

PyC4-Gly potato
onion
carrot
banana
orange

PyC.-Ala head lettuce
brown rice

apple
orange

PyC2-Glu head lettuce
kale
carrot
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Abstract

Dietary phytochelatins (PyCs) may contribute to the health benefits of plant-based diets due to
their metal-binding properties and similarities to glutathione, a central redox molecule. PyC»>-Gly
is one of the most common PyCs in the diet but has not been studied in mammalian systems.
Here, we examined whether PyC,-Gly is absorbed into and through intestinal epithelial cells and
if it reduces absorption of the toxic metal, cadmium (Cd). Caco-2 cells were grown into
confluent monolayers and treated with PyC»>-Gly (5 uM and 10 uM) and Cd (1 uM and 5 pM) in
combination and alone. Cells were treated for 2 h, 4 h, and 6 h. Cells and basolateral media were
collected and analyzed with liquid chromatography-mass spectrometry and inductively-coupled
plasma mass spectrometry for PyC,-Gly and Cd content, respectively. PyC,-Gly was absorbed
into and through cells in a dose-dependent manner. Mean cellular PyC»-Gly uptakes at 4 h were
29 ug PyCo-Gly/ug protein and 53 pg PyCo-Gly/ug protein for 5 uM and 10 puM, respectively.
Basolateral media of PyC»,-Gly treated cells at 4 h contained 0.028 uM PyC,-Gly and 0.049 uM
PyC»-Gly for 5 uM and 10 uM doses, respectively. Although underpowered to draw definitive
conclusions, cells co-treated with PyC,-Gly and Cd had lower Cd content than cells treated with
Cd alone. Our data demonstrate one of the most common dietary PyCs, PyC,-Gly, is absorbed
into and through intestinal epithelial cells. Additional research is required to determine whether
PyCs reduce dietary Cd absorption or influence other biological processes such as redox systems

or metal homeostasis.
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Introduction

Consuming a variety of plant-derived foods is recognized to provide health benefits due to a
range of nutritive and non-nutritive components (1-3). A large spectrum of naturally occurring
chemicals occurs in plants, and elucidating health benefits is complicated because some
chemicals not only influence absorption of other dietary components, but also can participate
positively or negatively in complex biological processes such as oxidative stress (4-7). For
example, phytates bind to iron, forming insoluble complexes which reduce iron bioavailability
(4). Polyphenols such as curcumin and resveratrol modulate antioxidant and anti-inflammatory
responses to protect from oxidative stress (8). Because of the large number and diverse nature of
phytochemicals, improved understanding of respective impacts of individual chemicals and

chemical classes is needed to better understand benefits of plant-derived foods on health (7, 9).

Phytochelatins (PyCs) are metal-chelating phytochemicals found in the human diet. PyC types
and concentrations in plant foods in the human diet were recently defined for the first time (10),
and this information enables studies in model systems to better understand potential health
benefits of PyCs. PyCs bind cadmium (Cd), a toxic metal regularly consumed in the diet, with
high affinity and may reduce Cd bioavailability (11, 12). With the newly defined parameters for
concentrations and distributions of dietary PyCs, there is an opportunity to expand our

understanding of how specific PyCs impact absorption of low-level dietary Cd.
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Cd is widespread in the environment, entering the food chain through absorption into plants and
animals grown for food (13). Despite dietary Cd exposures in the U.S. being low relative to some
occupational exposures and to cigarette smoking, average dietary Cd exposures are associated
with increased risks of numerous diseases, including chronic kidney disease, type 2 diabetes, and
cancer (14). Humans have poor ability to eliminate Cd, and the biologic half-life has been
estimated to be between 10 and 30 years (15). In principle, reducing dietary Cd exposures will
reduce Cd body burdens and related health risks (13). One approach to reduce exposure is
decreasing Cd bioavailability through modifying other dietary factors (15). For example, high
fiber diets are associated with reduced Cd levels in humans (16). Additionally, vegetarian diets
can have higher dietary Cd intake from foods but not result in higher Cd biomarkers (17). It has
been postulated that this relates to higher fiber intake in vegetarian diets (18) which positively
correlates with metal-binding activity. Our research is based upon the premise that PyCs could
contribute to reductions in dietary Cd absorption due to their metal-binding properties and

widespread distribution in plant foods.

Evidence from intestinal cell studies have demonstrated PyCs can reduce Cd absorption. For
instance, in a study in intestinal cells, PyCs-Ser (0.3 pM) reduced Cd accumulation by half
relative to unbound Cd (CdCl2) (11). Another study of colon-like Caco-2 BBE cells assessed
viability in Cd-exposed cells with and without PyCs-Gly (7 uM) exposure. This study found
PyCs-Gly protected from Cd-induced cell death (19). Although cellular Cd absorption was not
measured, protection was likely due to a combination of reduced Cd absorption, PyCs-Gly
sequestration of Cd in a bound complex within the cell, or PyCz-Gly protection from Cd-induced

cellular stress. In the same study, fluorescently-tagged PyCs-Gly was absorbed into cells and
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through the confluent monolayer, suggesting PyCs could have additional functions beyond

reducing Cd absorption (19).

PyCs are a diverse class of glutathione-derived molecules, consisting of 2-11 repeating y-Glu-
Cys peptide repeats followed by a terminal amino acid (20, 21). The terminal amino acid (Gly,
Glu, Ser, B-Ala, Ala, Gln, or no amino acid) determines the PyC type, and the length determines
the capacity and affinity for metal-binding (21, 22). In mammalian cells, the type and length will
also determine the degree to which the PyC is absorbed (23, 24). In intestinal cells, PyCs-Gly
absorption was partially attributed to receptor-mediated transcytosis with the majority of
absorption occurring via an undefined mechanism (19). Transport of oligopeptides containing
five or more amino acids can occur via sodium-coupled oligopeptide transporters 1 and 2 (24). In
a recent study of commonly consumed foods, PyC»-Gly was the most common and abundant
PyC (10). Of twenty commonly consumed plant-derived foods, PyCs-Gly was found in one-third
of the foods, and PyC»-Ala was found only at much lower concentrations, much below the
concentration ranges tested in the previous studies of Cd absorption (10). Importantly, PyC>-Gly

has not been previously studied in mammalian systems.

In this study, we examine PyC,-Gly absorption and the impact of PyC,-Gly on Cd absorption at
relevant dietary concentrations in an intestinal epithelial cell model. First, we measure PyC,-Gly
uptake into and through cells by increasing time and dose. Second, we characterize Cd uptake
into and through cells at low-level Cd doses experienced in the average U.S. diet. Finally, we

examine how cells dosed with combinations of dietary PyC»-Gly and Cd concentrations absorb
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PyC»-Gly and Cd. This study provides characterization of an intestinal cell model system for

studying dietary PyC>-Gly and its interaction with low-level dietary Cd exposures.

Materials and Methods

Cell culture: Caco-2 cells were obtained from ATCC and maintained under 5% CO- conditions
at 37°C in cell culture media (Sigma Aldrich Minimum Essential Media, M4655 formulation)
with 20% fetal bovine serum (FBS), 1% sodium pyruvate (Hyclone) and 1% penicillin and
streptomycin. For all experimental conditions, serum was reduced to 0.5% FBS. All assays were
conducted between cell passages 40 to 52. Cells were maintained in T-75 culture flasks and
subcultured at 70-80% confluency. For permeability assessment and uptake experiments, cells
were seeded in 24-well plates on polycarbonate filters with 0.33 cm? growth area, 0.4 pm pore
diameter (Millicell) and 30,000 cells/well and grown for >14 days (max 21 days) until

transepithelial electrical resistance (TEER) reached >300 Q*cm?.

Cell dosing and collection: Before dosing, cells were washed twice on apical and basolateral
sides with warmed 0.5% FBS media. Cells were treated with CdCl; at 1 uM and 5 puM and/or
PyC>-Gly at 5 uM and 10 uM concentrations for 2 h, 4 h, and 6 h in combination and alone.
These concentrations were selected based upon the expected concentrations in the diet (10, 25).
Additionally, previous research with low Cd doses demonstrated no negative effects on cell
monolayer permeability in Caco-2 cells grown for 2 to 5 weeks with 1 uM and 5 uM Cd (26).
Following treatment, cell culture plates were placed on ice. Treatment media was aspirated and

cells were rinsed twice with cold PBS containing calcium and magnesium. Cells were collected



95

by scraping from polycarbonate filters in cell culture grade water. Basolateral media was
collected from all wells. Cells and basolateral media samples were frozen at -80°C until ICP-MS

and LC-MS analyses.

Integrity of cell monolayer: Permeability of the cell monolayer after treatment was assessed
using a FITC-Dextran assay. FITC-Dextran (4 kDa, Sigma-Aldrich) at a concentration of 1
mg/ml was added in conjunction with PyC,-Gly and Cd doses. After 4 h treatment, samples of
basolateral media were harvested and fluorescence was measured using a plate reader (Ex 485,
Em 538). Results are presented as % of control. Barrier function was assessed with TEER
measurements. TEER was measured after cells had been dosed for 4 h using a voltohmmeter
(World Precision Instruments) where the measured resistance in Ohms was adjusted for the

blank well resistance and multiplied by the area of the transwell filter (0.33 cm?).

Cd concentration measurements: 1*4Cd was measured in Caco-2 cells and basolateral media with
inductively-coupled plasma mass spectrometry (ICP-MS, iCap Q, ThermoFisher Scientific).
Cells were digested in 2% nitric acid to a final volume of 10 mL. A linear standard curve (0.25 to

60 parts per billion) was run at the same time as samples.

PyC»-Gly concentration measurements: Cell and basolateral media samples were prepared with a
2:1 ratio of acetonitrile to experimental sample (i.e. cells in water or basolateral media). Prepared
samples were vortexed, equilibrated on ice for 30 min, and centrifuged for 10 min (14,000 rpm)

at 4°C. Supernatant from cell and basolateral media samples were analyzed with LC-MS (10-min
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method, m/z 500-1250) on a Thermo Fisher LTQ-Velos Orbitrap mass spectrometer at 60,000
resolution. Control samples with and without added PyC»-Gly authentic standard (10 nM and 1
H1M) were analyzed at the end of the analysis for estimating PyC,-Gly concentrations. Each
sample was analyzed in triplicate with a 10 ul injection on a HILIC column in positive
electrospray ionization mode. Cell pellets were saved for later analysis with the Bradford assay
for protein content. The intensity of PyC>-Gly (m/z 538.1272; M+H adduct) was determined
using the area under the curve (Thermo Scientific Xcalibur software, Genesis peak integration
algorithm). Technical replicates were averaged. PyC»-Gly quantification used a method of
additions and estimates of PyC,-Gly concentrations determined relative to the intensity of the
added PyC»-Gly standard. PyC,-Gly concentrations were reported as pg PyC»-Gly/ug protein for

cell samples and uM PyC»-Gly for basolateral media samples.

Statistical Analysis

Statistics were performed using the software GraphPad Prism version 8.3.1 for Windows,

GraphPad Software, San Diego, California USA, www.graphpad.com. Data were analyzed using

Student’s t-test or one-way analysis of variance (ANOVA) with post-hoc Dunnett’s multiple
comparisons test or linear trend test. Data are summarized by box and whisker plots including
median, minimum, and maximum. Summary statistics are reported as mean values in text.

Statistically significant differences were defined as p-values < 0.05.

Results

Integrity of Caco-2 cell monolayer


http://www.graphpad.com/

97

To assess the integrity of the cell monolayer, we measured TEER and apical-to-basolateral
movement of FITC-dextran for each dose and combination dose of PyC,-Gly (0, 5, and 10 uM)
and Cd (0, 1, and 5 uM). FITC-Dextran fluorescence did not differ from control for all
experimental doses (Figure 4.1A). The positive control dosed with 25 uM of Cd for 4 h had 50%
higher FITC-Dextran in the basolateral media than all other doses. Mean TEER was greater than
400 Q*cm? for all experimental doses at 4 h (Figure 4.1B). The positive control (25 uM Cd) had

an average TEER lower than the monolayer integrity threshold of 300 Q*cm?.

PyC»-Gly uptake into and through Caco-2 cell monolayers

Analysis of cells after 4 h of treatment with two doses (5 and 10 uM) of PyC,-Gly showed a
dose-dependent increase of cellular PyC>-Gly content (Figure 4.2). Cells dosed with 5 and 10
MM PyC»-Gly had mean uptakes of 29 and 53 pg PyC»-Gly/ug protein, respectively (Student’s t-
test, p < 0.05). Timecourse (2, 4, and 6 h) experiments of cells treated with 10 uM PyC,-Gly
showed the highest cellular PyC»>-Gly content at 2 h with decreasing content at 4 h and 6 h
(Figure 4.3A). Basolateral PyC,-Gly content from cell monolayers dosed with 10 uM PyC,-Gly
showed a time-dependent increase in PyC>-Gly (mean PyC»>-Gly: 2 h, 0.047 uM; 4 h, 0.049 pM;
6 h, 0.074 uM) which was not significant by one-way ANOVA (p > 0.05). Cells dosed with 5
MM PyC»-Gly over time had no difference in PyC»-Gly cellular content (Figure 4.3A) or

basolateral media content (Figure 4.3B) (one-way ANOVA; p > 0.05).

Cadmium uptake into and through Caco-2 cell monolayers
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We examined Cd uptake into cells by Cd treatment (0, 1, and 5 uM) at 4 h. Cd content was
increased in cells treated with 1 and 5 uM CdCl. compared to controls (Figure 4.4A; one-way
ANOVA, p <0.05). Mean cellular content at 4 h was 22 and 79 ng/mg protein for 1 and 5 uM
CdCl; treatments, respectively. Cells treated with 5 uM CdCl; for 2, 4, and 6 h showed an
increase in cellular Cd content by linear trend test (Figure 4.4B; p < 0.05). When assessing Cd
transport through Caco-2 cell monolayers, basolateral media of the 5 uM CdCl; treated cells had
a mean Cd level of 0.31 ppb and Cd was not detectable in the 1 uM CdClI; treated group (Figure
S4.1A). Time point measurements of basolateral media showed no differences in Cd levels

(Figure S4.1B; one-way ANOVA, p > 0.05).

Impact of PyC,-Gly on Cd uptake in Caco-2 cell monolayers

Cd content was measured in cells and basolateral media of Caco-2 cell monolayers dosed for 4 h
with combinations of PyC,-Gly (0, 5, and 10 uM) and CdCl; (0, 1, and 5 uM). Although the data
showed no significant differences, some trends were observed. In cells treated with 5 uM CdClo,
there was a dose-dependent decrease in mean Cd content with increasing PyC,-Gly dose (Figure
4.5; 74 and 59 ng **Cd /mg protein compared to control 79 ng ***Cd /mg protein). In basolateral
media of 5 uM CdCl treated cells, average Cd content was lower in cells treated with 5 and 10
UM PyC2-Gly (0.30 and 0.27 ppb) compared to no PyC»-Gly (0.31 ppb), but this was not
significant (Student’s t-test, p > 0.05) (Figure S4.2). In cells treated with 1 uM CdCly, there was
also a dose-dependent decrease in mean Cd content with increasing PyC»,-Gly dose (Figure 4.5;
19 and 14 ng 4Cd/mg protein compared to control 22 ng *4Cd/mg protein). In the basolateral

media of 1 pM CdCl; treated cells, no Cd was detected (data not shown).
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Impact of Cd on PyC»-Gly uptake in Caco-2 cell monolayers

PyC»-Gly content was also measured in cells co-treated with the same combinations of CdCl>
and PyC»-Gly listed above. In cells treated with 5 uM PyC»-Gly, mean PyC»-Gly cellular content
was similar across doses of Cd (0, 1, and 5 uM) with a slight increase with higher Cd doses (29,
30, and 33 pg PyCo-Gly/ug protein, respectively) (Figure S4.3A). Cells treated with 10 uM
PyC»-Gly had no difference in PyC»-Gly content across Cd doses (53, 55, and 53 pg PyCo-
Gly/ug protein, respectively) (Figure S4.3B). No significant differences in cellular or basolateral
media PyC,-Gly content were observed in co-treated cells (one-way ANOVA, p > 0.05; Figure

S4.4).

Discussion

The present study was to characterize the uptake of PyC»-Gly and the impact of PyC»-Gly on Cd
absorption in an intestinal cell model system using PyC»>-Gly and Cd concentrations similar to
those in the human diet. Previous research on PyCs identified PyCs-Gly absorption into and
through colon-like Caco-2 BBE cells and reduced Cd absorption in the presence of PyCs-Ser (11,
19). The present study shows PyC,-Gly, the most abundant PyC in the diet, can be taken up into
and through Caco-2 cell monolayers which may have implications for metal homeostasis and
cellular redox systems (27). We also observed dose-dependent decreases in Cd uptake with
increasing PyC,-Gly dose, supporting other literature suggesting consumption of dietary PyCs

via plant foods may contribute to reduced Cd body burdens.
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Low-level dietary Cd exposures are of human health concern due to the long half-life of Cd,
leading to increased Cd body burden and associated increases in chronic disease risk (13, 17). In
our study, we found a 25% reduction in cellular Cd content in cells co-treated with 10 uM PyC,-
Gly. However, our study was underpowered to test for protection against Cd absorption and will
require repetition to confirm protection under usual dietary intakes. Another study examining the
difference in Cd accumulation of inorganic Cd versus Cd-PyCs-Ser complexes found a 50%
reduction in Cd uptake in cells dosed with Cd-PyCs-Ser complexes (11). Similarly, rats treated
with Cd-PyCs-Gly directly in the stomach had 50% lower Cd distribution to the liver and kidney
relative to CdCl. In the same study, those treated with Cd-PyCs-Gly directly in the duodenum
had even lower Cd distribution to the liver and kidney relative to CdCl> (12). Their research
suggests the protective effect of PyCs will depend on where the compounds become available

during digestion (28).

As PyCs are distributed within plant matrices of foods, they may be liberated much later in
digestion as the microbiome breaks down the indigestible plant matrices in the colon (29). In
addition to research on PyCs, research has demonstrated that metal complexation with other
organic ligands reduce intestinal Cd absorption (16). PyC length may also impact Cd absorption
as longer PyCs have more thiol groups, the primary Cd binding site, due to their higher cysteine
content. However, even though PyC»-Gly is shorter in length from other PyCs studied regarding
PyC and Cd absorption, the reduction in Cd absorption was similar. PyC» and PyCs may be
similar enough for Cd binding and related absorption not to be impacted. Reduced absorption of

dietary Cd at the levels observed in our study and others via consumption of PyC-containing
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plant foods could have implications for population-level Cd body burdens and contribute to

reduced Cd-related disease risks.

In our study, PyC»-Gly was taken up into intestinal cells and through the cell monolayer into the
basolateral media. Another study of fluorescently-tagged PyCs-Gly demonstrated similar results
with transfer into and through colon-like Caco-2 BBE cells (19). Similar to our study,
Langelueddecke et al. also observed increased absorption with increasing PyCs-Gly doses from 0
to 5.6 uM. However, whether PyC»>-Gly and PyCs-Gly absorption occurs via similar mechanisms
remains to be elucidated. Although the transport mechanisms of PyC»-Gly could not be
determined by our study design, previous research has demonstrated that peptide length and
amino acid composition impacts absorption (23, 24). As PyC transport has not been quantified in
other studies, we could not directly compare PyC»-Gly and PyCs-Gly uptake and transport
efficiencies. Our data demonstrate about 0.5% of the apical PyC>-Gly dose is transferred through
the cell monolayer at both 5 uM and 10 pM treatments at 4 h. In the previous study of PyCs-Gly,
about 50% of PyCz-Gly transferred out of the apical media reached the basolateral media after 8
h, suggesting about 50% remained in the cells (19). However, quantitative comparisons were not
possible as the authors did not report the quantity of PyCs-Gly initially transferred out of the
apical media. Mechanisms for PyC,-Gly uptake may differ from PyCs-Gly and other PyCs as
peptide transfer is impacted by length and terminal amino acids (23, 24). PyC,-Gly is a
pentapeptide which could be transported by oligopeptide transporters, endocytosis, or other
mechanisms (30). Longer PyCs such as PyCz-Gly may be more dependent on endocytosis
mechanisms for uptake. In a study examining the impact of N-terminus and C-terminus amino

acids on alanine-based pentapeptide uptake, EAAAA had intermediate permeability while
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AAAAG had low permeability (23). Intestinal metals could impact absorption of PyC as PyC-
metal complexes form, potentially preventing uptake of PyC into the cell. However, in cells co-
treated with PyC»-Gly and Cd, we did not observe a decrease. We even observed a slight
increase in PyC,-Gly uptake with increasing Cd doses in cells treated with 5 uM but not 10 uM
PyC,-Gly. Additional research to elucidate the factors influencing transport of PyC»-Gly, the
most abundant PyC in the human diet, will inform how other dietary factors influence PyC

uptake.

With their high thiol content and similarity to GSH, PyCs may interact with redox systems
through high affinity binding of metal cations to thiol groups (27, 31). The interplay with redox
systems could occur within intestinal cells and systemically. At the cellular level, Cd can disrupt
redox mechanisms despite being a redox-stable metal (32). Some of Cd’s toxic effects are linked
to its disruption of redox systems through depletion of GSH and aberrant binding to critical
proteins via thiol groups (27, 32). PyCs bind to Cd with higher affinity than GSH which could
protect the GSH pool from Cd (33). As GSH is a central endogenous antioxidant, depletion of
the GSH pool by Cd can induce oxidative stress (34). Cd-induced oxidative stress can occur
when Cd replaces iron in cellular proteins, increasing the quantity of free iron, a redox-active
metal, within the cell (35). Other mechanisms of Cd-induced oxidative stress are linked to
inhibition of selenoenzymes, disruptions in mitochondrial function, and overactivation of
signaling pathways such as induction of NADPH oxidases (35). Systemically, the role of PyCs is
unclear. Redox signaling is essential for normal physiological functioning and intricate control
mechanisms exist to ensure reductive and oxidative metabolism can occur within cells at the

same time (27). The redox network systemically allows the body to respond to the surrounding
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environment (36, 37). Due to their structure, properties, and absorption, PyCs will interface with
redox systems (27). How PyCs interact with redox processes intracellularly remains an intriguing

open question for redox biology and nutrition.

To our knowledge, this is the first study to examine uptake of the common dietary PyC, PyCo-
Gly, and its impact on Cd absorption. Our results support previous research demonstrating PyCs
can be absorbed intact into and through intestinal epithelial cells. Additionally, at concentrations
of Cd and PyC,-Gly common in the U.S. diet, PyC>-Gly reduces Cd absorption by 25%. Thus,
our data support that PyCs found in plant foods could contribute to reduced Cd absorption and
over the lifespan, reduced overall Cd body burden. Due to the potential implications of absorbed
PyCs, future investigations into the biological impact of PyCs on metal homeostasis and cellular

redox systems are warranted.
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Figure 4.1. Caco-2 cell monolayer integrity as measured by FITC-Dextran permeability and
transepithelial electrical resistance (TEER) after dosed with PyC»>-Gly and Cd for 4 h. A, FITC-
Dextran level for control cells indicated by red line. B, TEER threshold for adequate monolayer
integrity indicated by red line. Values presented are mean = SEM; FITC-Dextran, n = 2; TEER,
n = 3. Asterisk indicates difference from control tested by Student’s t-test; * p < 0.05.
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Figure 4.2. PyC,-Gly uptake into cells at 4 hours by dose. Caco-2 cell monolayers were treated
with 0, 5, and 10 pM PyC,-Gly concentrations. Individual experiments are represented by filled
circles. Data are summarized by box and whisker plots including the median, minimum, and

maximum values. Asterisks indicate significant differences from control and between 5 and 10
uM by Student’s t-test, *p < 0.05.
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Figure 4.3. PyC,-Gly uptake into and through cells over time. Individual experiments are
represented by open (5 UM PyC»-Gly) and filled (10 uM PyC»-Gly) circles. Cellular PyC»>-Gly
content increases initially at 2 h followed by a decrease and stabilization at 4 and 6 h for cells
treated with 10 uM PyC,-Gly (A). Concurrently, PyC>-Gly content of basolateral media has a
time-dependent increase (B). Cells treated with 5 uM PyC»-Gly did not differ by treatment time
in cellular or basolateral media PyC»>-Gly content. Data are summarized by box and whisker
plots including the median, minimum, and maximum values. No significant differences were
observed within treatment groups by time (one-way ANOVA,; p > 0.05).



111

>
o)

150 200-

150 %

100+

50 ===

100

50+

M4y
(ng/mg protein)
M4y
(ng/mg protein)

=

0 hae aad T T
® P ®

%
%
% -

Figure 4.4. Cd uptake with increasing dose and time. Cells were treated with 0, 1, and 5 uM
CdClxfor 4 h (A). Cells treated with 5 uM CdCl, were harvested at 2, 4, and 6 h (B). Caco-2
cellular content is increased with increasing dose at 4 h. In Caco-2 cells dosed with 5 uM CdCl,
cellular content of Cd increases with increasing treatment time. Individual experiments are
represented by filled circles. Data are summarized by box and whisker plots including the
median, minimum, and maximum values. Significant differences were observed by dose (one-
way ANOVA, p < 0.05). Asterisks indicate significant differences from control with 5 uM CdCl;
treatment by post-hoc Dunnett’s multiple comparisons test, * p < 0.05. By time, differences

trended towards significance (one-way ANOVA, p = 0.055) with a significant linear trend (p <
0.05).
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Figure 4.5. Cd uptake into cells co-treated with Cd and PyC»-Gly. Cells were analyzed after
treatment with 1 or 5 uM CdCl; in combination with 0, 5, or 10 pM PyC»-Gly for 4 h. Individual
experiments are represented by open (1 uM CdCly) and filled (5 uM CdCly) circles. Data are
summarized by box and whisker plots including the median, minimum, and maximum values.

No significant differences were observed by individual Cd doses with PyC,-Gly doses (one-way
ANOVA, p > 0.05).
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Figure S4.1 (Supplementary). Cd uptake through cells by dose and time. Individual
experiments are represented by filled circles. Cells were treated with 1 and 5 uM CdCl, for 4 h
(A). Basolateral media from cells treated with 5 uM CdCl were harvested at 2, 4, and 6 h (B).
Data are summarized by box and whisker plots including the median, minimum, and maximum
values. No significant differences were observed by dose or time (one-way ANOVA, p > 0.05).
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Figure S4.2 (Supplementary). Cd uptake through cells co-treated with CdCl; and PyC,-Gly.
Individual experiments are represented by filled circles. Basolateral media was collected after
cells were treated with 5 uM CdCl> in combination with 0, 5, or 10 uM PyC,-Gly for 4 h. Data
are summarized by box and whisker plots including the median, minimum, and maximum
values. No significant differences were observed by dose or time (one-way ANOVA, p > 0.05).



115

A
80 150+
PyC,-Gly 5uM PyC,-Gly 10uM
60
1004
40— ®e

PyC,-Gly
(ng/ng protein)

50+

°
°
-L 0
N

PyC,-Gly
(ng/ng protein)

N
o
1

1
&
o P S

o4
%

Figure S4.3 (Supplementary). PyC uptake into cells is similar in cells co-treated with Cd and
PyC2-Gly. Cells were analyzed for PyC>-Gly content after co-treatment with combinations of Cd
(0, 1, and 5 uM CdCl,) and PyC»-Gly (5 and 10 uM PyC»-Gly) for 4 h. Individual experiments
are represented by filled circles. Data are summarized by box and whisker plots including the
median, minimum, and maximum values. No significant differences were observed by dose
combination (one-way ANOVA, p > 0.05).
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Figure S4.4 (Supplementary). PyC»,-Gly uptake through cells co-treated with Cd and PyCo-
Gly. Basolateral media was analyzed for PyC,-Gly content after co-treatment with combinations
of Cd (0, 1, and 5 uM CdCl) and PyC»-Gly (5 and 10 uM PyC»-Gly) for 4 h. Individual
experiments are represented by filled circles. Data are summarized by box and whisker plots
including the median, minimum, and maximum values. No significant differences were observed
by dose combination (one-way ANOVA, p > 0.05).
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Abstract

Purpose: Dietary intake is a primary source of cadmium (Cd) exposure in the non-smoking
population. Plant foods containing metal-binding plant compounds such as polyphenols,
phytates, and phytochelatins may reduce Cd bioavailability and result in lower Cd body burden.
In this study, we investigated the association between plant food intake and urinary creatinine-

adjusted Cd (uCd), a well-established marker of Cd body burden.

Methods: Participants were from a cross-sectional sample of 1,904 adults in the REasons for
Geographic and Racial Differences in Stroke (REGARDS) cohort. Dietary intake was assessed
with a food frequency questionnaire. We created a 12-point plant food score (PFS) based on
reported intake across seven categories (fruits, vegetables, legumes, nuts/seeds, whole grains,
tea, and wine). Higher scores indicated higher consumption and diversity of plant food intake.
Multivariable linear regression models were used to estimate the association between PFS and

uCd. Due to the influence of age and smoking on Cd status, stratified analyses were conducted.

Results: Mean PFS was 5.4 (SD: 2.5) and mean uCd was 0.53 pg/g creatinine (SD: 0.39). In
adjusted models, PFS was not associated with uCd (p > 0.05). In stratified analyses, PFS was
inversely associated with uCd (p = 0.01) with a 1-point higher PFS associated with 0.022 ug/g
lower uCd among middle-aged (45-60) adults. No significant association was observed between
PFS and uCd in older (>60) adults. The association of PFS and uCd did not differ by smoking

status.

Conclusion: Our findings suggest higher plant food intake is associated with lower Cd body

burden in middle-aged adults.

Key words: diet, plant food score, metal-binding, epidemiology, toxic metals
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Introduction

The diet is the primary source of Cd exposure in the non-smoking U.S. population. Cd is a toxic
metal which accumulates in the body over time, resulting in Cd body burdens with known health
risks (1). Average levels of dietary Cd intake in the U.S. leads to Cd levels associated with
increased risks of kidney dysfunction, bone demineralization, type 2 diabetes, and cancer, among
others (2). Reductions in Cd exposure can be achieved by decreasing consumption of high Cd
foods such as shellfish, organ meats, spinach, and potatoes (3). However, foods with low Cd
levels can contribute proportionally more to overall Cd exposure due to high consumption (4).
Minimizing dietary Cd exposure is an important component of reducing Cd risk but factors
impacting bioavailability must also be considered as they are key determinants of Cd body

burden.

In population studies, dietary Cd is not always associated with Cd body burden due to
differences in bioavailability from factors such as age, fiber intake, and nutritional status (5). Cd
bioavailability ranges from 5-10% but can be as high as 30% (1, 6-8). This high variation is not
fully explained by known factors. Other dietary components may meaningfully impact Cd
absorption and provide modifiable targets to reduce Cd body burden. Some compounds in the
diet can bind to Cd ions and alter their absorption. Metal-binding plant compounds such as
metallothioneins, phytochelatins, phytates and polyphenols are produced in the edible
components of plants regularly consumed in the human diet (9-11). These compounds can impair
absorption of specific metals. For example, phytates can decrease Cd absorption, while ascorbic
acid can decrease lead absorption (12). The combined influence of metal-binding plant

compounds may reduce toxic metal absorption and consequently, total body burden. If overall
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plant food consumption in the diet can reduce Cd absorption, this would provide an important

strategy for mitigating Cd-related disease risks.

In order to study the impact of interacting dietary components, dietary scores can be utilized for
population health studies with dietary recall information. Different dietary scores have been
successfully used to study health outcomes and intermediate biomarkers of health or disease
including oxidative balance scores, the Mediterranean Diet Score, the Alternative Healthy Eating
Index, and others (13-16). Dietary scores facilitate the investigation of the cumulative effects of
multiple nutrients or compounds, as small effects of single nutrients can be challenging to
observe in free-living populations (17). As comprehensive measurements of metal-binding plant
compounds cannot be directly assessed from dietary recall information, a plant food score could

capture the cumulative contributions of metal-binding phytochemicals consumed across the diet.

The impact of diet on Cd status is a product of many interacting factors including Cd directly
consumed in the diet, mineral status of the individual, and influence of other compounds within
the food matrix (18). Metal-binding plant compounds may be an important dietary component
influencing Cd absorption, and may help explain the differential associations between dietary Cd
consumed and overall Cd body burden. The purpose of this study was to investigate the
association between a plant food intake score and Cd body burden, and whether this association

differs in individuals by smoking status and age.
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Methods

Study Design

The REGARDS (REasons for Geographic and Racial Differences in Stroke) study is a national
population-based prospective cohort in the United States. The details of study design,
recruitment, and data collection have been described previously (19). Briefly, 30,239 individuals
ages 45 and older were randomly selected and recruited into the study between January 2003 and
October 2007. Black individuals and individuals residing in the Stroke Belt region (i.e. eight
southeastern states — Alabama, Mississippi, Louisiana, Georgia, Arkansas, Tennessee, South
Carolina and North Carolina — with higher stroke mortality than the rest of the U.S.) were

oversampled.

Trained personnel collected demographic characteristics, socioeconomic factors, and medical
history of recruited participants through a telephone survey. Following the survey, a health
professional visited each participant’s home to conduct an in-person assessment to collect
anthropometric measurements as well as blood and urine samples. The REGARDS study was
approved by the institutional review boards at participating institutions, and all participants

provided written informed consent.

Diet was assessed using a self-administered Block 98 Food Frequency Questionnaire (FFQ),
which participants were asked to complete at the end of their baseline in-person assessment and

return within 3 months. The FFQ assessed dietary intake over the past year and has been
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described in detail elsewhere (20, 21). Completed FFQs were sent to Nutrition Quest (Berkeley,

CA, USA) for the analysis of the nutrition content.

Population

The data for the current analysis are from a case-cohort study designed to investigate
associations between trace elements and stroke risk. The case-cohort sample includes a random
cohort sample from the REGARDS cohort (n = 2,666) and all incident ischemic stroke cases
identified through September 2012 and not in the random cohort sample (n = 650). Details of the
original case-cohort study are provided elsewhere (22). From the original case-cohort study (n =
3,316), 2,262 participants had urinary Cd measures and FFQ data within the normal energy
intake range (M: 800-4,500 kcal; F: 500-3,500 kcal). We excluded an additional 358 participants
with missing data on ACR, eGFR, smoking status, income, or education (Figure 5.1). Excluded
participants were more likely to be Black, female, and have a lower level of education. A total of

1,904 participants were included in the final analysis.

Plant Food Score

Plant food score (PFS) includes five categories of plant foods and two plant-derived beverages,
tea and wine (Table 5.1). These seven plant food score components incorporate major dietary
factors contributing to consumption of metal-binding plant compounds. Plant food intake for
fruit (including 100% fruit juice), vegetable, legumes, nuts/seeds, and whole grains were
categorized into low, medium, and high intake categories by sex-specific tertiles. Low through

high categories were assigned 0-2 points. For plant-derived beverage intake, those who
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consumed at least 1 cup of tea/day or 1 drink of wine/week received 1 point and everyone else
received 0 points. The points for each component were summed to calculate the overall PFS

where higher total scores indicate greater consumption of plant foods.

Mixed dishes in the Block 98 FFQ were disaggregated using the My Pyramids Equivalent
Database (MPED 2.0) using a modified version of a previously published method (23, 24).
Briefly, each recipe variation was identified in MPED 2.0 for the mixed dishes in the FFQ. The
frequency of recipe consumption for each mixed dish was determined using 2-day food records
in Black and white individuals > 45 years old from NHANES 2003-2004 and used to weight the
contribution of each recipe to overall consumption of each mixed dish (25). The equivalents of
each plant food group contained in the mixed dish recipes were recorded and the mean food
group equivalents determined for each mixed dish using the weights for recipe consumption. The
MPED equivalents were calculated based on the mean food group equivalents for that mixed
dish and the quantity of the mixed dish consumed by each study participant. MPED equivalents
were converted to grams for each food group. For each food group, the grams of consumption for
mixed dishes and single food items were summed to determine grams consumed per food group

for all foods.

Urinary cadmium

Urine samples were collected during the baseline visit and stored at -80°C for future analyses.
Urinary Cd was measured using the National Health and Nutrition Examination Survey

(NHANES) method with a NEXION 300X quadrupole inductively coupled plasma mass
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spectrometer (ICP-MS; Perkin Elmer, Waltham, MA) operated with a dynamic reaction cell to
prevent interference from urinary molybdenum (26, 27). Urinary Cd was adjusted for urinary
creatinine to account for dilution effects. Urinary creatinine was assessed with the Modular-P

chemistry analyzer from Roche/Hitachi (Tokyo, Japan) (28).

Covariates

Age, sex, race (Black or white), smoking (never, former, or current), education (< high school,
high school, some college, or > college), and income (< 20k, 20-34k, 35-74k, > 75k) were self-
reported. Region was classified as Stroke Buckle (coastal plain regions of Georgia, North
Carolina, and South Carolina), rest of Stroke Belt (the remaining area of Georgia, North
Carolina, and South Carolina, plus Mississippi, Alabama, Tennessee, Louisiana, and Arkansas),
or Non-Stroke Belt region. Total energy, fiber, and iron intake were obtained from the FFQ and
analyzed as continuous variables. Weight (kilograms) and height (meters) were measured during
the in-home visit using a standardized protocol. Body mass index (BMI) was calculated as
weight (kg)/height (m?). Albumin-to-creatinine ratio (ACR), a marker of kidney damage, was
calculated using urinary albumin and creatinine measures. The estimated glomerular filtration
rate (eGFR), an indicator of kidney function, was calculated using the Chronic Kidney Disease

Epidemiology Collaboration equation (29).

Statistical Analyses

Characteristics of the study population were described for all participants and for participants in

low (0-4 points), medium (5-8 points), and high (9-12 points) PFS categories. Mean values with
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standard deviation (SD) or median with interquartile range (IQR) values were reported for
continuous variables and frequencies for categorical variables. Differences in characteristics
were compared across PFS categories with analysis of variance used for normally distributed and
continuous variables, Kruskal-Wallis test for skewed and continuous variables, and X? test for

categorical variables.

PFS was the independent variable of interest and urinary creatinine-adjusted Cd (uCd) was the
dependent variable of interest. PFS was treated as a continuous variable in all regression models
and divided into three categories for analyses of descriptive statistics. Confounding variables
were determined a priori based on previous literature and biological plausibility. Multivariate
linear regression models were used to estimate the association between PFS and uCd. Model 1
was adjusted for age, sex, total energy intake, and smoking. Model 2 was additionally adjusted
for iron and fiber intake and Model 3 was additionally adjusted for eGFR, education, income,
region, and race. We considered age (45-60 years vs. >60 years) and smoking status
(current/former vs. never) as effect modifiers in stratified analyses. Interaction terms between
PFS and age, as well as between PFS and smoking status (current/former/never) were included in
models to determine if the associations between PFS and uCd were comparable across different

ages and smoking status.

To explore the robustness of our findings, sensitivity analyses were conducted. As fiber intake is
related to plant food consumption, we excluded fiber as a covariate to determine if it altered our

findings. Additionally, kidney function can impact Cd excretion (1). Therefore, we excluded
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individuals with estimated glomerular filtration rate (eGFR) below 30 and below 60
mL/min/1.73m?, established thresholds indicative of mild to moderate kidney function loss (30).
We analyzed all regression models with natural log-transformed uCd as the dependent variable

due to the right skew of the biomarker data. All data analyses were performed in R (31).

Results

Of the 1,904 participants included in this analysis, 50.8% of participants were female and 66.3%
were white. On average, participants were 65.6 years of age (SD: 9.2) and overweight (BMI:
29.0). About 60% of participants were either current or former smokers and over half had at least
some college education. Median eGFR was 86.4 mL/min/1.73m? (IQR: 71.7-97.1) and median

ACR was 7.4 mg/g (4.6-15.4) (Table 5.2). Mean uCd was 0.53 pg/g creatinine (SD: 0.39).

PFS was normally distributed and ranged from 0-12 points with a mean score of 5.4 (SD: 2.5). A
greater proportion of individuals in the high PFS category were white and never smokers relative
to those in the low PFS category. Participants in the highest PFS intake category tended to be
older, were more likely to have completed at least college, and had higher incomes. Individuals
in the low PFS category had about 3-fold lower fiber intake (9.6 = 3.5 grams vs. 27.3 £ 8.2
grams; mean + SD) and about 2-fold lower iron intake (9.1 + 4.1 grams vs. 18.3 = 6.4 grams;
mean + SD) on average. Energy intakes increased across categories of low, medium, and high

PFS (1,324 kcal vs. 1,831 kcal vs. 2,338 kcal) (Table 5.2).
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The unadjusted model of the association between PFS and uCd was significant, with uCd -0.011
Ma/g creatinine lower for every 1-point higher in PFS. In the fully-adjusted model, the
associations between PFS and uCd were attenuated and null (Table 5.3); some covariates were

significantly associated with uCd including age, sex, smoking, eGFR, and race (Table S5.1).

When we explored effect modification by smoking status, a significant interaction was observed
between current smokers and PFS (p-interaction = 0.04) but not between former smokers and
PFS (p-interaction = 0.9). In stratified analyses by smoking status, PFS was not associated with
uCd in current/former or never smokers (Table 5.4). Age, sex, eGFR, and region were associated
with uCd in never smokers; sex, energy intake, iron intake, eGFR, income > 75k and race were

associated with uCd in current/former smokers (Table S5.2).

In analyses assessing effect modification by age, no significant interaction was observed between
age and PFS (p-interaction = 0.2). In stratified analyses by age group, individuals ages 45-60
years had a significant association between PFS and uCd, such that for a 1-point increase in PFS
there was a 0.022 pg/g decrease in uCd. In participants over age 60, there was no association
between PFS and uCd (Table 5.4) but there were significant associations between uCd and sex,
smoking, eGFR, and race (Table S5.3). In sensitivity analyses which excluded fiber intake as a
covariate and individuals with either eGFR <30 mL/min/1.73m? or <60 mL/min/1.73m?, the
associations between PFS and uCd did not appreciably change. Results were similar when

regression models were analyzed with natural log transformed uCd (data not shown).
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Discussion

In this cross-sectional analysis, differential associations between PFS and uCd were observed by
age. Among middle-aged (45-60) REGARDS participants, PFS was inversely associated with
uCd independent of total energy intake and other potential confounding factors. No association
was observed between PFS and uCd in older adults. The differential results observed across
these two age groups may be due to multiple factors known to change with age. Cd accumulation
and distribution starts to change around age 50 with greater accumulation in the liver relative to
the kidney resulting in peak kidney Cd levels around age 60 (1, 3). Age-related increases in uCd
start to plateau after age 50 and can decrease in older age (18). Additionally, differences in diet,
nutritional status, and kidney function occur with increasing age (30, 32, 33). These biological
changes along with other social factors can lead to reduced diet quality including inadequate
consumption of legumes, whole grains, and vegetables (34, 35). Similarly, nutrient absorption
and utilization can decrease over time, contributing to declines in nutritional status which could
alter Cd bioavailability (36). Kidney function is an additional consideration as it declines with
age. In our population, overall eGFR was decreased in older adults and was significantly
associated with uCd in older but not middle-aged adults. Alterations in kidney function can
impact excretion of Cd and has implications for the utility of using uCd as a marker of Cd body

burden in those individuals (3).

In our study, a 1-point higher PFS was associated with 0.022 ug/g creatinine lower uCd in
middle-aged adults. Considering this in a broader dietary context, an increase in PFS from a low
to high level (e.g. 2 points to 10 points) would be associated with a 0.176 ug/g lower uCd level.

Although we cannot assess causality in this study, this degree of decrease in uCd could result in
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meaningful reductions in Cd-related disease risks across the population. In a study examining
bone mineral density in women, women with uCd levels > 0.50 pg/g creatinine were at greater
risk of osteoporosis (37). Another study in the general U.S. population found increased risk of
all-cause and cardiovascular disease-related mortality for individuals with uCd levels of 0.57
Ma/g creatinine (38). Recent NHANES biomonitoring data from 2015-2016 indicates a
substantial portion of the U.S. population over age 50 has uCd levels within these ranges (2, 39).
Our results suggest increased plant food intake could contribute to meaningfully reduced Cd
body burden in middle-aged adults; however, the specific impact of consumption of metal-
binding compounds through plant foods could not be directly assessed in our study. With
increased characterization of metal-binding compounds in foods, we may be able to specifically
assess the role of these compounds in Cd bioavailability. Given mineral intake and overall
nutritional status can influence Cd absorption, future research investigating the association of
plant-based dietary patterns with Cd body burden may capture both the influence of metal-

binding plant compounds and other nutritional factors impacting Cd absorption.

Although biologically plausible, smoking status did not materially modify the association
between PFS and uCd. In analyses assessing effect modification by smoking status, we found a
significant interaction between current smoking and PFS. In stratified analyses, we found no
association between PFS and uCd in never or current/former smokers. Among current smokers,
their greatest Cd exposure is through inhaled tobacco smoke and therefore, changes to dietary Cd
absorption will have less influence on overall Cd body burden. In never smokers, we expected
plant food intake could influence Cd absorption and therefore, overall Cd body burden.

However, we did not see this association and found significant associations with other factors
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known to be related to increased Cd body burden such as age and sex (3). Similar to our study,
many studies have observed that age and smoking status are key determinants of uCd (40, 41).
Overall declines in uCd have been observed with declining smoking rates (42). In a nationally
representative biomonitoring survey (NHANES 2011-2012), smokers age 50 and older had mean
uCd levels of 0.629 pg/g creatinine while nonsmokers of the same age had mean uCd of 0.296
Ma/g creatinine (39). We observed similar differences in our study with smokers (current/former)
over age 45 having a mean uCd of 0.648 ug/g creatinine and never smokers having a mean uCd
of 0.383 ug/g creatinine. Despite the influence of other factors such as smoking status, we did
observe lower uCd levels in middle-aged adults with higher consumption and diversity of plant

food intakes as assessed by PFS.

Previous studies investigating the relationship between diet and Cd body burden have identified
associations with specific foods and overall dietary patterns. Individual foods have been
associated with higher Cd levels including processed meat, potatoes, bread products, and seafood
(43-46). However, these findings tend to be population specific and indicate the importance of
considering overall dietary pattern and other individual factors in determining Cd exposure and
absorption. Bioavailability studies with controlled diets demonstrate Cd absorption is influenced
by the overall dietary context (47). Additionally, iron status is a major determinant of Cd
absorption, particularly in women (48). In a study of pregnant women in the United Kingdom
(UK), a “health conscious” dietary pattern including foods like salad, fruit, rice, pasta, legumes,
and fish was associated with reduced blood Cd levels (49). In analyses of individual food groups
in the UK study, greater consumption of leafy greens and green vegetables was associated with

lower blood Cd levels. Although some foods such as leafy greens, shellfish, and potatoes are
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known to have higher Cd contents, the correlation of estimated dietary Cd with Cd biomarkers is

often low due to other major factors influencing Cd bioavailability in low exposure populations

().

Strengths of this study include the dietary data, urinary creatinine-adjusted Cd measurements,
and wide range of covariate data available with established and potential relevance to Cd body
burden in almost 2000 people from the REGARDS cohort. We were able to adjust for eGFR, a
sensitive marker of kidney function, in our analyses. Additionally, we created a novel plant food
score using dietary recall data to assess the cumulative impact of consumption of metal-binding
dietary compounds in a human population. Dietary intake was assessed with FFQ data which
provides both strengths and limitations in our study. The FFQ provided information on food and
beverage intake over the previous year which provides a long-term assessment of diet relevant to
our research question. Our plant food score leveraged the FFQ data to investigate our research
question but the plant food score has not been formally validated for this purpose. A limitation of
the FFQ is the potential for misclassification due to self-report. Additionally, our study is cross-
sectional which limits our ability to assess causality and creates challenges for evaluating Cd
body burden which results from long-term exposures across the lifespan. Although we were able
to account for iron intake, we did not have hemoglobin measures for our whole study population
which would have allowed us to consider iron status. Finally, selection bias may be a concern as
individuals excluded due to missing data were more likely be to Black, female, and have a lower

level of education.
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In conclusion, our study suggests that higher plant food intake, as assessed by PFS, is associated
with lower levels of uCd in middle-aged but not older adults. This finding has important
implications for long-term health risks from Cd because of the very long biologic half-life of Cd.
The results suggest that in addition to other known health benefits from increased plant food
intake, a decrease in Cd burden could improve population health through decreased risk of Cd-

associated diseases, including cancer at multiple sites, osteoporosis, and kidney disease.
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3,316 participants from
REGARDS case-cohort sample
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2,369 participants with dietary
data

947 missing dietary data
or abnormal energy intake

2,262 participants included in
analysis

107 missing uCd
measures

2,178 participants with dietary,
Cd, and kidney function data

84 missing ACR or eGFR

1,904 participants in analysis
dataset

274 missing data on
smoking status, income,
or education

Figure 5.1. Flowchart of participants in REGARDS study who were included in the analysis.
uCd, urinary cadmium; ACR, albumin/creatinine ratio; eGFR, estimated glomerular filtration

rate
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Table 5.1. Plant food score (PFS) components?

1. Fruit 0 = low (1st tertile), 1 = medium (2nd tertile), 2 = high (3rd tertile)
2. Vegetable 0 = low (1st tertile), 1 = medium (2nd tertile), 2 = high (3rd tertile)
3. Legumes 0 = low (1st tertile), 1 = medium (2nd tertile), 2 = high (3rd tertile)
4. Nuts/seeds 0 = low (1st tertile), 1 = medium (2nd tertile), 2 = high (3rd tertile)
5. Whole grains 0 = low (1st tertile), 1 = medium (2nd tertile), 2 = high (3rd tertile)
6. Tea 0 = less than 1 cup/day, 1 = greater than or equal to 1 cup/day

7. Wine 0 = less than 1 drink/week, 1 = greater than or equal to 1 drink/week

4Low, medium, and high categories correspond to sex-specific 1st, 2nd, and 3rd tertiles
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Table 5.2. Characteristics of participants in REGARDS cohort sample by plant food score

(PFS) interval (n = 1,904)

Characteristic? All PFS
low medium high
0-4 5-8 9-12

n 1,904 708 974 222
Age, years 65.6 (9.2) 64.9 (9.5) 65.9 (9.1) 66.6 (8.7)°
Female, % 50.8 50.6 52.5 44.1
White, % 66.3 61.7 68.1 73.4°
Total energy intake, kcal 1,702 (671) 1,324 (489) 1,831 (631) 2,338 (645)°
Smoking, %

current 15.2 20.5 12.9 8.1

former 44.9 38.9 39.5 46.8

never 39.9 40.7 47.5 45
BMI (missing = 14) 29.0 (5.8) 29.2 (5.8) 28.9 (5.7) 28.7 (6.0)
Region, %

stroke buckle 20.8 20.1 20.9 22.5

rest of stroke belt 34.7 34.6 34.5 36

non-stroke belt 445 45.3 44.6 41.4
corr o SSA0ET 20T sz o
ACR, mg/g 7.4(4.6-15.4) 7.2(4.4-15.0) 7.4(4.6-15.4) 7.7(5.0-16.1)
Education, %

> college 37.7 32.6 39.6 45.0°

some college 28 27.1 28.6 28.4

high school 25 21.7 24 20.7

< high school 9.3 12.6 7.7 59
Income USD, %

75k and above 18.6 16 19.3 23.9°

35-74k 36.7 35.3 36.7 41.4

20-34k 21.7 29.8 27.1 23.4

less than 20k 17 18.9 16.9 11.3
Iron intake, mg 12.6 (6.1) 9.1(4.1) 13.8 (5.8) 18.3 (6.4)°
Fiber intake, g 15.9 (8.0) 9.6 (3.5) 17.8 (6.3) 27.3(8.2)°
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BMI, body mass index; eGFR, estimated glomerular filtration rate; ACR, albumin/creatinine
ratio; uCd, urinary cadmium. ?Values for age, BMI, total energy intake, fiber and iron intake
are reported as mean (+ SD). Values for eGFR and ACR are reported as median (IQR). Sex,
race, smoking status, region, income, and education are reported as percent. ®p < 0.05 based on
the ANOVA, Kruskal-Wallis, or X? tests, as appropriate.



Table 5.3. Multivariate linear regression models of PFS with urinary cadmium?.

B 95% ClI p value
Unadjusted -0.0110  -0.0181, -0.0040 0.002
Model 1° -0.0009  -0.0082, 0.0064 0.8
Model 2° -0.0002  -0.0095, 0.0091 0.06
Model 3¢ -0.0014  -0.0106, 0.0079 0.8

aUrinary cadmium is creatinine-adjusted.

b Adjusts for age, sex, total energy intake, and smoking.

¢ Additionally adjusts for iron intake and fiber intake.

d Additionally adjusts for eGFR, education, income, region, and race.
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Table 5.4. Fully adjusted models showing the association
between PFS and uCd, stratified by age and smoking status.

Age? 45-60 years >60 years
n 524 1380
PFS -0.022 0.006
95% CI -0.040, -0.005 -0.005, 0.017
p value 0.01 0.3
Smoking® Never Current/Former
n 855 1049
PFS -0.001 -0.003
95% CI -0.011, 0.009 -0.019, 0.013
p value 0.8 0.7

PFS, plant food score; uCd, urinary creatinine-adjusted
cadmium; eGFR, estimated glomerular filtration rate; Cl,
confidence interval.  Adjusted for sex, total energy intake,
smoking status, iron intake, fiber intake, eGFR, education,
income, region, and race. ® Adjusted for age, sex, iron intake,
fiber intake, eGFR, education, income, region, race.
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Table S5.1 (Supplementary). Fully-adjusted multivariate linear
regression model showing the association between all independent
variables and uCd.

B 95% CI p value
Intercept 0.024 -0.162, 0.210 0.8
PFS -0.001 -0.011, 0.008 0.8
Age, years 0.006 0.004, 0.008 <0.001
Sex (M, 1; F, 0) -0.245 -0.278, -0.212 <0.001
Total energy intake, kcal ~ 0.000 0.000, 0.000 0.6
Former smoker 0.220 0.186, 0.252 <0.001
Current smoker 0.559 0.513, 0.605 <0.001
Iron intake, mg -0.003 -0.007, 0.001 0.1
Fiber intake, g 0.000 -0.003, 0.004 0.9
eGFR, mL/min/1.73m? 0.002 0.001, 0.003 <0.001
> college 0.001 -0.033, 0.035 1
income 20-34k 0.044 -0.003, 0.090 0.7
income 35-74k 0.010 -0.038, 0.035 0.7
income > 75k -0.051 -0.108, 0.006 0.1
Rest of stroke belt -0.020 -0.054, 0.013 0.2
Stroke buckle -0.028 -0.068, 0.012 0.2
Race (B, 1; W, 0) -0.092 -0.126, -0.058 <0.001

PFS, plant food score; uCd, urinary creatinine-adjusted cadmium;
M, male; F, female; eGFR, estimated glomerular filtration rate; B,
black; W, white.
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Table S5.2 (Supplementary). Smoking status stratified, fully-adjusted multivariate linear regression model
showing the association between all independent variables and uCd.

Smoking status Never (n = 855) Current/Former (n = 1049)

B 95% ClI p value B 95% ClI p value
Intercept 0.0380 -0.154, 0.230 0.7 0.5882 0.272, 0.904 0.0003
PFS -0.0010  -0.011, 0.009 0.8 -0.0032 -0.019, 0.013 0.7
Age, years 0.0042 0.002, 0.006 <0.001  0.0033 -0.000, 0.007 0.053
Sex (M, 1; F, 0) -0.1711  -0.207,-0.135 <0.001  -0.3262 -0.380, -2.72 <0.001
Total energy intake, kcal ~ 0.0000 -0.000, 0.000 0.09 0.0001 0.000, 0.000 0.003
Iron intake, mg 0.0000 -0.004, 0.004 1.0 -0.0065  -0.013, -0.0003 0.04
Fiber intake, g 0.0024 -0.001, 0.006 0.2 -0.0056 -0.011, 0.0002 0.06
eGFR, mL/min/1.73m? 0.0021 0.001, 0.003 <0.001  0.0019 0.0004, 0.003 0.01
> college 0.0343 -0.003, 0.071 0.07 -0.0216 -0.078, 0.035 0.4
income 20-34k -0.0093  -0.060, 0.041 0.7 0.0436 -0.033, 0.120 0.3
income 35-74k 0.0280 -0.024, 0.080 0.3 -0.0677 -0.145, 0.009 0.09
income > 75k -0.0533  -0.115, 0.009 0.1 -0.1579 -0.250, -0.066 <0.001
Rest of stroke belt -0.0479  -0.084, -0.012 0.009 0.0106 -0.046, 0.067 0.7
Stroke buckle -0.0578  -0.101, -0.015 0.008 0.0056 -0.060, 0.072 0.9
Race (B, 1; W, 0) -0.0422  -0.078, -0.006 0.2 -0.1315 -0.188, -0.075 <0.001

PFS, plant food score; uCd, urinary creatinine-adjusted cadmium; M, male; F, female; eGFR, estimated
glomerular filtration rate; B, black; W, white.
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Table S5.3 (Supplementary). Age stratified, fully-adjusted multivariate linear regression model showing the

association between all independent variables and uCd.

Age 45-60 years (n = 524) >60 years (n = 1380)

B 95% ClI p value B 95% ClI p value
Intercept 0.432 0.248, 0.616 <0.001 0.422 0.322, 0.523 <0.001
PFS -0.022 -0.040, -0.005 0.01 0.006 -0.005, 0.017 0.3
Sex (M, 1; F, 0) -0.222 -0.282, -0.162 <0.001  -0.249 -0.288, -0.210 <0.001
Total energy intake, kcal ~ 0.000 0.000, 0.000 0.5 0.000 0.000, 0.000 0.9
Former smoker 0.188 0.121, 0.254 <0.001 0.236 0.198, 0.275 <0.001
Current smoker 0.418 0.344, 0.493 <0.001 0.625 0.567, 0.683 <0.001
Iron intake, mg -0.004 -0.013, 0.004 0.3 -0.003 -0.007, 0.001 0.1
Fiber intake, g 0.005 -0.001, 0.011 0.1 -0.001 -0.004, 0.003 0.8
eGFR, mL/min/1.73m? 0.001 -0.001, 0.003 0.3 0.002 0.001, 0.003 0.002
> college 0.034 -0.029, 0.100 0.3 -0.004 -0.044, 0.036 0.8
income 20-34k 0.039 -0.061, 0.140 0.4 0.046 -0.007, 0.099 0.09
income 35-74k 0.019 -0.074,0.111 0.7 0.003 -0.053, 0.060 0.9
income > 75k -0.060 -0.161, 0.040 0.2 -0.066 -0.136, 0.004 0.07
Rest of stroke belt -0.069 -0.131, -0.006 0.03 -0.010 -0.050, 0.030 0.6
Stroke buckle -0.088 -0.162, -0.015 0.02 -0.015 -0.062, 0.032 0.5
Race (B, 1; W, 0) -0.019 -0.079, 0.041 0.5 -0.115 -0.156, -0.075 <0.001

PFS, plant food score; uCd, urinary creatinine-adjusted cadmium; M, male; F, female; eGFR, estimated
glomerular filtration rate; B, black; W, white.
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CHAPTER 6

A perspective on phytochelatins as beneficial components of plant-based diets

The mechanisms through which plant-based dietary patterns are beneficial extend to the
interactions of nutritional and environmental exposures occurring simultaneously in the diet.
However, a full understanding of these mechanisms remains incomplete. With the thousands of
compounds we are exposed to in the diet, many interactions remain unknown or understudied.
With advancements in high throughput technologies such as ultra-high resolution liquid
chromatography mass spectrometry, there is increased opportunity to investigate the complexity
of dietary factors. In this dissertation, we contribute to the knowledge base regarding the
mechanisms through which plant-based dietary patterns contribute to health by establishing the
plausibility that PyCs, metal-binding plant compounds, are beneficial through functions in metal
homeostasis and protection from toxic metal exposures. Studies with molecular and population-
based approaches provide critical new information on PyCs found in foods that we eat, showing

their distributions and abundances as well as their absorption and functional impacts.

Key Findings

We created a PyC database (PyCDB) as a tool for investigations of PyC and PyC-metal
complexes of nutritional and environmental metals (Chapter 2). With over 46,000 unique PyC
masses, the database provides a tool for use with high-resolution mass spectrometry data to
facilitate investigations of PyCs. Additionally, we enhanced the utility of the database by
creating a web-based tool for direct mass queries with experimental data and providing an

example workflow for using the PyCDB. Previous research has focused on only a few PyCs at a
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time. With advancements in high throughput analyses, our database and related tools provide an

opportunity to significantly advance our understanding of PyCs in biological systems.

To understand the contributions of individual foods to dietary PyC consumption, we
characterized the types and concentrations of PyCs in 20 commonly consumed plant foods for
the first time (Chapter 3). We determined PyC»-Gly is the most abundant and widely found PyC.
Additionally, PyCs-Gly, PyCs-Gly, PyC>-Ala, and PyC>-Glu were found at low concentrations in
some foods. More processed foods tended to have lower PyC concentrations. Previous research
has focused on PyCs in agricultural plants in response to soil metal exposures but the contents in
edible plant components consumed in the human diet was unknown (1). Our research
demonstrates that PyCs are widely found in the diet with concentrations specific to individual

food types.

Using the most common PyC observed in foods, PyC>-Gly, we investigated the transport and
function of PyC,-Gly in a human intestinal epithelial cell model system (Chapter 4). We found
that PyC,-Gly was transported into and through epithelial cells when treated with PyC,-Gly
levels similar to those in the human diet. One other study has demonstrated PyCs-Gly uptake into
and through intestinal cells but no previous studies have quantified PyC transport or investigated
PyC,-Gly (2). In functional assessments investigating if PyC,-Gly reduces Cd absorption, we
found a small but non-significant reduction in Cd absorption with PyC,-Gly co-treatment. Other
studies with different PyC types (i.e. PyCs-Ser, PyCs-Gly, and PyCs-Gly) have found reduced Cd

uptake in intestinal cells and reduced Cd distribution to the liver and kidneys in rats (3, 4). Based
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upon these studies, there is a likelihood that our study was underpowered and needs to be
repeated with a larger number of replicates. Nonetheless, our research establishes that a common
dietary PyC, PyC»>-Gly, is absorbed into and through intestinal epithelial cells at concentrations
expected in the diet. Additionally, when considered in the context of other functional PyC

studies, our research also suggests PyC,-Gly may reduce Cd absorption.

To explore how overall consumption of metal-binding plant compounds may impact Cd
accumulation in human populations, we created a plant food score (PFS) to assess the association
between higher plant food intake and Cd body burden in a cross-sectional study within the
REGARDS cohort (Chapter 5). Among middle-aged (45-60) but not older (>60) adults, we
found PFS was inversely associated with urinary Cd (uCd), a well-established marker of Cd
body burden. Every 1-point higher PFS was associated with 0.022 pg/g uCd lower, suggesting
higher intake of plant-based foods over the long-term could reduce Cd body burden, resulting in
meaningful decreases in disease risks. Prior research has found some dietary patterns and
individual foods associated with lower Cd levels but to our knowledge, no prior research has
attempted to capture the role of metal-binding plant compounds on Cd body burden via a dietary
score in a human population (5, 6). Our novel approach allowed us to assess the contributions of
overall plant food intake to Cd status. Our study suggests higher plant food intake is associated
with lower Cd body burdens and establishes an approach for future investigations of the

interaction of metal-binding plant compounds and toxic metal body burdens.
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Future directions

Our research establishes novel findings regarding PyCs in the human diet and their potential
roles in health. First, this dissertation contributes foundational knowledge of dietary PyCs and
tools for advancing PyC research. In addition, the findings of this research and its limitations
also establish the needs and open opportunities for greater understanding of the biological

functions and impacts of dietary PyCs on human health.

Through our initial survey of plant foods, we determined PyC quantities are highly variable
within and across plant food groups, and other factors such as food processing and variety likely
impact PyC contents. An extensive survey of food types by different factors will allow more
precise assessment of the contributions of different plant foods to overall PyC consumption.
With more comprehensive characterization of PyCs in foods, we can strengthen our
investigations in human populations. While our novel PFS served as a useful proxy for assessing
intake of metal-binding plant compounds, direct measures of PyCs in all plant foods captured in
food frequency questionnaires would facilitate more exact examinations of the relationship
between PyCs and toxic metals in population studies. Additionally, future investigations in
longitudinal cohorts which include other age groups would overcome the limitations of cross-
sectional analyses and improve the generalizability of our research. Kidney function declines
with age and can impact uCd measures, highlighting the importance of longitudinal data for
assessing outcomes related to long-term exposures (7-9). As smoking is a major determinant of
Cd body burden, larger sample sizes would allow more nuanced investigations by smoking

status, particularly with detailed measures of lifelong cigarette dose.
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As PyCs are produced in response to soil metals, understanding if metal contents of plant foods
relate to PyC contents is an important question. In preliminary metal analyses of the 20 foods in
our study, there were significant correlations between Cd and PyC»,-Gly contents in only two
foods (data not shown). Similarly, nutritional metals, including selenium and manganese, had a
few significant correlations with PyC»-Gly within individual foods but were also limited. PyC
synthesis in plants is induced by a variety of metals which likely contributes to this complexity
(1). Whether there are common correlations between specific metals and PyCs in plant foods

remains an open area for exploration.

Finally, many questions remain regarding the biological mechanisms of PyC transport and
functions within the body. There is evidence of PyCs-Gly absorption via receptor-mediated
endocytosis in intestinal cell models and more generally, transport of peptides with five amino
acids via oligopeptide transporters (2, 10). Understanding the transport mechanisms of dietary
PyCs, particularly in regards to peptide length and terminal amino acid, will (i) inform if
transport occurs competitively with other compounds, (ii) inform if intact PyC-metal complexes
could be transported, and (iii) inform how absorbed PyC may interact with other cell types once
within the body. PyCs bind with other metals, including essential metals such as copper and zinc,
and the binding affinity is dependent on the specific metal and biological context, such as pH.
Whether PyCs functionally influence other metals is an important open question for nutrition
science and toxicology. With this knowledge, we could extend our research into other human
health questions. For example, could diets high in PyCs protect from toxic metal exposures in

drinking water or even decrease toxic metal body burdens? Additionally, PyCs are redox active
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molecules with capacity to bind metals and impact redox systems. Even low PyC concentrations
in the body could have a role in metal homeostasis and overall redox control, potentially

protecting from oxidative stress.

Conclusions

This dissertation establishes that PyCs are widely found in plant-based diets and could have a
primary role in protecting from toxic metal exposures. With expanded databases of PyC types
and abundances across foods in the human diet, future investigations can inform the broader role
of dietary PyCs, their interactions with toxic metals, and their role in human health. Through
building upon the knowledge created in this dissertation with expanded assessments of PyCs, we
may be able to improve dietary recommendations to mitigate risks of toxic metal exposures and

contribute to lifelong health.
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