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GLOSSARY OF TERMINOLOGIES AND
ABBREVIATIONS

Absolute bioavailability: The absolute bioavailability (ABA) refers to the fraction of the
metal(loid) which, following ingestion is absorbed and reaches systemic circulation.

Aqua regia: A digestion mixture consisting of concentrated nitric and hydrochloric acid at a
ratio of 3:1. This mixture is used for measuring total heavy metal(loid)s in complementary
medicines.

BET surface area: Brunauer, Emmet and Teller surface area.

Bioaccessibility: Bioaccessibility refers to potential bioavailability and is often used to assess
bioavailability which is an ‘in-vitro’ test and represents the fraction of metal(loid) that
becomes soluble following gastrointestinal extraction and is therefore assumed
accessible for absorption.

Bioactivity: Response of tissue resulting from heavy metal(loid) toxicity.

Bioavailability: Bioavailability of heavy metal(loid)s refers to the biologically available
chemical fraction that can be taken up by an organism and can react with its metabolic
machinery.

Blank: Refers to control samples; for example, in the case of total heavy metal(loid) analysis
of complementary medicines the aqua regia used for digesting samples was used as the
control or blank sample to measure the contribution of heavy metal(loid)s from aqua regia
to the total metal(loid) analysis.

Caco 2 Cell: Caco-2 cell line is a continuous line of heterogeneous human epithelial colorectal
adenocarcinoma cells. Although derived from a colon (large intestine) carcinoma, when
cultured under specific conditions the cells become differentiated and polarized such that
their phenotype, morphologically and functionally, resembles the enterocytes lining the
small intestine.

Certified reference material: Standard material used to verify analytical results; in this study
Montana Soil (SRM 271) was used as a reference material to verify the total heavy

metal(loid) concentration in various sources.

Xvi



Chelating agent: A chelating agent is a substance whose molecules can form several bonds
to a single metal ion, thereby resulting in the formation of a stable, water-soluble metal
complex.

Complementary medicines: Complementary medicines include herbal medicines, vitamin
and dietary health supplements, and traditional Ayurvedic, Chinese and homoeopathic
medicines (WHO 2005).

Correlation: Statistical relationship between two variables — not necessarily gives the causal
relationship.

Fish feed: Fish feed consists of a range of ingredients nutritionally formulated to provide fish
all the correct nutrients in the form of protein, fat, carbohydrate, vitamins and minerals.

Fractionation: Fractionation is defined as the process of classification of analyte or a group
of analytes from a certain sample according to physical (e.g., size, solubility) or chemical
(e.g., bonding, reactivity) properties.

FTIR: Fourier transform infrared spectrometer; FTIR data provide functional groups and their
role in the interactions with heavy metal(loid)s.

Gastrointestinal bioaccessibility test: It is an in vitro bioaccessibility test which involves a
two-step sequential extraction: a gastric [0.15 M NaCl and 1% porcine pepsin (pH 1.8)]
followed by an intestinal [0.15 M NaCl and bovine and porcine pancreatin (pH 5.8)]
extraction.

Gut microbe: Family of microorganisms including bacteria, archea and fungi that reside in the
intestinal track.

Gut microbiome: The microorganisms, the gene reserve, the genes coding for proteins and
the metabolites in the ‘human ecosystem’ are collectively termed as “microbiome.”
Heavy metal(loid)s: Include metals and metalloids with an atomic density greater than 6g/cm?

(with the exception of arsenic, boron and selenium).

ICP-MS: Inductively coupled plasma mass spectrometry; ICP-MS was used for the analysis of
heavy metal(loid)s in various samples.

Intestinal permeability: Intestinal permeability is a term describing the control of material
passing from inside the gastrointestinal tract through the cells lining the gut wall, reaching
the blood circulation into the rest of the body.

LDso value: It is the heavy metal(loid) concentration at which the microbial growth is inhibited
by 50% of the maximum growth in the absence of metal(loid) input.

Minimum inhibition concentration (MIC): It is the minimum heavy metal(loid) concentration

above which the microbial growth is inhibited by metal(loid) input.
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Offal: Offal refers to any of the internal organs and entrails of an animal often used as a source
of pet food.

PAMPA test: Parallel artificial membrane permeability assay (PAMPA) is a method which
determines the permeability of substances from a donor compartment, through a lipid-
infused artificial membrane into an acceptor compartment.

Regression relationship: Gives the statistical relationship between two variables
(independent and dependent variables); in the current study it is aimed to obtain a
relationship between speciation (independent variable) and bioavailability (dependent
variable) of heavy metal(loid)s.

Relative bioavailability: Relative bioavailability (RBA) refers to the ratio of the absorbed
fraction from an exposure media (for example, lead in this case complementary
medicines) to the absorbed fraction from a reference dose (for example, lead acetate
when examining the bioavailability of lead).

SEM: Environmental scanning electron microscope (SEM); in this study SEM is used to
visualize the interactions between heavy metal(loid) and gut microbes.

Speciation: Speciation of an element is also defined as distribution of an element amongst
defined chemical species in a system. Often fractionation and speciation terms are used
interchangeably.

Therapeutic ingredient: Ingredients used as a beneficial medicinal value; for example,
arsenic has been used as a therapeutic ingredient in Ayurvedic medicines

WHO: World Health Organisation.

XRD: X-ray diffraction (XRD). XRD is used to identify crystalline mineral phases in a

substance.
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ABSTRACT

Specific microorganisms in the human gut (i.e., gut microbes) provide positive benefits to the
host such as fermenting unused energy substrates, training the immune system, preventing
growth of pathogenic microbes, and producing vitamins for the host. The intake of
contaminants including heavy metal(loid)s can occur through food, air, water and some
medicines. The gut microbes not only can be affected by environmental contaminants but they
themselves can alter the speciation and bioavailability of these contaminants. Chelation
therapy is an important clinical treatment for managing metal(loid) toxicity in human. Chelating
agents are organic or inorganic compounds capable of binding metal(loid) ions to form complex
ring-like structure called ‘chelates’. Chelating agents can affect metal(loid) toxicity by
mobilizing the toxic metal(loid)s and their subsequent excretion mainly through urine.

This thesis provides a greater understanding of the interactions of selected gut microbes
and heavy metal(loid)s in relation to metal(loid) toxicity to gut microbes, and gastrointestinal
bioaccessibility and bioavailability of heavy metal(loid)s as impacted by gut microbes and
chelating agents. In this work, gastrointestinal bioaccessibility is defined as the amount of
metal(loid)s that become solubilized in the gastric and intestinal system, and bioavailability as
the amount of metal(loid)s that passes through the intestinal epithelial cells, thereby reaching
the blood circulation (Naidu et al., 2008).

The overall objective of the thesis is to examine the interactions between gut microbes
and heavy metal(loid)s in relation to metal(loid) toxicity to gut microbes, and bioaccessibility
and bioavailability of metal(loid)s. The specific objectives of the study include: (i) to
demonstrate the effect of arsenic (As), cadmium (Cd), lead (Pb) and mercury (Hg) on the
growth of selected gut microbes; (ii) to examine the effect of selected gut microbes on the
bioaccessibility of these heavy metal(loid)s; (iii) to examine the effect of selected chelating
therapeutic agents on the bioaccessibility of heavy metal(loid)s; and (iv) to examine the effect

of gut microbes and chelating therapeutic agents on the bioavailability of heavy metal(loid)s.

Chapter 1 (/Introduction) gives an overall outline of gut microbiome, environmental
contaminants, the effect of heavy metal(loid)s on gut microbes, and bioaccessibility and
bioavailability of heavy metal(loid)s as impacted by gut microbes. Chapter 2 (Literature review)
covers the role of gut microbes in human health and the effects of environmental contaminants

on gut microbes.
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Chapter 3 (Heavy metal(loid) toxicity to gut microbe) demonstrates the relationship between
increasing concentration of selected heavy metal(loid)s and growth of gut microbes. The
toxicity of four heavy metal(loid)s including As, Cd, Hg and Pb to three gut bacteria
(Lactobacillus rhamnosus, Lactobacillus acidophilus and Escherichia coli) was examined.
While the toxicity of all the cationic metal(loid)s (Cd, Pb and Hg) to gut bacteria decreased with
pH, the anionic As species exhibited an opposite effect. The order of toxicity was
Hg>Cd>Pb>As(lll)>As(V) for E. coli; and Hg>Cd>As(ll1)>Pb>As(V) for the two Lactobacillus
sp. Arsenite (Aslll) is more toxic than arsenate (AsV) to gut bacteria. The toxicity of these

metal(loid)s to the bacteria depends on their speciation and bioavailability.

Chapter 4 (Bioaccessibility of heavy metal(loid)s) investigated the gastrointestinal
bioaccessibility of heavy metal(loid)s in selected orally ingested sources. The bioaccessibility
of As (rice grain), Cd (offal pet food), Hg (fish feed) and Pb (complementary medicines) was
examined by measuring gastrointestinal bioaccessibility test. The gastric bioaccessibility of As,
Cd, Pb and Hg was less than that of intestinal bioaccessibility of these metals. Majority of the
metal(loid)s extracted in gastric and intestinal extracts was present as metal(loid) complexes.
The distribution of metal(loid)s in the gastric and intestinal extracts will have implications on

their bioavailability.

Chapter 5 (Bioaccessibility of heavy metal(loid)s as impacted by gut microbes) describes the
influence of gut microbes on the bioaccessibility of heavy metal(loid)s. The bioaccessibility of
As, Cd, Pb and Hg as impacted by three gut bacteria (L. rhamnosus, L. acidophilus and E.
coli) was examined by measuring gastrointestinal bioaccessibility. This study demonstrated
that gut microbes decreased bioaccessibility of metal(loid)s, which is likely to impact their
bioavailability. The effect of gut microbes on bioaccessibility may be attributed to
bioimmobilization of metal(loid)s through adsorption, precipitation, and complexation

reactions.

Chapter 6 (Gut microbes on bioaccessibility of heavy metal(loid)s as impacted by chelating
agents) describes the impact of gut bacteria on chelate-induced bioaccessibility of heavy
metal(loid)s. Firstly, the effect of three chelating agents (EDTA, DMSA and DMPS) on the
solubility and bioaccessibility of As, Cd, Hg and Pb sources was examined. The results

indicated that all the three chelating agents increased both gastric and intestinal
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bioaccessibility of As, Cd, Hg and Pb. The increase in chelate-induced bioaccessibility of heavy
metal(loid)s is attributed to the complexation of metal(loid)s by the chelating agents. Secondly,
the effect of two gut microbes (E. coli and L. acidophilus) on the bioaccessibility of As, Cd, Hg
and Pb sources as impacted by two chelating agents (EDTA and DMPS) was examined. The
results indicated that, in the presence of both gut microbes and chelating agents, there was a
net increase in the bioaccessibility of heavy metal(loid)s indicating that chelate-mediated

complexed metal(loid) species are not readily adsorbed by gut bacteria.

Chapter 7 (Bioavailability of heavy metal(loid)s as measured by permeability test) compares
the bioavailability of heavy metal(loid)s as measured by intestinal permeability. The intestinal
permeability of As, Cd, Hg and Pb in the gastric and intestinal extracts as impacted by gut
microbes (E. coli and L. rhamnosus) and chelating agents (EDTA and DMPS) was measured
using Caco-2 test. The results demonstrated that the Pa,p (apparent permeability coefficient
value), which measures the velocity with which a solute crosses the cell monolayer, was lower
in the presence of chelating agents indicating low intestinal absorption. Similarly, the Pap, value
was markedly reduced in the presence of gut bacteria for all the metal(loid)s indicating low
intestinal absorption in the presence of gut bacteria. The results may be attributed to a direct
protection of the intestinal barrier against the metal(loid)s or indirect intestinal metal(loid)

sequestration by the gut bacteria.

Chapter 8 (Summary and conclusions) provides overall research conclusions and a summary
of the major research findings. This chapter proposes possible future directions in research.
This study demonstrated the toxicity of heavy metal(loid)s on the gut bacteria and also the
effect of gut bacteria on the bioaccessibility and bioavailability of these heavy metal(loid)s. It is
important to point out that the human gut hosts a large number of microbial species including
bacteria, fungi, and archaea. In this study, the effect of only selected bacterial species on
bioaccessibility and bioavailability of heavy metal(loid)s was examined. Future studies should
focus on the effect of composite gut microbial consortia on bioaccessibility and subsequent

bioavailability of toxic metal(loid)s.
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Chapter 1

GENERAL INTRODUCTION

1.1 Gut microbiome and human health

Understanding human associated microorganisms is an emerging area of research as recent
studies have shown the influence of microorganisms towards improved health outcomes and
overall homeostasis (the body’s usual healthy equilibrium) in humans. Microorganisms that live
both inside and outside the human system play vital roles in health via the functioning of
physiology, metabolic activities and immune system. Among the various microbial ecosystems,
gut microbiota or the microorganisms present in the digestive tract outnumber the entire
microbial population present in human system. Hence, the human gut microbiota is considered
a ‘hidden organ’. It is an amalgamation of up to 1000 individual bacterial species that occupy
the human digestive tract (Li et al., 2012; Pflughoeft and Versalovic, 2012; Weinstock, 2012).
Fungi, protozoa and archaea are found in lesser numbers and constitute the rest of the gut
microbiota. In general, a single human being is comprised of approximately 3.0x10"® human
cells. This is matched by our estimated count of 3.8x10" microbial cells that cohabitate
humans, resulting in a ratio of almost 1:1 human to microbial cells (Sender et al., 2016a,b).
There are around 8 million unique protein coding genes of the gut microbiota and their
metabolites that are crucial for normal human homeostasis and survival (Strachan and Read,
1999). The microorganisms, the gene reserve, the genes coding for proteins and the
metabolites in the ‘human ecosystem’ are collectively termed as “microbiome.”

Specific microorganisms in the human gut provide benefits to the host such as
fermenting unused energy substrates, training the immune system, preventing growth of
harmful, pathogenic bacteria, regulating the development of the gut, and producing vitamins
for the host (such as biotin and vitamin K) (Fujimura et al., 2010; Panda et al., 2014; D’Argenio
and Salvatore, 2015). Gut microbiota are involved in metabolic, protective and trophic functions
in the human host. In terms of metabolic functions, they aid in the digestion and utilization of
energy. Protective functions include the development of immunity against harmful organisms.

In relation to trophic functions, they promote cellular growth, differentiation, and survival.



1.2 Gut microbiome and environmental contaminant

interactions

The intake of environmental contaminants including heavy metal(loid)s and organic
compounds can occur through food, air, water and some traditional medicines (Naidu et al.,
2008; Bolan et al., 2017a). The gut microbes not only can be affected by environmental
contaminants but they themselves can alter the speciation and bioavailability of these
contaminants (Breton et al., 2013a). These interactions can have both positive and negative
consequences for the host. Gut microbes can impact the way toxic compounds react with the
human host. Experiments conducted using the Simulator of the Human Intestinal Microbial
Ecosystem (SHIME), a system that mimics digestive processes in the gut showed that
microbes can impact the bioavailability of toxic compounds. For example, Van de Wiele et al.
(2010) showed that gut microbes change the bioavailability of arsenic (As) to increase its
toxicity profile. It was found that the gut microbes could contribute to the transformation of
arsenate (AsV) to arsenite (Aslll), which is more toxic than its predecessor. The gut microbes
could add a methyl group (CHs) actively methylating 1-10% of the As(V) to produce
monomethyl arsenate and monomethyl arsenite. Monomethyl arsenate is less toxic than As(V).
Therefore, while certain gut microbes can increase the risks associated with human exposure
to environmental contaminants, it is evident that certain gut microbes can help to detoxify some
of these environmental compounds. The effect of metal(loid)s on microbiome composition is

impacted by both the nature and level of metal(loid) exposure.

1.3 Gut microbiome dysbiosis

The concept of ‘gut microbiome dysbiosis’ is known as the imbalance between the putative
species of “protective” bacteria versus the “harmful” intestinal bacterial species. The term
‘dysbiosis’ was originally coined by Metchnikoff (1907) to describe altered pathogenic bacteria
in the gut. Gut dysbiosis has been defined by others as “qualitative and quantitative changes
in the intestinal flora, their metabolic activity and their local distribution” (Carding et al., 2015;
Claus et al., 2016). Diet and environment factors are considered as the main factors for the
dysbiosis of human gut microbiome. Other possible causes for the human gut microbiome
dysbiosis include physiological and physical stress, certain medications, and the exposure of

gut to environmental pollutants including heavy metal(loid)s and toxic substances.



Not only are intra-intestinal illnesses such as ulcerative colitis and Crohn’s disease
associated with changes in the microbiome, variations in the microbiome have also been
associated with extra intestinal conditions such as diabetes mellitus, heart disease and
neurological conditions such as autism and Alzheimer’s disease. Therefore, it is increasingly
understood that the gut microbiome plays an important role in intestinal homeostasis, and
when the balance is tipped away from the ‘healthy microbiome’ there can be a negative
outcome on human health (Clemente et al., 2012). Re-constructing the gut microbiome by
means of probiotic intake and faecal microbial transfer (Bolan et al., 2016a) are being practiced

but the long-term effects of such practices are little known.

1.4 Treatment of heavy metal(loid) toxicity in human

Metal(loid)s are an integral part of many structural and functional components in the body, and
play a critical role in physiological and pathological processes (Jaishankar et al., 2014). There
have been increasing research interests in the fields of metallotoxicology and
metallopharmacology, which cover therapeutic strategies, based on alteration of the
metal(loid) concentrations and bioavailability in specific body organs. Metallopharmacology
deals with the application of metal(loid)s to restore the normal healthy physiology of the body
using various approaches including the direct administration of essential metal(loid)s,
removing excess or toxic metal(loid)s through chelation, using metal(loid)s as carriers for
targeted drug delivery, and tagging biomolecules with metal(loid)s for diagnostics (Flora and
Pachauri, 2010). Metal(loid) toxicity may occur due to the excess uptake of essential
metal(loid)s or exposure to toxic heavy metal(loid)s from various sources. Most metal(loid)s
form covalent bonds with carbon in biota, resulting in metal(loid)-organic compounds (Egorova
and Ananikov, 2017). While essential metal(loid)s are involved in various metabolic functions,
excess of essential metal(loid)s and toxic heavy metal(loid)s interfere with various functions of
organ systems like the central nervous system, the haematopoietic system, liver, kidneys, efc.
Diagnostic testing for the presence of heavy metal(loid)s, and subsequently decreasing the
body’s burden of these substances, should be an integral part of the overall treatment regimen
for individuals with a metal(loid) poisoning symptomatology or a known exposure to these
substances (Jaishankar et al., 2014).

Chelation therapy is an important tool for modifying metal(loid) concentrations in the body
(Flora et al., 2007; Ferrero, 2016). Chelating agents are organic or inorganic compounds

capable of binding metal(loid) ions to form complex ring-like structure called ‘chelates’ (Sears,
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2013). Chelating agents can affect metal(loid) toxicity by mobilizing the toxic metal(loid) mainly
into urine. A chelating agent forming a stable complex with a toxic metal(loid) may shield
biological targets from the metal(loid) ion, thereby reducing the local toxicity (Aaseth et al.,
2015). Some of the essential characteristics of chelating compounds in relation to treatment of
metal(loid) toxicity include (Williams and Halstead, 1982; Sear, 2013): (1) ready transport
across physiological barriers into compartments where a toxic metal(loid) ion is concentrated;
(2) form a stable complex with the metal(loid) after separating it from the biological chelating
agents; and (3) form a chelation complex whose properties render it non-toxic and facilitate its
excretion both from the site of deposition and body.

This thesis provides a greater understanding of the interactions of certain gut microbes
and the major toxic heavy metal(loid)s in relation to metal(loid) toxicity to gut microbes, and
bioaccessibility and bioavailability of heavy metal(loid)s by carrying out the following

experiments:

(i) Metal(loid) toxicity experiment: demonstrates the threshold values of various heavy
metal(loid)s by investigating gut microbial growth. This experiment also demonstrates the
relationship between metal(loid) concentration and gut microbial growth.

(i) Bioaccessibility of heavy metal(loid)s: provides an understanding of the effect of gut
microbes on the bioaccessibility of heavy metal(loid)s as measured by in vitro
gastrointestinal bioaccessibility tests.

(iii) Bioaccessibility as impacted by chelating agents: provides an understanding of the effect
of chelating agents on gut microbe-induced bioaccessibility of heavy metal(loid)s as
measured by in vitro gastrointestinal bioaccessibility tests.

(iv) Bioavailability of heavy metal(loid)s: compares bioavailability of heavy metal(loid)s as

impacted by gut microbes and chelating agents using Caco-2 permeability assay tests.

1.5 Thesis objectives

The overall objective of the thesis is to examine the interactions between gut microbiome and
heavy metal(loid)s in relation to metal(loid) toxicity to gut microbes and bioaccessibility of
metal(loid)s. The specific objectives of the study include:

i) To demonstrate the effect of arsenic (As), cadmium (Cd), lead (Pb) and mercury (Hg) on

the growth of selected gut microbes.



To examine the effect of selected gut microbes on the bioaccessibility of these heavy
metal(loid)s.
To examine the effect of chelating therapeutic agents on bioaccessibility of heavy
metal(loid).
To examine the effect of gut microbes and chelating therapeutic agents on the

bioavailability of heavy metal(loid)s.

1.6 Thesis hypothesis

A number of hypotheses relating to metal(loid) toxicity to gut bacteria, and the bioaccessibility

and bioavailability of metal(loid)s as impacted by gut bacteria and chelating agents will be

tested in the study. The major hypotheses include:

(i)

(ii)

(iif)

(iv)

(v)

The metal(loid) toxicity to gut bacteria is dependent of metal(loid) species and pH
conditions of the growing media

Bioaccessibility of metal(loid)s varies between gastric and intestinal extractions, and
depends on the nature of metal(loid)s and its sources.

Gut bacteria modulate bioaccessibility of metal(loid)s through their interactions with
metal(loid)s via adsorption and speciation processes.

Chelating agents influences bioaccessibility of metal(loid)s through their effects on the
solubilisation of metal(loid) sources and subsequent interactions with metal(loid)s, and the
effect depends on the nature of chelating agents and metal(loid)s sources.

Bioavailability of heavy metal(loid)s as measured by intestinal permeability is impacted by
metal(loid) binding with compounds or gut microbes that reduce their solubility (i.e.,

bioaccessibility) or their passage through the epithelium.

1.7 Thesis structure

An overview of thesis chapters is given in Figure 1.1.

Chapter 1 Introduction: gives an overall outline of gut microbiome, environmental

contaminants, the effect of heavy metal(loid)s on gut microbiome, and bioaccessibility of heavy

metal(loid)s as impacted by gut microbiome. This chapter also lists the research objectives

and how the thesis is structured.



Chapter 2 Literature review: describes the literature review covering the role of gut microbes
in human health, processes relating to gut microbe dysbiosis, effects of environmental

contaminants on gut microbes, and treatment of heavy metal(loid) toxicity.

Introduction

¢ Gut microbes and human health.

¢ Treatment of heavy metal(loid) toxicity in humans

e The main objectives of research experiments in this thesis

Review of Literature

Microbiome (definition, number, diversity, functions)
Microbiome dysbiosis and human health

Source of contaminants

Environmental contaminants and gut microbiome interactions
Enhancing gut microbiome homeostasis

Summary and conclusions

Heavy metal(loid) toxicity to gut bacteria

o Bacterial growth study:

o Bacterial toxicity study: 4 metal(loid) sources

e Speciation of metal(loid)s: 4 metal(loid) sources, 3 gut bacterial species,
metal(loid) speciation in gastric and intestinal extracts

Bioaccessibility of orally ingested heavy metal(loid) sources
Bioaccessibility of metal(loid)s: 4 metal(loid) sources, gastric and intestinal
bioaccessibility tests

e Speciation of metal(loid)s: 4 metal(loid) sources, metal(loid) speciation in gastric
and intestinal extracts

Bioaccessibility of orally ingested heavy metal(loid) sources as impacted
by gut bacteria

o Bioaccessibility of metal(loid)s: 4 metal(loid) sources, 3 gut bacteria, gastric and
intestinal bioaccessibility tests

e Speciation of metal(loid)s: 4 metal(loid) sources, metal(loid) speciation in gastric
and intestinal extracts

o Adsorption of metal(loid)s: 4 metal(loid) sources, 3 gut bacteria,
Bioaccessibility of orally ingested heavy metal(loid) sources as impacted
by gut bacteria and chelating agents.

e Effect of chelates on gut bacteria: 3 gut bacteria species, 3 chelating agents,
bacterial growth

¢ Bioaccessibility of metal(loid)s: 4 metal(loid) sources, 2 gut bacteria species, 2
chelating agents, gastric and intestinal bioaccessibility tests

e Speciation of metal(loid)s: 4 metal(loid) sources, 2 gut bacteria species, 2
chelating agents, metal(loid) speciation in gastric and intestinal extracts
Bioavailability of orally ingested heavy metal(loid) sources as measured by
intestinal permeability tests.

Bioavailability of metal(loid)s: 4 metal(loid) sources, 2 gut bacteria species, 2 [_ ] i@

chelating agents, intestinal permeability test

Speciation of metal(loid)s: 4 metal(loid) sources, 2 gut bacteria species; 2

chelating agents, metal(loid) speciation in gastric and intestinal extracts
Summary, conclusions and future research needs

e Summary of the research findings.

¢ Main conclusions and future research needs.

Chapter 7
[ ] [ ]

Figure 1.1 An overview of thesis chapters



Chapter 3 Heavy metal(loid) toxicity to gut microbe: demonstrates the relationship between
concentration of selected heavy metal(loid)s and growth of gut microbes.

Chapter 4 Bioaccessibility of heavy metal(loid)s: evaluates the gastrointestinal bioaccessibility
heavy metal(loid)s in selected sources including rice grain (As), fish meal (Hg), complementary
medicine (Pb), and pet food (Cd).

Chapter 5 Bioaccessibility of heavy metal(loid)s as impacted by gut microbes: evaluates the
influence of gut microbes on the gastrointestinal bioaccessibility heavy metal(loid)s in selected
sources including rice grain (As), fish meal (Hg), complementary medicine (Pb), and pet food
(Cd).

Chapter 6 Chelating agents on bioaccessibility of heavy metal(loid) as impacted by selected
gut microbes: evaluates the impact of chelating agents on gut microbe-induced gastrointestinal
bioaccessibility of heavy metal(loid)s in selected sources including rice grain (As), fish meal
(Hg), complementary medicine (Pb), and pet food (Cd).

Chapter 7 Bioavailability of heavy metal(loid)s as measured by permeability test: compares
the bioavailability of heavy metal(loid)s as impacted by gut microbes and chelating agents
using Caco-2 permeability assay tests.

Chapter 8 Summary and conclusions: provides overall research conclusions and a summary
of the major research findings. This chapter suggests possible future directions in research
which can provide in-depth knowledge in the field of gut microbes and heavy metal(loid)
interactions.

Since each research chapter (Chapter 3 — 7) has been written as a separate and independent
future publication, there will be some repetition of Materials and Methods, and Results and

Discussion sections in these chapters.



Chapter 2

LITERATURE REVIEW

2.1 Introduction

Microorganisms (bacteria, fungi and archaea) form a complex symbiotic relationship with
humans to facilitate functions that improve the life of the human host (Hooper et al., 2002;
HMPC, 2012; DeWeerdt, 2015). These microorganisms are found in specific sites in humans
providing various roles for optimum functioning (Costello et al., 2009; HMPC, 2012; Blekhman
et al., 2015). The specific sites include: skin, teeth and gum, saliva and oral mucosa,
conjunctiva, vagina and gastrointestinal track (Ursell et al., 2012; Young, 2012; Hattori and
Prakash, 2015).

In general, a single human being is comprised of approximately 3x10'2 cells (30 trillion)
(Senders et al., 2016a,b) which is higher than the earlier estimate of around 10 trillion cells
(Strachan and Read, 1999; Hafen and Stocker, 2003; Goodsell, 2009; Bianconi et al., 2013).
These human cells are almost matched by approximately 3.8x10'® microbial cells (38 trillion)
that cohabitate humans, leading to a ratio of approximately 1:1 human to microbial cells
(Senders et al., 2016a,b). These approximately 38 trillion microorganisms in and on the human
body, the majority of which reside in the gastrointestinal tract play a key role in human
functioning, metabolism, physiology, nutrition, immune function and gut homeostasis. Hence
the gut microbiome is considered to be a hidden metabolic ‘organ’ (Hooper et al., 2002).

Until recent improvements in DNA sequencing, there had been little knowledge about
the diversity of the human microbiota and the functions they play in human systems (Qin et al.,
2010). High throughput DNA sequencing studies, for example the American Gut study
(http://americangut.org/) and the Human Microbiome study (http://hmpdacc.org/), have

improved our understanding of the morphology and functions of the bacteria that make up our
own indigenous microbiota (Gray et al., 2015).

The human gut microbiota are a composite structure of up to 1000 distinct bacterial
species that reside in the human digestive tract (Li et al., 2012; Pflughoeft and Versalovic,
2012; Weinstock, 2012). Fungi, protozoa and archaea are found in lesser numbers and

constitute the rest of the gut microbiota (Jandhyala et al., 2012). The normal gastrointestinal
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microbiota aid and facilitate a multitude of functions within the gut and in exogenous sites, they
aid in digestion; synthesis and modification of vitamin K and vitamin B12; synthesis of serotonin;
they out compete pathogen species for nutrients and binding sites, stimulate normal tissue,
train the immune system and help in the synthesis of some antibiotics (HMPC, 2012; Pflughoeft
and Versalovic, 2012).

A variety of internal and external factors can impact and alter gut microbiota including
age, gender, diet, antibiotic treatment, infection, exposure to smoking, and exposure to
environmental contaminants such as heavy metal(loid)s (Walter and Ley, 2011; Borer et al.,
2013; Faith et al., 2013). Humans can affect the distribution and abundance of gut microbes
through many channels such as changes in diet, exposure to antibiotics and use of probiotics.
Large fluctuations in gut microbiota appear in the first year of life; the specific microorganisms
being dependent on similar factors to changes in the adult gut microbiome, but it is also
affected by family size, nutrition and water quality (Palmer et al., 2007; Turroni et al., 2012).

More recently, studies have shown that environmental factors may play a role in shaping
the gut microbiota, such as exposure to pollution, water quality and environmental
contaminants such as heavy metal(loid)s (Nicholson et al., 2012). For example, heavy
metal(loid) exposure has been shown to have a direct impact on the diversity of gut microbiota
of mice (Breton et al., 2013b). Until recently there has been very little knowledge on the
functions of the gut microbiota and their interactions with environmental contaminants including
heavy metal(loid)s (Dave et al., 2012; Holtcamp, 2012; Monachese et al., 2012; Lu et al., 2014;
Potera, 2014a and b; Ninkov et al., 2015). The interaction between environmental factors such
as heavy metal(loid)s and the gut microbiota provides an interesting and dynamic approach
into examining the influence of environmental factors on human health (Dave et al., 2012).

In the following section, a review of current literature will establish an introduction to the
makeup of the gut microbiota, their functions and the factors affecting them. Then it will discuss
the interaction between gut microbes and the environment with a focus on heavy metal(loid)

interaction.

2.2 Definition of the gut microbiota

The word ‘Microbiome’ refers to the entire collection of microorganisms, their complete genetic
makeup (genomes), and the interactions of these in a specifically defined environment (Ursell
et al., 2012). For example, the microorganisms found in the human digestive tract are often
collectively referred to as the ‘gut microbiome’ (HMPC, 2012; Ursell et al., 2012)). The
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environment in this case is the human digestive tract, which includes the upper gastrointestinal
tract (oral cavity, oesophagus, stomach and small intestine up to the ileum) and lower digestive

tract (cecum to anus) (Figure 2.1).

Liver
Galll:lad.'lel:____

Commaon
bile duct

Figure 2.1 Human digestive system and gastrointestinal tract

Microorganisms are microscopic single or multicellular organisms that include bacteria,
fungi, archaea and protozoa. These microorganisms can form mutualistic, commensal,
parasitic or pathogenic relationships in human systems (Ghosh, 2013). The interaction
between humans and microbes takes on four different modalities; namely Mutualism,
Commensalism, Parasitism and Pathogenicity (Bradford and Schwab, 2012). Mutualism is the
most common form of interaction between humans and microbes. For example, the intestinal
environment providing nutrition to the microbiota from the food that host consumes and the
microbes providing services to the host. Certain E. coli strains produce vitamin K as a vital
element of haemostasis. Commensal organisms make up part of the microbiome, with some
of the smaller microbial species providing no currently known benefit or harm to humans,
although it could be argued these species provide mutualism by outcompeting pathogen
microbial species. Parasitic microbial species that benefit at the hosts expense can exist in the
gut microbial population. These parasites are usually ectoparasites and include protozoan
species such as cryptosporidium, Entamoeba histolytica and Giardia duodenalis. Pathogenic

gut microbes include opportunistic pathogens, for example, many intestinal microbial species
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produce local and systemic infection when there is a breach in the gut wall immune systems
(Rescigno et al., 2001; Meyer-Hoffert et al., 2008; Hooper and Macpherson, 2010).

The gut microbiota includes all the microorganisms that reside in the gastrointestinal
tract, encompassing the anatomical structures between the mouth and anus and all the other
related organs associated with digestion of food for normal human homeostasis (O'Hara and
Shanahan, 2006; Furusawa et al., 2013). When discussing the gut microbiota, oral microbes
residing in teeth and gum are generally not included (Ursell et al.,, 2012). Although fungi,
archaea and protozoa are found in the human gastrointestinal tract, bacteria predominate and
are the most common organism referred to when discussing gut microbiota (Cénit et al., 2014).
A major proportion of gut microbiota is considered mutualistic organisms with humans (Qin et
al., 2010; Ursell et al., 2012).

2.3 Acquisition of the human gut microbiota

Recent developments with the ability to sequence bacterial species with molecular techniques
have increased our understanding of the acquisition and transitional relationship of gut
microbes in utero, in the neonate and in the infant gut (Madan et al., 2012). The microbial

species acquired early in life most likely alters adult biology (Rodriguez et al., 2015).

2.3.1 In utero transfer

Until recently, in utero bacterial ecology was thought to be non-existent, with the first baby-
bacterial interaction being via the mechanism for delivery (Jiménez et al., 2005; Perez-Muioz
et al., 2017; Walker et al., 2017). Intrauterine microbial studies were conducted only in the
case of suspected intrauterine infection (Jiménez et al., 2005; Bright and Bulgheresi, 2010;
Funkhouser and Bordenstein, 2013), and there was a correlation between preterm (premature)
deliveries and intrauterine bacterial infections. This had led earlier researches to conclude that
the presence of intrauterine microbiota was only pathogenic (Goldenberg et al., 2008; Perez-
Mufoz et al., 2017).

The placental microbiome has recently been described as a unique community of
microorganisms. For example, Aagaard et al. (2014) in their study of 320 subjects found that
the placental microbiome composed of low abundance of nonpathogenic commensal bacteria
from the Firmicutes, Tenericutes, Proteobacteria, Bacteroidetes and Fusobacteria phyla.
When compared to other human microbial profiles, they found the placental profile most

resembled the non-pregnant human microbiome profile.
11



Recent studies have shown that maternal gut microbiota can be transferred to fetuses in
utero. For example, Jiménez et al. (2005) and Jiménez et al. (2008) showed that orally
administered and genetically tagged Enterococcus faecium could be found in the maternal
amniotic fluid and meconium of mice born by sterile cesarean (C) section. They also showed
that blood samples taken from the umbilical cords of healthy neonates born via C-section
contained bacterial species. They identified Enterococcus faecium, Propionibacterium acnes,
Staphylococcus epidermidis, and Streptococcus sanguinis species. Postulating that the oral
bacteria could enter the uterine environment through the blood stream, these studies and
others have overturned the dogma of the sterile fetal environment. These studies show that
the fetus may not occupy a sterile environment and that an intrauterine microbial environment
may be the first exposure pathway for intestinal microbes.

Microbiome analysis in humans have identified bacterial species in infant meconium
(Ardissone et al., 2014) and bacterial DNA sequences in cord blood (Jiménez et al., 2005).
Meconium is a dark, viscus material that is normally present in the neonatal intestine at birth
and passed as the first faeces after birth. Meconium microbiome in mice studies have shown
that exposure to bacteria occurs in utero (Jiménez et al., 2008), confirming the non-sterile
conditions of in utero. For example, Hu et al. (2013a) examined the microbial diversity of
meconium samples from 23 newborns and noticed that they were not sterile and found to
contain a diversity of microbiota. Furthermore, they found that maternal diabetes mellitus
status effected the overall bacterial content. The diabetes mellitus groups in the study had
greater Bacteroidetes (phyla) and Parabacteriodes (genus) in meconium samples than
samples of infant meconium from non-diabetic mothers. This shows the significance of the
transfer of prenatal microbial status to neonates.

Bacterial species have been detected in increased numbers in the meconium of
premature infants. For example, Ardissone et al. (2014) found increased evidence of bacterial
inter-uterine colonization was correlated with premature birth and lead to the hypothesis that
the fetal intestinal microbiome that may be involved in the inflammatory response leading to
premature birth is derived from swallowed amniotic fluid (Martinez et al., 2018). Foetal
intestinal microbiome derived from amniotic fluid ingested in utero could be implicated in the
inflammatory process that leads to premature birth (Gardella et al., 2004). Therefore, in utero
acquisition of non-pathogenic microbes during gestation is important for healthy childbirth
(Perez-Mufioz et al., 2017).

2.3.2 Neonatal acquisition of microbes
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Following birth, the infant starts developing its own microbiome with the journey towards
microbial equilibrium, with an adult-like microbial profile developing by the first 3-5 years of life
(Rodriguez et al., 2015). At the time of birth the baby is exposed to a ‘seed’ ecology of microbes
that depends on the mechanism of birth. The majority of the initial neonatal microbial gut
colonisers are introduced via the mode of delivery (Azad et al., 2013b).

Infants that are born via vaginal delivery have a different gut microbiota spectrum
compared to infants born via C-section. For example, newborns delivered via C-section have
gut microbiota more similar to the microbial profile of maternal skin, whereas babies born by
natural vaginal delivery have gut microbial species more similar to the maternal vaginal and
faecal microbiota profile (Salminen et al., 2004; Dominguez-Bello et al., 2010; Dogra et al.,
2015). The mode (C-section versus vaginal delivery) and location of delivery is a determining
factor towards the configuration of the infant gut microbiota, along with type of infant feeding,
gestational age, infant hospitalisation and antibiotic use. In one study of 1032 Dutch infants,
Penders et al. (2006) noticed that infants born via C-section had different microbial gut species
at 3-6 weeks compared vaginally born infants. Comparing hospital C-section deliveries to
vaginal home deliveries, they found hospital C-section births resulted in lower gut colonisation
rates of bifidobacteria and Bacteroides, whereas C difficile prevalence was higher. van
Nimwegen et al. (2011) compared gastrointestinal microbiota composition of babies delivered
at various locations (home vs hospital), and noticed that C-section-delivered hospital born
children had higher rates of C difficile colonisation than other birth type and location groups.
Furthermore, C difficile colonisation of gastrointestinal tract of babies was associated with an
increased risk of further atopic complications, including asthma at 6-7 years of age.

Likewise, vaginally born infants generally have a rapid in-flux of Proteobacteria and a
higher proportion of Bifidobacteria, particularly Bifidobacter catenulatum and Bifidobacter
longum than C-section birth infants (Biasucci et al., 2010). Another study which examined the
infant gut microbiome at four months of age of 24 term infants showed that infants born via C-
section delivery had lower bacterial diversity and were under-represented in Escherichia,
Shigella and Bacteroides species and species under the phylum Bacteroides than vaginally
born infants (Azad et al., 2013b).

The infant gut continues to be influenced by the mechanisms of delivery well after the
neonatal stages. Jakobsson et al. (2014) found in a study of 24 infants that C-section births
were associated with a total lower gut microbial diversity during the first 2 years of life

compared with vaginally born infants. This study also showed that C-section birthed infants’
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intestines were less often colonised with Bacteroidetes phylum and had less abundance and
diversity of this phylum.

During the first few weeks of life, the microbial gut community develops and shifts rapidly,
being moulded mostly by babies’ dietary exposure to breast milk (Wold and Adlerberth, 2000;
Biagi et al., 2017; Murphy et al., 2017; Timmerman et al., 2017; Toscano et al., 2017). Not as
dramatic but these shifts in normal microbial flora are seen across a human’s lifespan,
throughout childhood and into adult life and into old age with the microbial community of
retirees shown to be different from those of midlife and early adults (Biagi et al., 2010). This
dynamic developmental route that the microbiome takes throughout life likely has a great
influence over the human host (Rodriguez et al., 2015).

Dietary changes are the main drivers preceding shifts in microbial gut populations after
initial colonization, with initial feeding patterns (i.e. breast or formula milk) having persistent
effects. Backhed et al. (2015) found that during the first year of life, the infant gut microbiome
is shaped by mode of delivery and feeding. The maijor driving factor for the development of the
infant gut microbiota was found to be nutrition with the cessation of breast-feeding causing the
rapid maturation of gut microbiota to resemble adult profiles.

Penders' et al. (2006) study of 1032 Dutch infants found that the key determinants of the
gut microbiota configuration in infants were the mode of delivery, infant feeding, gestational
age, infant hospitalisation and antibiotic use. They found that infants who were born at
gestational term via vaginal delivery at home and were exclusively breastfed, developed the
most optimum gut microbiota at 1 month of age, with highest numbers of bifidobacteria and

lowest numbers of C. difficile and E. coli.

2.3.3 Microbes acquired at infant stage

Anaerobes are well represented members of the gut microbiota within several days of birth.
The major shifts in the gut microbial populations in infants are preceded by dietary changes.
Initial feeding mechanism (breast milk or formula) has persistent effects on the gut microbiota
(Rodriguez et al., 2015). Gram negative bacteria are present at higher concentration than other
groups of microbes in the stools of older children and adults. Convergence to an adult
population of gut microbes does not occur until two years of age coinciding with the introduction
of solid food (Marques et al., 2010) (Table 1).

The in utero environment provided by the maternal body habitus may influence infant
microbial gut content. For example, the body mass index (BMI) of the mother can influence the

communities of infant microbes. Faecal Bacteroides and Staphylococcus concentrations have
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been found to be higher in infants of overweight mothers during the first 6 months (Collado et
al.,, 2010). In this study higher maternal BMIs were related to higher concentrations of
Bacteroides, Clostridium, and Staphylococcus and lower concentrations of the Bifidobacterium
group. Prevalence of Akkermansia muciniphila, Staphylococcus sp., and C. difficile groups
was lower in infants of normal-weight mothers and of mothers with normal weight gains during
pregnancy.

Logistic challenges exist in studying the sequential phases of bacterial colonization in
infants. For example, high frequency stool samples are challenging to obtain from community
based infants, sampling methods and bacterial identification differs between studies. Studies
have related to the early colonisation of commensal gut microbiota with medical pathologies in
later life (Tlaskalova-Hogenova et al., 2011; Collado et al.,, 2012; Romano-Keeler and
Weitkamp, 2015). Sjogren et al. (2009) showed that there was an association with allergies in
children at age 5 to the amount of lactobacilli in their infant stool. Other studies have shown
that C. difficile colonization in the first month of life is related to atopy and asthma at six years
of age (Penders et al., 2006; van Nimwegen et al., 2011). White et al. (2013) found that
Staphylococcus, E. coli and Bacteroides species in stools of Norwegian infants in the initial

months of life were associated with expected childhood body mass index at up to 24 months

of age.
Table 2.1 Acquisition of the human gut microbiota in infants
Countries No. of Samples | Enumeration Reference Conclusions
subjects per technology (16S
(age(s) at subject rRNA sequenced)
sampling)
USA 14 (0-1yr) | 26 Microarray Palmer et al. Colonisation process of the
(2007) gut flora is individual specific;
Gut microbiota converges to
adult-like profile at 1 year of
age
Finlandand | 42(1and6 | 2 gqPCR Collado et al. Infant gut microbes are
Spain months (2010) affected by maternal BMI
old) and BMI gain during
pregnancy
USA 1(0-2.5yr) | 60 454 FLX Koenig et al. Microbial succession
pyrosequencing (2011) associated with diet and
(V1-2) other life events; gut bacteria
start to stabilise at 1 year of
age
Africa, USA 146 (0.3 1 lllumina HiSeq 2000 | Yatsunenko et | Gut microbiome varies by
and yr) (V4) al. (2012) age and geography, but
American becomes adult-like at the
Indians age of 3
Switzerland 7 (4-30d) 3 Sanger (V1-9), Jost et al. Anaerobes are pioneer
culture of 454 (2012) colonisers, and their
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pyrosequencing abundances are similar as

(V4-5) adults in the first week of life.
Sweden 65 (1-8 wk) | 4 Culture Lundell et al. Early gut microbiota
(2012) including E. coli and

Bifidobacteria contribute to B
cell activation and memory
differentiation

USA 12 (<1 yr) 1 lllumina GAlIx (V2) Song et al. Pronounced changes in gut
(2013) microbiome occur in a
protracted timeframe
Canada 24 (4 mo) 1 High throughput Azad et al. Formula-fed infants have
sequencing (V5-7) (2013b) higher richness than breast-

fed infants. C. difficile is
more abundant in formula-
fed babies. Escherichia and
Bacteroides were less
abundant in babies born by
C-section

2.3.4 Stabilisation of infant gut microbes

From the early colonisation stage, the gut microbiota of infants undergo stabilisation and are
transformed into a mature microbial population similar to an adult profile. The gut microbiome
in infants is highly dynamic, and depends on early life changes in the composition of microbes
as affected by environmental changes (Lim et al., 2015). The microbial composition in infants
depends both on the mode of delivery and diet in the first year of establishment. In a
metagenomics study, Backhed et al. (2015) sampled the microbiome at different stages of an
infant gut and found that infant nutrition had a major effect on maturation of the gut microbiome,
where the microbiota composition and ecological network were found to be distinctive at each
stage. However, stabilisation of the gut microbes takes longer than one year of birth. Significant
differences in taxonomic and functional microbiota composition between one year olds and
mothers was detected in a study of 13 infants (Valles et al., 2014). However, succession of
core genera of gut microbes from maternal transfer and positive interactions among core

genera during community assembly contribute to ensure their permanence within the gut.

2.4 Composition and structure of the adult gut microbiota

The gastrointestinal tract (Figure 2.1) is an important organ system that functions to consume
and digest foodstuffs, absorb nutrients, and expel waste. It includes the upper gastrointestinal
tract (mouth, oesophagus, stomach and small intestine to the terminal ileum) and lower

digestive tract (cecum to anus), including the gall bladder, liver and pancreas (Yamada et al.,
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2009). An increasingly important functional part of the gastrointestinal tract is the bacterial
communities that reside in it.

The vast majority of gut microbes are bacteria and reside in the distal intestinal tract in
the large intestine (DeWeerdt, 2015). The microbial communities are distinct between humans,
and the variety and configuration of these microorganisms that make up the gut microbiota is
influenced by the location these microbes reside in the human body (Figure 2.2). For example,
many bacteria carve out specific niches in human systems, indicating that there are distinct
regional areas in the intestines where specific bacteria are more likely to colonize (Wang et
al., 2003). Archea, fungi, Protists and viruses are also resident microbiota in the human

gastrointestinal tract.
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Figure 2.2 Major bacteria present in various organs in human digestive track

Recently, there have been many studies focusing on characterising the residents of the
gut microbial populations in humans (Peterson et al., 2009). This has been facilitated by the
advent of high throughput gene sequencing and increased computer performance to allow for

the sequencing and analysis of large amounts of genetic data (Gray et al., 2015).
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2.4.1 Stomach

The upper gastrointestinal tract includes the stomach, duodenum, jejunum, and upper ileum.
It contains a sparse resident microbiota when compared to the large bowel. Microbial
concentrations of 10* organisms/mL of stomach and intestinal secretions have been reported
(Baron 1996). The stomach environment is generally considered hostile to microorganisms,
thus very few bacteria colonize the stomach when compared to the small and large intestines
(Yang et al., 2013). The pH of the stomach varies from 1.0-2.0 up to 4.0-5.0 depending on
which phase of digestion it is going through. In response to food, the stomach releases
hydrochloric acid which decreases the pH to 1.0-2.0 allowing the best environment for protease
enzymes that are also released by the stomach. After digestion, buffers cause the pH to raise
back to the resting level of 4-5 (Fordtran and Walsh, 1973; Duquette and Wray, 2014).

Organisms in the stomach are mostly thought to be transient and fluctuate. Their
populations are lower (10" to 10° microbes/mLof contents) than the small and large bowel due
to the relatively low pH which selects for small amounts of acid tolerant bacteria (Penders et
al., 2007). Until recently, the only microbial presence that was thought to colonise this
environment was the pathogenic Helicobacter pylori species. H. pylori stomach infection is part
of the gastric microbiota in up to 70% of the population in developing countries and up to 40%
in developed countries (Brown, 2000). Long-term H. pylori infection has been identified to have
a role in the development of peptic ulcer (duodenal or gastric) and gastric cancer in
approximately 15% of people infected (Logan and Walker, 2001).

Minimal commensal bacterial numbers are found in the stomach relative to the large
intestine due to its low pH environment (Ghosh, 2013). Harsh conditions select for acid-tolerant
species of lactobacillus and streptococcus which colonize the walls of the stomach (Bik et al.,
2006). Where previously thought this environment was too hostile of a microbial presence,
recent studies using advanced sequencing techniques have shown the colonisation of
pathogenic and non-pathogenic bacterial species in this area (Thursby and Juge, 2017). The
stomach is exposed to bacteria from the oral cavity and bacteria back tracking from the
duodenum. Bacteria identified in oral cavity are common with more than 65% of the phylotypes
in the stomach. Hence, bacterial species such as Veillonella, Lactobacillus and Clostridium
that are found in gastric juice may be transient species (Nardone and Compare, 2015).

In a study by Bik et al. (2006), endoscopic gastric biopsies samples were taken from 23
subjects and subjected to bacterial PCR and bacterial species characterised via 16S rDNA
(Table 2). They found sequences assigned to the Proteobacteria, Firmicutes, Actinobacteria,

Bacteroidetes, and Fusobacteria phyla. Thus, studies have shown that in healthy subjects,
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there is a ‘core microbiome’ in the stomach. This is dominated by Prevotella, Streptococcus,
Veillonella, Rothia and Haemophilus. When H. pylori infection is present or in cases of gastric
cancer, there can be an associated shift in the microbial colony to changes in the abundance
of Firmicutes phylum and Streptococcus and Prevotella genera (Nardone and Compare,
2015).

2.4.2 Small intestine

The small intestine starts from the gastro-duodenal valve at the juncture of the stomach and
the duodenum and ends at the ileocecal junction. It includes all sections of the small intestine
namely; the duodenum, the jejunum and the ileum. This tightly folded approximately 6m long
tube is the longest portion of the digestive system and is tasked with the digestion of fats,
proteins and carbohydrates in consumed food (Bloom et al., 2011). The nutrients produced
are absorbed through the lining of the small intestine into the bloodstream.

The gastroduodenal junction contains a sharp pH gradient, from the strong acidic
stomach to the circumneutral duodenum. The pH of the duodenum increases from the acidic
stomach pH of 1.0 — 5.0 to approximately pH 6 in the duodenum. This gradient increases
across the small intestine to pH 7.4 in the terminal ileum. This is important in relation to heavy
metal(loid) exposure as aspects of metal(loid) function such as solubility are affected by pH
gradients.

After receiving the partially digested acidic stomach content, duodenal cells produce
bicarbonate to increase the pH and neutralize the contents; release of cholecystokinin helps
in the stimulation of the gall bladder to release bile. Bile consists of bile salts and acids,
bilirubin, cholesterol, fatty acids and lecithin. Large fat molecules are broken down by bile,
which consists of acids, salts, pigments, cholesterol, and phospholipids. Lipase then breaks
them down further into fatty acids which are absorbed across the intestinal wall into the
lymphatic system (Bloom et al., 2011).

Duodenal cells also produce secretin which inhibits the secretion of gastric acid from
parietal cells of the stomach and thereby regulate duodenal pH. Secretin also stimulates the
pancreatic centroacinar cells and intercalated ducts to produce bicarbonate, further

neutralising the pH.

Table 2.2  Sampling and identification methods used for studying stomach microbiota

Study Sampling Number of Identificatio | Major Observations
Method subjects n method Phyla/Genera
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Zilberstein et 1 mL stomach | 20 - 8 male Selective Veillonella The presence of "non-
al. (2007) mucus, 12 Female Culture Lactobacillus pathogenic" anaerobic
jejunum and media Clostridium bacteria indicates the
proximal ileum Corynebacteriu existence of a low
sampled via m oxidation-reduction
radioscopy Bacteroides potential environment,
probe which suggests the
possibility of adoption of
these bacteria as
biological markers of total
digestive tract health.
Bik et al. Single gastric 23 -22 male | 16S rRNA Proteobacteria Gastric bacterial rDNA
(2006) mucosal 1 —female sequences Firmicutes data set was significantly
biopsy clone library | Bacteroides different from sequence
approach Actinobacteria collections of the human
Fusobacteria mouth and oesophagus
described elsewhere,
indicating distinction of
human stomach
ecosystem.
Aviles- Endoscopic 15 total 16s rRNA Firmicutes Gastric microbiota of
Jimenez etal. | biopsy - from subjects Proteobacteria patients with non-atrophic
(2014) antrum and 5-Non- Bacteroidetes gastritis (NAG), intestinal
corpus. (NAG atrophic Actinobacteria metaplasia (IM) and
+ IM) Surgical | gastritis Fusobacteria intestinal-type gastric
tumour cancer (GC)
removal. (GC)
Andersson et Upper 6 subjects- 16S rRNA Firmicutes, Stomach displays diverse
al. (2008) endoscopy - 3- H. pylori sequences Actinobacteria, microbiota when H. pylori
Stomach positive and Bacteroidetes, is absent
biopsies 3 negative Proteobacteria,
Fusobacteria
Li et al. (2009) | Endoscopy - 10 subjects 16S rRNA Firmicutes, Significantly higher
Body and — 5 healthy and urease Bacteroidetes, abundance of the
antrum and 5 antral activity Actinobacteria, Firmicutes phylum and
biopsies gastritis Fusobacteria, the Streptococcus genus
female Proteobacteria within the Firmicutes
subjects phylum was observed in
patients with antral
gastritis, compared with
normal controls
Engstrand and | Endoscopy - 13 healthy Pyrosequenc | Prevotella, They did not differ by
Lindberg Body and subjects ing Streptococcus, comparing antrum versus
(2013) antrum Veillonella, body.
biopsies Rothia,

Limited studies have focused on categorising the microbial ecology of the small intestine.

This is due to the difficultly in access, the proximity to the acidity of the stomach and the low

bacterial population in comparison to the large intestine. The microbial distribution density

across the small intestine is sparse when compared to the large intestine. The duodenal flora

is also minimal (0 to 10° cells/gram of contents). Microbial contents of the ileum is higher (10°

to108cells per gram of contents) with the majority of them being anaerobes (Zoetendal et al.,

2012).
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Proximity to the stomach influences the quantity of microbial species in the small
intestine. The areas of the small intestine in close proximity to the pyloric sphincter have the
least microbial density due to the relative low pH from stomach acidity (Kerchhoffs et al., 2006).
Rapid peristalsis and the presence of bile could also help to explain the lower numbers of
bacteria in the upper gastro intestinal (Gl) tract. The small intestine contains small numbers of
Streptococci, lactobacilli and yeasts species particularly Candida albicans. The majority of the
microbial numbers of the small intestine are found at the terminal ileum, the small intestinal
section that is of closest proximity to the large bowel (von Rosenvinge et al., 2013a). The small
intestinal tract contains an incomplete mucus barrier adapted to exchange with the lumen
contents. Bacterial interaction with the cell wall structures are impeded by epithelial-derived

antimicrobial factors such as defensins and REGIIIg proteins (Moran et al., 2015).

2.4.3 Large bowel

In contrast to the small intestinal microbiota, the large bowel contains a larger number and
diversity of microbes. The largest population of the human microbiome resides in the large
intestines. Concentrations of 10° to 10'? bacterial cells/g of contents are found in the human
colon and faeces (Savage, 1977; Sender et al., 2016a,b). More than 400 different species of
bacteria have been identified in faecal samples. The majority of these microbes (95-99%)
belong to the anaerobic genera Bacteroides, Bifidobacterium, Eubacterium,
Peptostreptococcus and Clostridium (Qin et al., 2010).

The large bowel is an anaerobic environment and the pH is higher than in areas of the
stomach and small intestine. As pH is a selection criteria for microbes, it also influences the
microbial diversity of the large bowel. Numerous studies have been done to ascertain the pH
values across the Gl tract. Evans et al. (1988) found that gastric pH was highly acidic, ranging
from 1.0-2.5 in subjects tested. The proximal small bowel had a mean pH of 6.6, which
increased slowly into the distal small bowel and terminal ileum which averaged pH 7.5. From
ileum to caecum, there was a sharp fall in pH to an average of 6.4. The pH then rises slowly
from the right to the left colon to a final average of 7.0.

In the large bowel, facultative anaerobes such as E. coli are outnumbered by anaerobes
such as Bacteroides, anaerobic Streptococci and Clostridia by 10%. Recent improvement in
genetic sequencing techniques have highlighted the variety of species that are present in the
normal adult gut. There are currently a number of high profile projects sequencing large sample
sizes to create libraries of sequencing data of individuals. These studies include the human

microbiome project, the American gut project, the British and Canadian gut project, and
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International Human Microbiome Consortium (IHMC). The IHMC is coordinating the
microbiome initiatives around the world including those in the EU, China, Japan, Singapore,

Australia and Canada.

2.5 Functions of the gut microbiome

The functions and mechanistic effects of the gut microbiota are an emerging field in human
microbiology, and many of the roles that our microbial partners play in overall human digestion,
regulation and homeostasis, are not well understood (Pflughoeft and Versalovic, 2012).
Emerging research suggests that we are yet to discover all the benefits these co-inhabitants
have on human systems and all the negative outcomes associated with an alteration or
dysbiosis in this system (Gerritsen et al., 2011; Maruya et al., 2013; Galley and Bailey, 2014;
Ha et al., 2014). Since the human microbiome assists human functioning via various critical
roles, any alteration in their structure or function can impact human physiology and function,
and ultimately overall health (HMPC, 2012; Sommer and Backhed, 2013).

Microorganisms perform a host of useful functions, such as fermenting unused energy
substrates, training the immune system, preventing growth of pathogenic bacteria, regulating
the development of the gut, and producing vitamins for the host (such as biotin and vitamin K)
(Fujimura et al., 2010; Panda et al., 2014; D’Argenio and Salvatore 2015). These functions
have been growing in description since the introduction of new molecular DNA sequencing
techniques and it is thought that there are many more functions than currently recognised.

Gut microbiota are considered to have three broad functions in the human host —
metabolic (supporting digestion), protective (supporting host immunity and defenses), and
trophic (involved in cross-talk with the immune system and influencing cell growth and
differentiation) (Montalto et al., 2009; Aziz et al., 2013; Rowland et al., 2018). In terms of
metabolic functions, they aid in the digestion and utilization of energy. Protective functions
include the development of immunity to harmful organisms. In the trophic functions, they

promote cellular growth, differentiation and survival (Aziz et al., 2013).

2.5.1 Metabolic functions

The enteric microbiota have a collective function of metabolic activity that is equivalent to a
virtual organ within the gastrointestinal tract. The gut microbes are essential for the normal
process of digestion to access the molecular energy stored in the food intake (Cummings and
MacFarlane, 1997; Rowland et al., 2018).
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The gut microbiome have an important role in the process of digestion, influencing many
aspects of the process and inhabiting many areas throughout the digestive tract. Gut microbes
are actively involved in nutrient digestion helping in the synthesis of chemical energy such as
adenosine triphosphate (ATP) from potential fuel sources including carbohydrates, fats, and
proteins in diets. Anaerobic bacteria play an important role in the fermentation of dietary fibres
creating short chain fatty acids that are used in metabolism (den Besten et al., 2013).

Gut microbes contain genes that code for proteins that help converting complex
carbohydrates into simpler short chain fatty acids (SCFAs) (Rowland et al.,, 2018). These
account for between 5 and 15 percent of our energy requirements. Other genes help with the
breakdown of cellulose and complex sugars such as pectin which are found in fruit and
vegetables, and without these gut microbial genes we would not be able to adequately utilise
energy from these food sources (Clayton et al., 2009).

Dietary carbohydrates are substrates for fermentation by microbes in the proximal large
intestine. This process converts them into SCFAs i.e. acetate, propionate and butyrate.
Metabolites including lactate, pyruvate, ethanol, succinate as well as gases H», CO2, CHs4, and
H>S are formed in this process (Flint et al., 2012a; Ibrahim and Anishetty, 2012; Chassard and
Lacroix, 2013).

The SCFAs cause the pH of the lumen to decrease which thereby inhibits the growth of
pathogenic species. These SCFAs also favour the absorption of ions (Ca, Mg and Fe) in the
caecum and contribute towards the energy requirements (den Besten et al., 2013; Sun and
O’Riordan, 2013). Butyrate is the major energy substrate for colonocytes (Ahmad et al., 2000;
Bourassa et al., 2016). Propionate is taken up by the liver and acetate is metabolised by
peripheral tissues after entering circulation (Wong et al., 2006; Louis et al., 2014). They
stimulate colonic sodium and fluid absorption, acetate increases colonic blood flow and
improves ileal motility.

Proximally, the colon is a saccharolytic environment (Wong et al., 2006) with the majority
of the gut fermentation of carbohydrates occurring in this region. Carbohydrate abundance
decreases in the distal colon and proteins derived from desquamated epithelium are
increasingly used by bacteria as an energy source (Williams et al., 2017). Consequently,
increased protein fermentation in the distal colon has been linked with disease states including
colon cancer and chronic ulcerative colitis (Zeng et al., 2014; Makki et al., 2018). Hence
increased emphasis towards shifting the gut fermentation towards saccharolytic activity by

increasing dietary non-digestible carbohydrates is favourable (Senghor et al., 2018).
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Starch and fibre poor diets result in a low production of SCFAs in the colon, and may
contribute to the higher rates of colonic disorders in western countries (den Besten et al.,
2013). The fermentation process results in the production of SCFAs, which effect gene
expression and apoptosis signalling pathways in colonocytes, reduces the pH of the colon,
which influences the host mineral absorption ability, and affect the satiety mediating hormones
in the gut (Sun and O’Riordan, 2013).

The symbiotic microbes also help the human host by producing beneficial chemicals,
including anti-inflammatory products, antibacterial molecules, and vitamins such as vitamin K
which are synthesised by gut bacteria and would otherwise be difficult for humans to attain
(O'Hara and Shanahan, 2006). Human systems are unable to intake or synthesise enough
vitamin B or any vitamin K without the gut microbes. Substances formed as a result of bacteria
activity include vitamin K, vitamin B12, thiamin and riboflavin (Shenkin, 2008; LeBlanc et al.,
2011; Patel et al., 2013; de Angelis et al., 2014; Magnusdéttir et al., 2015).

2.5.2 Protective functions

The adaptive immune system is essential in preventing an exaggerated inflammatory response
to the microbiota and their translocation outside the gut associated lymphoid tissue (Hooper et
al., 2012). Two way communication between the bacteria and the immune system with the
production of immunoglobulin A (IgA) in response to the microbiota is an essential control
pathway for this symbiotic relationship (Zimmerman et al., 2012; Belkaid and Hand, 2014; Kim
et al., 2017).

Gut microbiota are actively involved in ‘training’ the immune response and defending
against pathogens (Round and Mazmanian, 2009; Belkaid and Hand, 2014). There is a strong
interaction between microbiome and the host which is influenced by environmental factors
(Kers et al., 2018). Young (2012) proposed three paradigms to model the influence that
environmental factors have on host microbe interactions and the microbiomes response to
these factors. Firstly the microbiome can directly influence the host immune response. Using
the murine model, Young (2012) showed that gut microbes regulate the TH-17 autoimmune
response suggesting that environmental factors that affect the gut microbiota makeup may
compromise the host’s immune response. Secondly, there is evidence that shows microbes
can change a host’s immune response to prevent other microbes from residing in the gut. For
example, Littman and Pamer (2011) showed that some gram negative microbes can use host
signalling mechanisms to cause the production of antimicrobial peptides that work against

gram positive microbes, such as enterococcus bacteria. This suggests that one organism can
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trigger the host to produce something that can interfere with another organisms attempts to
colonize the gut. Thirdly, the microbiome can alter the host’s physiology and hence influence
how xenobiotics are metabolised. For example, research by Nicholson et al (2005) showed
that when gut microbe-free mice acquire microbiota, their expression of cytochrome P450
(CYP; enzymes involved in metabolism of xenobiotics) and nuclear receptors (proteins
involved in regulation of specific gene expression) increased. These mice were also found to
have an increased ability to metabolise bile salts (also an indication of CYP metabolic function).

These paradigms discussed by Young (2012) highlight the relationship between the
microbiome and host immunity, alterations of the host microbiome by environmental factors,
and the negative effect of host immunity through the interference of the human microbiome.
There is mounting evidence to suggest that some autoimmune diseases may be associated
with a changed microbial host interaction system (Belkaid and Hand, 2014; Li et al., 2018).
Young (2012) speculated that antibiotic use and increased hygiene in recent years may have
affected the host microbiome relationship. This example demonstrates the importance of
taking the microbiome into consideration in drug and environmental interactions and also
highlights how differences in the microbiome can lead to phenotypic variability amongst

individuals.

2.5.3 Trophic functions

Gut microbiota can also have trophic functions — modulating and influencing gut epithelial cell
differentiation and proliferation, affecting neuroendocrine pathways, and impacting on
homeostatic regulation of the immune system (Aziz et al., 2013). The mammalian intestinal
epithelial stem cell (IESC) niche is comprised of diverse epithelial, immune, and stromal cells,
which together respond to environmental changes within the lumen and exert coordinated
regulation of IESC behaviour. There is growing evidence for the role of the gut microbiota in
modulating intestinal proliferation and differentiation, as well as other aspects of intestinal
physiology (Peck et al., 2017). Gut microbiota help in the growth of intestinal epithelial cells
and also control their proliferation and differentiation (Gordon et al., 1997; Guarner and
Malagelada, 2003). Bacterial cells also alter intestinal growth by changing the expression of
cell surface proteins such as sodium/glucose transporters (Drozdowski and Thomson, 2006;
Chang and Leung, 2014). They may also cause lymphoid tissue near the gut to grow. Cell
alterations by microbiota may prevent injury to the gut mucosa (Gori et al., 2008; Hill et al.,
2009).
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The gastro-intestinal (Gl) mucosa is in continuous contact with the gut microbes, and it
has been demonstrated that microbes present in the lumen of the gut affect Gl health and
functions including the regulation of the Gl mucosal growth (Johnson, 1988; Rao and Wang,
2010). The epithelial cells lining the intestine function to keep bacteria from invading the body,
but they also have mutually beneficial relationship with intestinal microbiota. Probiotics
consisting of living microorganisms have been shown to provide health benefits to the host.
They attach to epithelial cells and colonize in the intestine (Marteau et al., 1997; Dunne, 2001).
Several studies also have attempted to identify specific positive health benefits of probiotics
using different bacterial strains (Goldin, 1998; Gorbach, 2000) and the health promoting
properties of probiotics are known to be strain-dependent (Chapman et al., 2011). For
example, soluble proteins produced by probiotic bacteria Lactobacillus rhamnosus GG (LGG)
have been shown to activate Protein kinase B (PKB or Akt), inhibit cytokine-induced epithelial
cell apoptosis, and promote cell growth in human and mouse colon epithelial cells and in

cultured mouse colon explants (Yan et al., 2007).

2.6 Factors effecting gut microbes

The microbial ‘ecosystem’ of a human throughout life is influenced by a sequence of complex
and dynamic interactions, including dietary exposure, life-style choices, medical and health
complications and antibiotic exposure (HMPC, 2012; Yatsunenko et al., 2012; Breton et al.,
2013a; Subramanian et al., 2015; Jeffery et al., 2016). A number of extrinsic factors such as
antibiotic use, diet, stress and disease constantly influence the functioning and diversity of the
gut microbiota (Hooper et al., 2002).

Various factors affect the composition and function of gut microbes (Lozupone et al.,
2012). As mentioned previously, the gut microbes in humans change over a period of time with
age. The seeding birth gut microbiome of babies rapidly change due to selection pressures.
These early changes are thought to be due to aging, diet, genetics, metabolism, geography,
gender, stress and external environmental factors such as antibiotic exposure and exposure
to environmental contaminants (Vemuri et al., 2018).

Even though intra-individual fluctuations in the composition of the gut microbes can be
dramatic, the microbial ecosystem tends to return to their typical composition pattern with most
strains being resident in an individual for decades - a phenomenon called microbiome
resilience (Manichanh et al., 2012; Relman, 2012; Shade et al., 2012).
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2.6.1 Diet

Diet is a key process to the symbiotic relationship between the gut microbes and the human
host (De Filippo et al., 2010). Microbes contribute to human health while humans provide an
adequate environment and nutrition for the gut microbes. Food provides a variety of substrates
for microbial functioning and it is a key driving force in influencing the structure, composition
and hence function of the microbial community (Shade et al., 2012). The best developmental
evidence for this is shown by the greatest shift in the infant gut microbiota occurring at the point
of introduction to solid foods (Marques et al., 2010; Rodriguez et al., 2015).

After delivery, the initial microbial community that colonises the infant gut is influenced
by the birth modality as mentioned in Section 2.3.1. After the primary exposure to early
colonisers, infants interact with microbes from the environment. This is in the form of physical
contact with other individuals, the environment and through dietary exposure. This causes a
rapid increase in bacterial diversity, with the greatest microbial shift in infant intestinal
microbiota occurring with the introduction of solid foods (Marques et al., 2010; Rodriguez et
al., 2015).

Breastfeeding is another early paradigm of environmental influence on the gut microbes.
Human breast milk contains non-digestible oligosaccharides as the third largest component.
These glycans remain whole as they travel to the colon where they promote the selective
growth by nourishment of Bifidobacterium genus microbes. Studies have shown an increased
proportion of bifidobacteria in breastfed infants compared with formula-fed infant (Stark and
Lee, 1982; Balmer and Wharton, 1989; Fanaro et al., 2003; Knol et al., 2005).

Dietary interventions can lead to rapid alterations in the profile of the intestinal
microbiota, although these changes are minor compared to inter person variability. Extreme
changes in diet, for example a rapid shift to a diet with no complex carbohydrates (fibres) have
been shown to have a significant effect on the human microbiota (Karasov et al., 2011). For
example, David et al. (2014) observed that an uptake in animal-based fat exposure in the diet
with a reduction in fibre is correlated with the increase in bile-tolerant microorganisms
(Alistipes, Bilophila and Bacteroides) with a decrease in the levels of Firmicutes which
metabolize dietary plant polysaccharides (Roseburia, Eubacterium rectale and Ruminococcus
bromii). Likewise, increased consumption of dietary fibre from plant material is correlated with
alterations in the gut microbiota.

Diet experiments with participants consuming resistant starch or non-starch

polysaccharide caused shifts to specific bacteria taxonomic groups Ruminococcus bromii and
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Eubacterium rectale. These groups have been shown to selectively metabolise specific
insoluble carbohydrate substrates based on in vitro analyses of human faecal samples (Graf
et al., 2015).

Different population groups have differing diets and this has been found to help shape
the taxonomy of their gut microbiota. Traditional western diets rich in animal proteins, fats,
carbohydrate sugars and low in fibre are associated and cultivate a different gut microbial
profile than the high fibre diets of children in West Africa. De Filippo et al. (2010) showed that
European children had lower amounts of Prevotella genus, higher amounts of Bacteroides
genus, and lower microbial richness and produced lower levels of SCFAs than the microbiota
of children from Burkino Faso. They speculated that the agrarian diet of children in Burkino
Faso that is rich in non-animal protein, fibre and carbohydrate content contrasted to the high
animal protein, sugar, starch, fat and low in fibre western diet had a predominant role in the
difference between microbial profiles. This inverse relationship between Prevotella and
Bacteroides genus has been shown in studies equating agrarian societies’ intestinal microbiota
to western industrialised societies (Kelsen and Wu, 2012).

There are however associations with the groups of organisms. Prevotella has been
associated with an agrarian culture and diet, whereas profiles that are higher in proportion of
Bacteroides are associated with more industrialised regions. Bacterial taxonomy has been
seen to be affected by diet in the proportions of Prevotella versus Bacteroides in the US
population (Yatsunenko et al., 2012). Hence there has been a link between the stable gut
microbial communities and long-term dietary patterns.

Studies have associated the diversity of the gut microbiota at the taxonomic and gene
level with diets higher in fruits, vegetables and fibre. In a study by Wu et al. (2011) that focused
on linking long-term dietary patterns of 98 subjects with gut microbial enterotypes, there was
a strong association with diet and enteric microbes. Long-term diets higher in protein and
animal fat were associated with gut microbes from the Bacteroides genus. Alternatively,
carbohydrate high diets were associated with Prevotella genus. Changes in the composition
of the microbiome were detected within 24 hours of starting a controlled diet of either low-
fat/high-fibre or high-fat/low-fibre indicating diet plays an integral and immediate role in the
make-up of the gut microbiota.

Studies have also shown that certain microbes can be protective against weight gain
from dietary factors. For example, Goodrich et al. (2014) noticed that the Christensenallaceae
family microbes were more abundant in lean study participants than in those who were

obese. They tested whether these microbes might protect against weight gain by introducing
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microbes from obese participants into gut microbe free mice. To some of the mice, they also
introduced bacteria from one species of Christensenallaceae and at the end of 3 weeks, they
observed that the gut microbe free mice with obese donor’s gut microbes were leaner in the
presence of Christensenallaceae family microbes compared to those with only the obese
donor’s microbes. This shows the significance of this family of microbes towards weight gain
and human metabolism. However, the presence or absence of Christensenallaceae microbes

depends on the host microbiome and associated genes (Jacobs and Braun, 2014).

2.6.2 Genetics

Genetic factors influence many aspects of human health and have been found to influence the
makeup of the gut microbiota (Ley et al., 2006; Goodrich et al., 2014). Twin studies have shown
that monozygotic twins have a more similar microbiota than dizygotic twins implying a
heritability aspect to gut microbiota (Turnbaugh et al., 2009). From the results of a mice study,
they concluded that although the human gut microbiome is shared among family members,
there is a difference in specific bacterial lineages among individual microbes, even between
monozygotic and dizygotic twin pairs. The specific bacterial lineage has been proposed to alter
the genetic make-up of host genetics.

It is well known that host genetics and the gut microbiome can influence metabolic
phenotypes. This was further studied by Goodrich et al. (2014) to clarify if interaction of gut
microbiome affected host phenotype, using more than 1000 faecal samples collected from 416
twin pairs in United Kingdom. While they found that the host genetics influenced microbial taxa
abundance, the most heritable taxon was found to be from the family Christensenellaceae.
The most striking phenotype was identified to be Christensenellacease enriched individuals
with low BMI, where Christensenella minuta was responsible for limiting weight gain in mice.
The genetics of the human gut microbiome can also be altered during dysbiosis as affected by
antibiotics and drug intake.

Recently, Rothschild et al. (2018) examined genotype and microbiome data from 1,046
healthy individuals with several distinct ancestral origins who share a relatively common
environment. Their results demonstrate that the gut microbiome is not significantly associated
with genetic ancestry, and that host genetics have a minor role in determining microbiome
composition. The results also indicate that over 20% of the inter-person microbiome variability
is associated with factors related to diet, drugs and anthropometric measurements. Their
results suggest that microbiome alterations aimed at improving clinical outcomes can be

carried out across diverse genetic backgrounds.
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2.6.3 Antibiotics intake

Gut microbes are impacted by antibiotics intake, through the imbalance it could cause to the
microbial population in gut (Dethlefsen et al., 2008; von Rosenvinge et al., 2013a). Microbiome
composition can be rapidly altered by exposure to antibiotics, potentially leading to the
selection of resistant opportunistic pathogens that can cause acute disease. As discussed
above, the mutualistic gut microbes interact with many physiological processes, and participate
in the regulation of immune and metabolic homeostasis. Therefore, antibiotic exposure can
alter many basic physiological equilibria, promoting long-term disease. In addition, excessive
antibiotic use fosters bacterial resistance, and the overly exposed human microbiome has
become a significant reservoir of resistance genes, contributing to the increasing difficulty in
controlling bacterial infections.

The interaction between human intestinal cells and the gut microbes are highly co-
evolved and any disruptions in the population of the microbial community can affect the
important functions such as nutrition, development, metabolism, pathogen resistance, and
regulation of immune responses (Dethlefsen et al., 2008). The researches found that the use
of ciprofloxacin antibiotic affected the presence of one third of bacterial taxa in the human gut,
thereby limiting the diversity and distribution of the community. Dethlefsen et al. (2008) also
noticed that the taxonomic composition of the gut microbiome failed to recover even after six
months of treatment with ciprofloxacin, supporting their hypothesis of functional redundancy of
human gut microbiota. Another ten month study by Dethlefsen and Relman (2011) on three
individuals treated with ciprofloxacin in two different courses, they found that the communities
began to return to their initial state within a week of antibiotic treatment, but incompletely. This
shows that antibiotic intake can result in long-term irreversible effects on human gut
microbiome.

Other possible reasons for dysbiosis of the human gut microbiome include the exposure
of gut to environmental pollutants including heavy metal(loid)s and toxic substances. The
intake of such contaminants can be through food, air, water and some complementary

medicines (Naidu et al., 2008; Wijayawardena et al., 2016).

2.7 Sources of heavy metal(loid) intake

Heavy metal(loid)s are elements with an atomic density greater than 6g/cm?® and include both

metabolically essential and non-essential elements. Essential elements such as copper (Cu),
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zinc (Zn) and iron (Cu) contribute to certain physiological functions in human systems (Adriano,
2001). Although essential, these metal(loid)s are toxic in high concentrations. Non-essential
heavy metal(loid)s such as cadmium (Cd), arsenic (As), lead (Pb) and mercury (Hg) have been
associated with human health risks. Through various exposure pathways, these heavy
metal(loid)s can lead to metal(loid) toxicity and poisoning (Naidu et al., 2008).

Metal(loid) mining and smelting industries, human activities, and indiscriminate disposal
of agricultural and industrial wastes have resulted in the pollution of terrestrial and aquatic
environments with heavy metal(loid)s (Senesi et al., 1999; Adriano, 2001; Nicholson et al.,
2003; Naidu et al., 2008; Tchounwou et al., 2012; Wuana and Okieimen, 2011; Zhang et al.,
2012; Xia et al., 2014). Health authorities in many parts of the world are becoming increasingly
concerned about the effects of heavy metal(loid)s on environmental and human health (Jarup,
2003; Naidu et al., 2008; Edwards and Prozialeck, 2009; Rehman et al., 2017). More recently
high concentrations of heavy metal(loid)s, such as, Cd, Pb, Hg, Cu and Zn reaching aquatic
and terrestrial environments have often been reported in number of countries. Arsenic, Cd, Pb
and Hg are some of the most common metal(loid)s which readily reach human food chain
causing toxicity (ATSDR, 2007 a,b; Navas-Acien et al., 2007; Naidu et al., 2008; Hughes et
al., 2011; Tchounwou et al., 2012; Rehman et al., 2017). In this study, the bioavailability of
selected heavy metal(loid)s including As, Cd, Pb and Hg as impacted by gut microbes is
examined.

Arsenic reaches human food chain through As rich drinking water and As-enriched food
commodities including rice (Mahimairaja et al., 2005; ATSDR, 2007a). Arsenic exists in two
forms — arsenate (AsV) and arsenite (Aslll), which vary in their adsorption and toxicity
characteristics. Arsenic is classified as a class one carcinogen by the World Health
Organisation’s International Agency for Research on Cancer (IARC, 2004). High levels of As
intake can raise the risk of developing lung, bladder and skin cancer, cardiovascular disease,
diabetes mellitus, skin lesions, gastrointestinal iliness, and other serious health problems,
eventually leading to death (WHO, 2009; Zhang et al., 2016).

Mining activities, industrial processes and tobacco smoking deposit Cd in the
atmosphere, and application of phosphate fertilisers rich in Cd result in soil contamination
(Naidu et al., 1994; Loganathan et al., 2003; Bolan et al., 2014). These activities increase
human uptake of Cd through ingestion of Cd contaminated produce grown under such affected
environment (Page et al., 1986; Thornton, 1992; Loganathan et al., 2003; Pinot et al., 2011;
Bolan et al., 2014; Jaishankar et al., 2014). Cadmium accumulation in humans can cause renal

complications through the impairment of Vitamin D metabolism and also potentially
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carcinogenic due to oxidative stress and DNA damage, thereby resulting in the inhibition of
apoptosis (Johri et al., 2010; Bishak et al., 2015).

Lead (Pb) is a common contaminant in industrialized regions globally, with major sources
being shooting ranges and base-metal(loid) tailings (Lafond et al., 2004; Kumpiene et al., 2008;
Sanderson et al., 2012). Oral ingestion of contaminated soil is an important pathway of Pb
toxicity, especially in young children (Hou et al., 2013; Cao et al., 2014). Lead is one of the
most common heavy metal(loid)s added as a therapeutic ingredient in complementary
medicines for the treatment of diabetes mellitus, spleen enlargement, diarrhoea and various
skin diseases (Nagarajan et al., 2014; Bolan et al., 2016b). The developing fetus and children
are more sensitive to high levels of Pb exposure than adults due to neurological effects of Pb
exposure, which may cause irreversible learning disabilities, attention deficit disorders,
lowered 1Q, and behavioral difficulties (ATSDR, 2007b; Park et al., 2011).

Mercury (Hg) is abundantly found in industry contaminated sites and can accumulate
over time thereby polluting the environment (Rice et al., 2014). Fish consumption is a major
source of Hg intake by humans (Bushkin-Bedient and Carpenter, 2010; Silbernagel et al.,
2011). Long-term Hg exposure through the above sources can lead to health issues to humans
and the environment. Mercury is added a therapeutic agent in some complimentary medicines
including Ayurvedic medicines and regular use of these medicines (Saper et al, 2008; Bolan
et al., 2017a) may result in severe abdominal cramps, peptic ulceration and as a result bloody
diarrhoea (Lehman-McKeeman, 2003). Acute cases of Hg exposure may also lead to renal
failure because of the continuous Hg load to the kidney.

The toxicity of ingested contaminants including heavy metal(loid)s is determined
ultimately by the extent to which they are solubilised in the gut (bioaccessibility), their
permeability through intestinal epithelial cells and subsequent circulation in the blood
(bioavailability), and their assimilation and metabolic action in any tissues that subsequently
absorb them (bioactivity). The bioaccessibility-bioavailability-bioactivity continuum (Figure 2.3)
play a critical role in the toxicity of heavy metal(loid)s to biota (Naidu et al., 2008; Jaishankar
et al., 2014; Kim et al., 2015; Bolan et al., 2017a). Bioaccessibility is usually evaluated in vitro
by physiologically based extraction tests and gastrointestinal digestion procedures. Thus, for
example, bioaccessibility can be used as a conservative estimate for bioavailability, as
bioaccessibility is a theoretical maximum possible bioavailability (Laparra et al., 2003, 2007;
Versantvoort et al., 2016). Bioavailability, which expresses the fraction of the bioaccessible
compound that enters the blood circulation, refers to the rate and extent to which the compound

permeates through the intestinal epithelial cells (Jaishankar et al., 2014; Kim et al., 2015).
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Bioactivity refers to the physiological and metabolic interactions between the compound and
the human tissue or organ, which disturb homeostasis (Rehman et al., 2018). Heavy
metal(loid) toxicity can be mitigated by reducing their permeability in the intestine, thereby
reducing the amount of metal(loid) entering the systemic circulation (Jaishankar et al., 2014;
Egorova and Ananikov, 2017).
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Figure 2.3 The bioaccessibility—bioavailability—bioactivity continuum of contaminants

including heavy metal(loid)s in relation to toxicity response

The amount of metal(loid) absorption into systemic circulation (the bioavailable fraction)
depends on the nature and solubility of metal(loid) source (i.e., bioaccessibility) and the
properties of the ingested compound (Naidu et al., 2008; Deshommes et al., 2012; Ruby et al.,
2016). Bioaccessible metal(loid) concentrations are critical for health- and environmental-risk
assessment, and hence bioaccessibility measurements are necessary for quantifying human
intake of heavy metal(loid)s from various sources for use in risk assessments to establish safe
metal(loid)s threshold values (Naidu et al., 2008). Studies on metal(loid) bioaccessibility are
often conducted using in vitro digestive techniques aiming to simulate the human digestive
system (Van de Wiele et al., 2010; Laird et al., 2007, 2013; Wijayawardena et al., 2015; Juhasz
et al.,, 2016). These tests, however, do not take into account the role of the human gut
microbiome and its interactions with environmental contaminants via the transformation of

environmental contaminants.

2.8 Interactions of heavy metal(loid)s and gut microbes

33



Environmental factors influence the human gut microbiome right from birth, with the
environment of the delivery area - hospital delivery vs home delivery - effecting the makeup of
the initial gut microbiota (Fanaro et al., 2003; Dogra et al., 2015). These environmental factors
play a role in shaping the microbiome ecology in the human gut (De Filippo et al. 2010; Collado
et al., 2012). Therefore, environmental disturbances including heavy metal(loid)s can play a
role in the composition of the human gut microbiota.

The gut microbes not only can be affected by environmental contaminants but they
themselves can alter the speciation and bioavailability of these contaminants (Monachese et
al., 2012; Williams et al., 2015). This creates a two way interaction between the microbiome
and contaminants, gut microbial diversity and function being impacted by contaminants, and
the contaminants being changed or impacted by gut microbes. These interactions can have
both positive and negative consequences for the host.

A number of studies have demonstrated that environmental contaminants including
heavy metal(loid) intake alters the genomic and functional diversity of gut microbes, which they
attributed mainly to the toxicity of heavy metal(loid)s to gut microbes (Fazeli et al., 2011;
Monachese et al., 2012; Liu et a., 2014; Claus, 2016; Rosenfeld, 2017). In a classical study,
Breton et al. (2013b) examined the impact of up to 8 weeks of oral Pb and Cd ingestion on the
composition of the murine intestinal microbiome. Pyrosequencing of 16S RNA sequences
revealed specific changes in bacterial commensal communities (at both family and genus
levels) following oral exposure to the heavy metals, with notably low numbers of
Lachnospiraceae  and  high  numbers levels of Lactobacillaceae  and
Erysipelotrichaceacae (mainly due to changes in Turicibacter spp), relative to control
animals. Non-absorbed heavy metals have a direct impact on the gut microbiota, which in turn,
may impact the alimentary tract and overall gut homeostasis.

Gut microbes can affect the way toxic compounds including heavy metal(loid)s react with
the human host by altering the solubility and bioavailability of heavy metal(loid)s. Experiments
done with the Simulator of the Human Intestinal Microbial Ecosystem (SHIME), a system that
mimics digestive processes in the gut showed that microbes can affect the bioavailability of
toxic compounds (Williams et al., 2015). The population and diversity of microorganisms
present in each organ in the gastrointestinal tract depends on the pH gradient of the entire
human digestive system (Flint et al., 2012b; Figure 2.4).

Van de Wiele et al. (2010) have shown that the bioavailability of As ingested through As
contaminated rice from China is likely to be altered as it moves through the digestive system.

The ability of the human microbiome to methylate and demethylate arsenic is important due to
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the implications for the toxicity profile for As and the chronic health outcomes related to As
exposure. New evidence is showing that the ability of the human microbiome to methylate
inorganic As and demethylate arsenic is challenging our current thinking about the exposure
assessments about As (Laird et al., 2007, 2013). Historically, regulations have focused mainly
on human exposure to organic methylarsenic, but since our gut microbes may create a greater
exposure risk to inorganic As which has a higher toxicity profile than methylarsenic in relation

to hurting immune function, this now has implications surrounding the current regulations.
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Figure 2.4 pH gradients in various organs of a human digestive system with the

corresponding microbial biomass distribution.

This new research area opens up interest in how other metal(loid)s that are known to be
bioavailable may be affecting our microbiomes. For example, some fresh food items such as
salads incorporate silver nanomaterials in the packaging for preservation. Bacteria have
developed silver resistance genes and these can then cause problems with treatments such
as those used in burns units where antibiotics and silver are used together for management.
These metal(loid)s when used in small scale maybe effective in hospital settings but when
used in other products where exposure to healthy individuals occurs may lead to dysbiosis
(Knetsch and Koole, 2011).

Heavy metal(loid)s are not the only environmental contaminants that may alter and deter

the gut microbiome to then interact with humans. Van de Wiele et al. (2010) showed how
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polycyclic aromatic hydrocarbons (PAHs) — including naphthalene, phenanthrene, pyrene and
benzo[a]pyrene interacted with gut microbes to produce compounds that are attracted to
estrogen receptors where the precursor compounds had no estrogenic effects.

The effects of cigarette smoke which also contains PAHs, such as benzo[a]pyrene have
been studied to see the effects on the lung and gut microbiome. Studies have shown small
changes to the gut microbiome and a change in immunity against entero-pathogens as a result
of exposure to cigarette smoke (Verschuere et al., 2011; Berk et al., 2013; Shanahan et al.,
2018)

Van de Wiele et al. (2010) provided an example of how ignoring the importance of the
human microbiome and environmental factors interactions can have severe unintended
consequences. Ignoring the importance the microbiome plays in modulating foreign chemicals
can lead to negative outcomes. For example, Japanese physicians found case studies of
patients who had died due to the interactions of drugs with the microbiome (Sato et al., 2014).
Tegafur (5-fluorouracil (5-FU)) a chemotherapy agent used to treat colorectal cancer is
metabolised into 5-fluorouracil, which is toxic to cancer cells. Normally a liver enzyme
detoxifies the excess 5-fluorouracil and it is cleared from the body. However when Tegafur
was given in conjunction with sorivudine, a common antiviral agent given to cancer patients,
eighteen patients died. Further studies showed that the gut microbes of some patients
converted sorivudine into a compound that blocked the liver enzyme that detoxified 5-
fluroouracil (Li et al., 2016).

The modulation of bioaccessibility of metal(loid)s by gut microbes could be attributed to
the (im)mobilization through adsorption, complexation, and precipitation reactions (Unz and
Shuttleworth, 1996; Halttunen et al., 2007a,b,c; Monachese et al., 2012; Jarostawiecka and
Piotrowska-Seget, 2014; Zoghi et al., 2014). The microbial cell wall is a natural barrier for
metal(loid)s, since the functional groups of several macromolecules are involved in the
immobilization of metal(loid)s. In Gram-negative bacteria, lipopolysaccharide, a major
component of the outer membrane, is effective in the immobilization of metal(loid) ions. In
Gram-positive bacteria, peptidoglycan along with teichoic and teichuronic acids are involved in
metal(loid) binding (Beveridge and Graham, 1991). For example, Cabuk et al. (2006)
demonstrated that hydroxyl and carboxyl groups, along with nitrogen-based bio-ligands such
as amide and sulfonamide, are responsible in the complexing Pb?* by Bacillus sp.

Most microorganisms excrete extracellular polymeric substances (ESPs) that bind toxic
metal(loid) ions, thereby protecting metal(loid)-sensitive biochemical components (Gupta and

Diwan, 2017). The components of ESPs including proteins, polysaccharides, and nucleic acids,
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involve in the chelation of metal(loid)s (Guibaud et al., 2003; Pal and Paul, 2008). Binding of
Pb?*, Cd?* and Hg?* and other metal(loid)s by ESPs has been observed for bacteria (Perez et
al., 2008; Chakravarty and Banerjee, 2012). Additionally, metal(loid) cations such as Pb?*, Cd?*
and Hg?* forms strong soluble and insoluble complexes with organic compounds including
tryptone, cysteine, neopeptone, casamino acid, and succinic acid (Tan et al., 1994; Nigam et
al., 2000; Mayer and Godwin, 2006; Gadd, 2010; Hajdu and Slaveykova, 2012; Ndu et al.,
2012). Microorganisms release a number of organic compounds including short chain fatty
acids and carboxylic acids (e.g., lactic acid) that are involved in nutrient absorption and energy
regulation (Krajmalnik-Brown et al., 2012). These organic compounds form complexes with
metal(loid)s, resulting in the removal of these metal(loid)s from solution. Metal(loid) cations
such as Cd?" and Pb?" also react with inorganic anions such as chlorides, carbonates,
phosphates, and hydroxyl ions to form precipitates (Kumpiene et al., 2008; Gao et al., 2017).
The precipitation of Pb?" is employed by microorganisms to lower the free Pb?* ion
concentration by sequestering it in the form of both extracellular and intracellular phosphate

salts.

2.9 Conclusions

Gut microbiome refers to the entire collection of microorganisms, their complete genetic
makeup (genomes), and the interactions of these in gut environment. The influence of the gut
environment is very important for the toxicity exerted by heavy metal(loid)s, and therefore,
further progress in their understanding is crucial to characterize the mode of action of these
toxic elements and to modulate their toxicity. Although the main route of exposure of the toxic
elements is oral, the toxic effects is exerted mostly through their passage in the gastrointestinal
tract where absorption of heavy metal(loid)s takes place. However, we have little knowledge
on the events that occur during the passage of these elements, in most cases. Some of the
influencing factors will be diet, water, pH changes in the gastrointestinal tract and microbial-
induced heavy metal(loid) transformations in the gut.

Therefore, this study on heavy metal(loid) — gut microbe interactions, will help in
understanding the effect of selected bacterial species on heavy metal(loid) transformation in
the gastrointestinal tract and their influence on human health. Given that our gut microbiota
influence human development, susceptibility to disease, and even the outcomes of drug
treatment, perhaps microbiota biobanking for future generations facing unknown biological and

infectious disease challenges will be an innovative approach (Bolan et al., 2016a).
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Several studies have aimed at classifying the organisms that make up the gut microbiota
and the interactions between these and environmental factors (Spor et al., 2011; Clemente et
al., 2012). However only limited studies have been done on the interactions between heavy
metal(loid) intake and these microbes (Breton et al., 2013a). The major research gaps are as
follows:

» A number of studies have examined the toxicity of heavy metal(loid)s on microbes in
environmental substrates such as soil and water. However, there is only limited work
on the effect of heavy metal(loid)s on microbes from various parts of the Gl tract.

» The effect of the gut microbiome on the transformation and bioavailability of heavy
metal(loid)s hasn’t been examined in detail. For example, in vitro bioaccessibility tests
do not include microbes.

» A number of studies have examined the diversity of the gut microbiome. However, the
effect of long-term exposure of heavy metal(loid)s on the genomic and functional
diversity of the gut microbiome hasn’t been examined in detail.

Hence, this research aims to demonstrate the impact of heavy metal(loid) exposure on
the toxicity to gut microbes, and the effect of gut microbes on the bioaccessibility and

subsequent bioavailability of these heavy metal(loid)s.
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Chapter 3

HEAVY METAL(LOID) TOXICITY TO GUT MICROBES

3.1 Introduction

Health authorities in many parts of the world are becoming increasingly concerned about the
effects of heavy metal(loid)s on environmental and human health (Jarup, 2003; Naidu et al.,
2008; Edwards and Prozialeck, 2009; Rehman et al., 2017). More recently high concentrations
of heavy metal(loid)s, such as arsenic (As), cadmium (Cd), lead (Pb), mercury (Hg), copper
(Cu) and zinc (Zn) reaching aquatic and terrestrial environments have often been reported in
a number of countries. Arsenic, Cd, Pb and Hg are some of the most common metal(loid)s
which readily reach human food chain causing toxicity (ATSDR, 2007a,b; Navas-Acien et al.,
2007; Naidu et al., 2008; Hughes et al., 2011; Tchounwou et al., 2012; Rehman et al., 2017).

In this chapter, the toxicity of As, Cd, Hg and Pb metal(loid)s on selected gut bacteria is
reported. The sources and toxicities of these four metal(loid)s are presented in Section 2.7
(Chapter 2). Briefly, As exists in two forms — arsenate (AsV) and arsenite (Aslll), and reaches
human food chain through As rich drinking water and As-enriched food commodities including
rice (Mahimairaja et al., 2005; ATSDR, 2007a). Arsenic is classified as a class one carcinogen
and high levels of As intake can raise the risk of cancer and cardiovascular diseases. Fertilizer
application is a major source of Cd input to soil, and Cd accumulation in humans can cause
renal complications. Lead (Pb) is a common contaminant in industrialized regions globally, and
oral ingestion of contaminated soil is an important pathway of Pb toxicity, especially in young
children (Hou et al., 2013; Cao et al., 2014). Young children are more sensitive to high levels
of Pb exposure than adults, which may cause irreversible learning disabilities and attention
deficit disorders. Fish consumption is a major source of Hg intake by humans (Bushkin-Bedient
and Carpenter, 2010; Silbernagel et al., 2011). Long-term Hg exposure can lead to health

issues to humans including renal failure.

The above mentioned heavy metal(loid)s that include As, Cd, Pb and Hg have been
shown to impact microorganisms, thereby affecting the functional and genomic diversity of
microbiomes both in the environment and human (Gadd, 1990; Giller et al., 1998; Betts, 2011).
The microorganisms found in the human digestive tract are often collectively referred to as the
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‘gut microbiome’ (HMPC, 2012). Although gut microbiota play a critical role in maintaining
normal physiology and energy production in a human body, they are sensitive to changes in
the intestinal environment in the presence of contaminants including heavy metal(loid)s
(Carding et al., 2015; Lu et al., 2015; Claus et al., 2016; Jin et al., 2017; Tasmin et al., 2017).

There have been a large number of studies examining the toxicity of various heavy
metal(loid)s on microorganisms in the terrestrial and aquatic ecosystems (Gadd, 1990;
Chander et al., 1995; Giller et al., 1998; Kahru et al., 2005; Baby et al., 2010; Hodson, 2012).
These studies have demonstrated that heavy metal(loid) toxicity to microorganisms varies with
both the metal(loid) species and the microbial species (Gadd, 1990; Giller et al., 1998; Naidu
et al., 2006). There have been only limited research work on the interactions between heavy
metal(loid)s and gut microbes (Monachese, 2012). For example, As has been shown to cause
deleterious effects in the human intestine by altering the gut microbiome and thereby affecting
overall health of an individual (Van de Wiele et al., 2010). However, As and Pb resistance in
Lactobacillus species, Hg resistance and Cd efflux in Bacillus species and As efflux in E. coli
were also observed (Carlin et al., 1995; Monachese, 2012). Gut microbes including bacteria
play an important role in the transformation of metal(loid)s including As and Hg in the intestinal
ecosystem (Monachese et al., 2012; Claus et al., 2016). While heavy metal(loid)s are toxic to
gut microbiome, the human bioaccessibility and bioavailability of these metal(loid)s are

affected by the activity of gut microbes (Claus et al., 2016).

The present study reported in this thesis examines the interactions between heavy
metal(loid)s and gut microbes in relation to heavy metal(loid) toxicity in gut microbes (Chapter
3), and the effects of these gut microbes on the bioaccessibility of heavy metal(loid)s in the
gastro-intestinal tract (Chapters 4 - 6) and the subsequent intestinal bioavailability of these

heavy metal(loid)s as measured by intestinal permeability (Chapter 7).

3.2 Objectives

The overall aim of this chapter was to compare the toxicity of As, Cd, Pb and Hg on selected
gut microbes such as Escherichia coli, Lactobacillus rhamnosus and Lactobacillus acidophilus.

The specific objectives of this study were to:

(i) Determine the growth of selected gut bacterial species in the presence of heavy
metal(loid)s.

(i) Measure heavy metal(loid) toxicity to gut microbes as impacted by pH.
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(iii) Examine the effect of pH and bacterial species on variable toxicity of As species.

(iv) Monitor the speciation of metal(loid)s in the bacterial growing media.

3.3 Hypothesis

Some of the common heavy metal(loid)s that are toxic to biota include As, Cd, Pb and Hg. This

study hypothesized that:

(i) The growth of gut bacteria decreases with increasing concentration of heavy
metal(loid)s.

(i) The metal(loid) toxicity is dependent of metal(loid) species and pH conditions of the
growing media.

(iii) Arsenite [As(l1)] is more toxic to bacteria than does arsenate [As(V)], and the difference

in toxicity depends on the pH conditions of the growing media.

3.4 Experiments

The major experiments conducted to test the hypothesis and the treatments used in this

chapter are listed in Table 3.1.

Table 3.1  The major experiments and components used in Chapter 3

Experimental

No. .
sections

Components and treatments

Selected bacterial species (Escherichia coli, Lactobacillus
rhamnosus and Lactobacillus acidophilus) and relevant bacterial
growth media (Luria Bertani (LB) broth and de Man Rogosa
Sharpe (MRS))

Selected bacterial species (Escherichia coli, Lactobacillus
rhamnosus and Lactobacillus acidophilus) and relevant bacterial
growth media (Luria Bertani (LB) broth and de Man Rogosa
Sharpe (MRS)), and selected heavy metal(loid)s (Arsenic (As),
Cadmium (Cd), Lead (Pb) and Mercury (Hg)) at defined
concentrations

Selected bacterial species (Escherichia coli, Lactobacillus
rhamnosus and Lactobacillus acidophilus) and relevant bacterial
growth media (Luria Bertani (LB) broth and de Man Rogosa
Sharpe (MRS)), and selected heavy metal(loid)s (Arsenic (As),
Cadmium (Cd), Lead (Pb) and Mercury (Hg)) at various
concentrations and pH conditions

Selected bacterial species (Escherichia coli, Lactobacillus
rhamnosus and Lactobacillus acidophilus) and relevant bacterial
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growth media (Luria Bertani (LB) broth and de Man Rogosa
Sharpe (MRS)), and selected heavy metal(loid)s (Arsenic (As),
Cadmium (Cd), Lead (Pb) and Mercury (Hg)) at a defined
concentration and various pH conditions

3.5 Materials and methods

3.5.1 Bacterial culture and media preparation

The toxicity of As, Cd, Pb and Hg on selected gut microbes that include Escherichia coli
(MG1655), Lactobacillus rhamnosus (BUCSAV 227) and Lactobacillus acidophilus (IFO
13951) was examined in this study (Table 3.2). It is important to recognise that the human gut
microbiota are a composite structure of a large number of distinct bacterial species that reside
in the human digestive tract. In this study, these three bacterial species were used based on
their predominance in the gut, differences in their pH optimum in the gut and their location in
various parts of the human gut. One of the limitations in this study is the use of this narrow
range of bacterial species which is explained in conclusion chapter (Chapter 8).

Subcultures of Escherichia coli (MG1655), Lactobacillus rhamnosus (BUCSAV 227) and
Lactobacillus acidophilus (IFO 13951) were inoculated from their respective mother cultures
purchased from American Type Culture Collection (ATCC, Melbourne; https://www.atcc.org/).
The media used for the subculturing of the bacterial species and their preparation protocols

employed for this study are given below (de Man et al., 1960; Bertani, 2004):

e Luria Bertani (LB) broth (Bertani, 2004) powder was used to prepare the medium for E.
coli. About 25¢g LB broth powder was added to 1000 mL Milli Q water in an autoclavable
container and swirled to mix. The mixture was autoclaved at 121°C for 20 minutes and
cooled to room temperature. Care was taken to maintain the sterility of the medium
after autoclaving.

e For both Lactobacillus species, de Man Rogosa Sharpe (MRS) medium (de Man et al.,
1960) was prepared using 46 g of MRS broth powder following the above procedure.
In addition, 40 mL of amylase extract was also added to the media before sterilising

the medium contents.
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Table 3.2  Bacterial species used in Chapter 3

Bacteria Family Primary location Optimum pH Cell wall
Lagtob a'(;lllus Lactobacillaceae Mouth and stomach | 3-5 Gram positive
acidophilus

Lactobacillus Lactobacillaceae Large intestine 5-6 Gram positive
rhamnosus 9 P
Esc?her/ch/a Enterobacteriaceae Large intestine 6-75 Gram negative
coli (lower)

3.5.2 Subculturing

The mother cultures of the three bacterial species were stored using ultralow freezer (Forma™
88000 Series Upright Ultra Low Temperature Freezer) maintained at around -86°C
temperature, thereby allowing the cells to remain viable for several years. The low temperature
generated by ultralow freezers substantially reduces chemical reactions within the culture.
However, molecular motion still occurs in frozen cells and thus the viability of the culture is
likely to decline with time (Burg et al., 2007; Kiehl et al., 2011).

Bacterial liquid cultures were prepared as explained in the protocol given in Appendix
3.1. The bacterial species used in this experiment were maintained by subculturing every week
for the experimental duration. The bacterial species were taken from their previous cultures
and inoculated before incubating in suitable incubators. For E. coli, the subcultures were
incubated in shaking incubator at 37°C, and for Lactobacillus species, CO; incubator was used
for maintaining anaerobic conditions at 37°C. The growth of bacterial cultures was monitored
by measuring optical density (@600 nm) over time in a microplate reader (BMG LABTECH
FLUOstar OPTIMA Fluorescence Microplate Reader, Germany) (Andrews, 2001; Stevenson
et al., 2016).

3.5.3 Preparation of metal(loid) stock solutions

The stock solution (1000 mg/L) of the heavy metal(loid)s were prepared using appropriate salts

listed in Table 3.3 and autoclaved sterile MQ water. After preparation of the stock solutions,

they were stored in fridge for further experimental use. Before the bacterial growth experiment,

the stock solution was diluted to appropriate concentrations using autoclaved sterile water.

Care was taken to maintain the sterile condition during the gut bacterial growth experiments.
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Table 3.3  Metal(loid)s used for gut bacterial toxicity experiments in Chapter 3
Stock S d Concentration range used for
Heavy Chemical ocK econdary | toxicity test*
. " solution | stock
metal(loid) | compound MCOE value LDso value
(mg/L) | (mglL)
(ugl/L) (mglL)
Arsenate Sodium arsenate | 1000 100 0-50 0-100
Arsenite Arsenic oxide 1000 50 0-20 0-50
Cadmium Cadmium acetate | 1000 50 0-100 0-50
Lead Lead acetate 1000 100 0-100 0-100
Mercury Mercuric chloride | 1000 50 0-100 0-50

*These metal(loid) chemical compounds are selected based on their use as a reference compound in
bioaccessibility tests.

**MCOE = Minimum metal(loid) concentration at which there is an observable effect on bacterial
growth; LDso = Lethal dose refers to metal(loid) concentration at which the bacterial growth is reduced
by 50% maximum growth for the control treatment without metal(loid) addition

3.5.4 Growth response to heavy metal(loid)s

The growth of the three selected bacterial species was examined in the presence of various
metal(loid) concentrations. Two concentration ranges were used in this experiment: O -
100ug/L (ppb) to calculate minimum metal(loid) concentration at which there is an observable
effect on bacterial growth (MCOE); 0 - 100 mg/L (ppm) to calculate lethal dose for 50% growth
reduction (LDso) (Monachese, 2012). The bacterial species were inoculated in the metal(loid)
containing media and monitored over a period of 24 hours in a 96-well round bottom microplate
(Costar 3799, Corning Incorporated, USA) under sterile anaerobic conditions at 37°C. The
bacterial growth was monitored by measuring optical density (@600 nm) over time in a
microplate reader (BMG LABTECH FLUOstar OPTIMA Fluorescence Microplate Reader,
Germany) (Koch, 1970; Stevenson et al., 2016). The experiments were carried out in triplicate
and the medium without bacterial inoculation served as blank, and the bacterium inoculated

media without metal(loid) served as control.

3.5.5 Effect of pH on the growth and heavy metal(loid) toxicity

The effect of pH on the growth and heavy metal(loid)-induced toxicity was determined by
monitoring bacterial growth at various pH values - 1.5 (acidic gastric pH), 5.8 (acidic intestinal
pH) and 7.0 (neutral pH) and 9.0 (alkaline pH). The pH values 1.5 (gastric pH) and 5.8

(intestinal pH) were selected because these are the two pH values at which the gastric (pH
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1.5) and intestinal (pH 5.8) bioaccessibility of heavy metal(loid)s as impacted by gut bacteria
was tested (Chapters 4 — 6). The pH of the bacterial growth media was emended using
autoclaved dilute (0.1mM) HCI or NaOH solutions (Basu et al., 2015).

3.5.6 Distribution of metal(loid)s

The distribution of free and complexed metal(loid)s in the gastric and intestinal extracts was
measured using chelate/ion-exchange disk/cartridge (Empore, iminodiacetate functionalized
poly(styrene divinylbenzene) - 234877 Aldrich) (Pu and Fukushi, 2013). Five mL of 3.0M nitric
acid and 5SmL of Milli-Q water were sequentially passed through the cartridge. Then, 3mL of
the metal(loid) containing bacterial growing medium was passed through the cartridge, and
5mL of Milli-Q water was passed through to rinse the cartridge. The 8mL of leachate was
collected and determined for metal(loid)s using ICP MS. Free ionic forms of metal(loid)s are
retained in the ion-exchange resin cartridge. The metal(loid) concentration in the leachate
solution is considered to be stable complexed metal(loid)s, and the difference between total
concentration and complexed metal(loid) concentration measured in the filtrate gives the free
metal(loid) concentration. The distribution of As(V) and As(lll) species was measured using
HPLC-ICP-MS hyphenated set-up (Alava et al., 2013). A system of liquid chromatography
hyphenated to an inductively coupled plasma mass spectrometer (HPLC-ICP-MS) from Perkin
Elmer (Sunnyvale, CA, USA) was used, consisting of a P680 HPLC pump, an ASI-1 00
automated sample injector and an Elan DRC-e ICP-MS detector (Perkin Elmer, Sunnyvale,
CA, USA).

3.5.7 Data analysis

Bacterial growth responses to pH and heavy metal(loid)s were carried out in triplicate. The
data for bacterial growth was described using Eq. 3.1 (Juska et al., 2006; Peleg and Corradini,
2011).
Y =Yn(1-exp™) (3.1)

where Y = bacterial growth as measured by optical density (OD), Y, is the maximum growth,
r = rate constant, and x = growth period (minutes). The maximum growth response at various
metal(loid) concentrations was calculated relative to the maximum growth in the absence of
metal(loid) input. The relationship between maximum growth and metal(loid) concentration
was described by log-logistic dose-response curve (Eq. 3.2) (Gardner, 2002; Rozman and

Doull, 2000; Murado and Vazquez, 2002; Focke et al., 2017).
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y = (D - C){1 + exp[B(log(z) — log(LDso)]} (3.2)

where, y = bacterial growth, z = metal(loid) concentration, D = upper limit of growth (i.e., growth
in the control treatment), C = lower limit of growth, LDsy value = metal(loid) concentration at
which the maximum growth of gut bacteria decreases to 50% of maximum growth achieved
for the control treatment in the absence of metal(loid) input (i.e., 50% between the upper and
lower limits); B = the proportional slope of the curve around LDsy (the point of inflexion).
Metal(loid) toxicity was expressed as lethal dose for 50% growth reduction (LDso) using Eq.
3.2 (Murado and Vazquez, 2002).

To test for significant differences in various treatments, statistical comparisons were
made using analysis of variance (ANOVA) in Predictive Analytics SoftWare (PASW) statistics,
release version 18.0.0 (SPSS, Inc., 2009, Chicago, IL). Duncan's multiple range test was used
to compare the means of the treatments; variability in the data was expressed as the standard

deviation and a p < 0.05 was considered to be statistically significant.

3.6 Results and discussion

3.6.1 Bacterial growth as impacted by pH

Growth of all the three bacterial strains followed the typical growth response curve (Eq. 3.1)
with the maximum growth reaching within 12 hours of incubation (Figure 3.1 a, b and c).
Maximum growth at various pH values and metal(loid) concentrations was estimated using Eq
3.1 (Figure 3.2). While the maximum growth of Lactobacillus species decreased at the higher
pH tested, there was no significant effect of pH on the growth of E. coli (Figure 3.2). This
indicates that Lactobacillus species are adapted to acidic pH conditions (Hood and Zoitola,
1988; Wijtzes et al., 1995; O’May et al., 2005). Gastric acid is considered to provide an effective
barrier to microbial colonization at pH values of < 4 (Gianella et al., 1972; von Rosenvinge et
al., 2013b). However, O'May et al. (2005) noticed that gastric acidity did not affect the microbial
population recovered from intestinal aspirates but influenced microbiota composition. While
Lactobacillus species are aciduric, a significant number of both E. coli and Lactobacillus
species were noticed even at pH 3. However, O'May et al. (2005) also observed that the
recovery of E. coli decreased as pH was reduced.

A number of studies have examined the effect of pH on probiotic bacterial species

including Lactobacillus species in relation to their potential suitability as gastric probiotic
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cultures (Fayol-Messaoudi et al., 2005; Sanhueza et al., 2015). For example, Saarela et al.
(2008) have indicated that the potential value of L. rhamnosus as a gastric probiotics depends
on the initial pH conditions under which the bacterial species is cultured. Fermentation at low
pH may ensure a better performance of L. rhamnosus cells during the subsequent acid-stress
conditions. Horackova et al. (2011) compared the stability of the selected Lactobacillus species
(L. acidophilus CCDM 151; L. casei CCDM 198; L. rhamnosus CCDM 150, and L. fermentum
ST 68) with the commercial probiotic strain L. casei LAFTI L-26. All Lactobacillus species had
the ability to adapt in the environment of bile salt including various pH conditions. Similarly,
although a number of studies have indicated that E. coli growth decreased with increasing
acidity (decreasing pH) of the growing medium, this bacterial species tend to develop
resistance to extreme pH conditions (Lin et al., 1995; Presser et al., 1997; Li et al., 2012). Gut-
resident E. coli strains deploy a complex set of responses to counter the impact of the low pH
they experience as they travel through the gut passage (Hingorani and Gierasch, 2013). Some
of their responses, such as the amino acid decarboxylases, act to keep the cytoplasmic pH

above a dangerous level (Cotter and Hill, 2003; Hingorani and Gierasch, 2013).

Figure 3.1a. Escherichia coli
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Figure 3.1b. Lactobacillus rhamnosus
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Figure 3.1c. Lactobacillus acidophilus
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Figure 3.1 Growth response of Escherichia coli (a), Lactobacillus rhamnosus (b) and
Lactobacillus acidophilus (c) to pH
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Figure 3.2 Maximum growth of gut bacteria as a function of pH

3.6.2 Metal(loid) toxicity

The growth response of three gut bacteria to four metal(loid)s at various concentrations is
presented in Appendix (Appendix Figures 3.2 — 3.7). There was a slight decrease in bacterial
growth when the metal(loid) concentrations were tested at the ug/L (ppb) level. The bacterial
growth data at these concentrations was used to calculate minimum metal(loid) concentration
at which there is an observable effect on bacterial growth (MCOE) (Table 3.4). The results
indicated that MCOE values varied between the metal(loid) and bacterial species. As evident
from MCOE values, As and Hg were more toxic to all three gut bacteria than Cd and Pb. The
MCOE values in general are less for E. coli than for the Lactobacillus species indicating that
the latter species are more tolerant to these metal(loid)s. There was no difference in MCOE

values between the two Lactobacillus species.

Metal(loid) toxicity to microorganisms including bacteria is also often expressed as lethal
dose (concentration) (LDso), effective concentration (ECs) or minimum inhibitory concentration
(MIC). The LDsp and ECs values represent the metal(loid) concentration at which the bacterial
growth is reduced by 50% of the growth obtained for the control treatment in the absence of
metal(loid) input. The MIC value represents the minimum metal(loid) concentration at which

the bacterial growth is completely inhibited. In the present study, since the bacterial growth

49



was decreased only by a maximum of 10% at the highest concentration (ppb level) used to
measure MCOE value, the LDsy values were estimated using higher metal(loid) input
concentrations. It was not possible to calculate the MIC values because bacterial growth was
observed even at the highest metal(loid) concentration tested in this study. Generally, for most
bacteria, these toxicity values for metal(loid)s follow: MCOE > LDso (ECs0) > MIC (Harrison et
al., 2005; Rathnayake et al., 2013).

At the higher (i.e., ppm) concentration range, the maximum growth of all three gut
bacteria decreased with increasing concentrations of As(lll), As(V), Cd, Pb and Hg in the
growing medium (Appendix Figures 3.2 — 3.7). The decrease in maximum growth with
increasing metal(loid) input varied between both the gut bacteria and metal(loid)s. Metal(loid)
input resulted in a lag period in the growth of gut bacteria, and the extent of lag period varied
between both the gut bacteria and metal(loid)s. The relationship between maximum growth
and metal(loid) concentration followed a log-logistic curve (Eq. 3.2) (Figure 3.3). The toxicity
of metal(loid)s to gut bacteria as measured by LDsy values using Eq. 3.2 (Table 3.4) is

discussed below.

Table 3.4  Minimum toxic metal(loid) concentration (MCOE) values at pH 7.0 and lethal
dose (LDso) values for As(V), As(lll), Cd, Pb and Hg at various pH values for three

gut bacteria

MCOE LDso value (mg/L)**
Gut bacteria | Metal(loid) | value pH level

(hg/L)* 1.5 5.8 7.0 9.0
As(I1l) 5.0 13.4 13.2 14.5 15.3
o As(V) 10.0 106.3 89.5 71.3 32.3
’ijllc.her":h’a cd 25.0 14.5 32.3 49.2 64.4
Pb 35.0 24.4 37.5 56.5 98.3
Hg 15.0 12.7 23.3 39.1 57.6
As(I1l) 15.0 19.3 175 15.6 14.6
, As(V) 30.0 115.6 102.3 65.7 48.6
éiic;ggﬁﬁg’sus cd 55.0 16.2 17.4 24.4 32.4
Pb 75.0 26.2 31.2 37.1 46.6
Hg 25.0 12.4 12.7 18.3 26.3
As(I11) 15.0 175 15.3 13.1 16.0
Lactobacillus | As(V) 30.0 112.2 99.3 70.1 53.7
rhamnosus Cd 55.0 17.3 18.4 222 28.7
Pb 75.0 27.6 33.5 35.2 437
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| Hg | 25.0 | 13.1 | 13.4 | 175 23.8

*MCOE value refers to minimum metal(loid) concentration at which there is an observable effect on
bacterial growth
** ethal dose (LDso) refers to metal(loid) concentration at which the bacterial growth is reduced by
50% maximum growth for the control treatment without metal(loid) addition. LDs, value was calculated
using the following equation:

= (D - C)/A1 + exp[B(log(z) — log(LDso)J} (3.2)
where, y = bacterial growth, z = metal(loid) concentration, D = upper limit of growth (i.e., growth in the
control treatment), C = lower limit of growth, LDso value = metal(loid) concentration required to achieve
50% of maximum growth (i.e., 50% between the upper and lower limits); B = the proportional slope of
the curve around LDsy (the point of inflexion).

E. coli and the two Lactobacillus species exhibited slightly different patterns in terms of
metal(loid) toxicity. In E. coli, the toxicity pattern followed As(lIl) > Hg > Cd > Pb > As(V), and
the toxicity pattern of two Lactobacillus species followed Hg > As(lll) > Cd > Pb > As(V).
Mariscal et al. (1995) studied the toxicity effects of Cd, Hg and Pb in E. coli and found a similar
toxicity pattern. Although, the E. coli MG1655 strain used in this study is considered to be
resistant to As (Carlin et al.,, 1995; Chrysostomou et al., 2015), there was no significant
difference in As toxicity between E. coli and two Lactobacillus species. All bacterial species
were found to be more tolerant to cationic metal(loid)s including Cd, Pb and Hg compared to
As(lll). This is attributed to the abundance of exopolysaccharides and anionic groups present
on the cell wall of bacteria, which are effective in the adsorption and complexation of cationic
metal(loid)s, thereby rendering them less toxic to bacteria (Nwodo et al., 2012; Vijaydeep and
Sastry, 2014).

The LDso values for As(V) for E. coli and Lactobacillus species were much higher than
that of As(lll), indicating that the latter As species is more toxic than the former (Figure 3.3 a
and b). However, all bacterial species showed similar trends in terms of the LDso values for
both As(V) and As(lll) species. A number of studies demonstrated that As(lll) is more toxic
than As(V) to biota including bacteria (Ehrlich, 2002; Ordéfiez et al., 2005). Two reasons have
been attributed to the difference in microbial toxicity between As species. Firstly, As(V) is
strongly adsorbed compared to As(lll), resulting in the less bioaccessibility of the former
species. Secondly, there is a difference in the uptake of As species within the cells. Arsenate
enters the cell through phosphate transporters. With high serum concentrations of P (~ 34,000
pg/L,) As(V) is likely to have very little cellular uptake due to competition of phosphate. Arsenite
enters the cell via cell diffusion or through aquaporin transporters. Since As(lll) can gain entry
into the cell by diffusion, this species potentially is much more toxic than As(V) (Baastrup et
al., 2008; Straif et al., 2009; Hughes et al., 2011; Singh et al., 2011).
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Figure 3.3a: As(V)
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Figure 3.3b. As(lll)
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Figure 3.3c. Cd
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Figure 3.3d. Pb
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Figure 3.3e. Hg
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Figure 3.3 Bacterial growths response to increasing As(V) (a) and As(lll) (b), Cd (c), Pb (d)

and Hg (e) concentrations

In this study, the LDso values for both Cd and Pb were higher for E. coli compared to
Lactobacillus species, indicating that the former species is more resistant to these two metals
(Figure 3.3). Heavy metal(loid) toxicity to microbes depends on a number of factors including
the nature of metal(loid) and microbial species, and pH the composition of the growing media.
Generally, gram positive bacteria including lactobacillus species are more resistant to cationic
metals such as Cd and Hg compared to gram negative bacteria like E. coli (Vijaydeep and
Sastry, 2014). The large amount of exopolysaccharides present in the cell wall of gram positive
bacteria with a number of anionic groups (carboxyl, hydroxyl and phosphate) favour cationic
metal binding (Nwodo et al., 2002). Most of the research indicated that Cd increased the lag
phase of lactic acid bacterial growth (Arauz et al., 2007; Fazeli et al., 2011; Jama et al., 2012).
The physiological reasons for the higher resistance of E. coli compared to Lactobacillus
species to Cd and Pb toxicity are not clear. The main reasons for the toxic effects on bacterial
growth include oxidative stress and the resultant modification of their metabolic processes
(Birbin et al., 2012; Bhattacharyya et al., 2014; Rahal et al., 2014).

Although a large number of studies have examined Pb toxicity to environmental

microorganisms including E. coli in soil, composts and biosolids (Giller et al., 1998; Roane et
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al., 2000), and Lactobacillus species in aquatic system (Upreti et al., 2004; Halttunen et al.,
2007a), there are only very few studies covering gut bacteria. For example, a recent work by
Gao et al. (2017) using 16S rRNA sequencing demonstrated that Pb exposure not only altered
the gut microbiome community structures and diversity but also greatly affected metabolic
functions, leading to gut microbiome toxicity. de Boever et al. (2000) showed that 11 strains
(out of 53 studied) of lactic acid bacteria including L. rhamnosus and L. acidophilus are tolerant
to Pb and Cd. The toxicity of Pb is relatively low compared to other metal(loid) cations including
Cd because of its lower bioavailability as a result of its tendency to form the insoluble lead
phosphate and precipitate in bacterial cells (Levinson et al., 1996; Nies, 1999). Monachese
(2012) also found relatively less toxicity of Pb to gut bacteria, Lactobacillus species compared
to that of Cd.

In this experiment, Hg exhibited higher toxicity in all the three bacterial species,
compared to Cd and Pb. As evident from the LDsy values, Hg toxicity was higher for
Lactobacillus species than E. coli (Figure 3.3 e). Jardim et al. (1993) studied acute toxicity of
Hg in E. coli and found that 50 pg/L can result in toxicity. They suggested that the glucose in
the LB media can reduce the Hg ions into elemental Hg thereby rendering less toxicity.
However, in the current study, glucose was not added to the media to avoid the conversion of
Hg ions into elemental Hg. In terms of Hg toxicity, the two Lactobacillus species showed lower
LDso values compared to that of E. coli. Vijaydeep and Sastry (2014) observed that gram
negative bacteria like E. coli was more resistant to Hg compared to the gram positive ones.
There is limited information of Hg binding to gut bacteria. While Hg is cationic and analogous
to Cd and Pb, their binding to bacterial cell wall is different from the latter two metal(loid)s
(Monachese et al., 2012).

3.6.3 Effect of pH on metal(loid) toxicity

The effect of pH on metal(loid) toxicity, as measured by LDso value, is presented in Table 3.4 and Figure
3.4. The LDsp values for the cationic metal(loid)s (Cd, Pb and Hg) increased with increasing pH and the
effect was more pronounced in Lactobacillus species compared to E. coli (Figure 3.4). This indicates
that the toxicity of these cationic metal(loid)s to gut bacteria decreased with increasing pH. Moreover,
cationic metal(loid)s were less toxic to E. coli than to Lactobacillus species, especially at high pH

conditions.
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Both Cd and Pb showed similar trends in LDso values throughout the pH changes, while
Hg showed no significant changes in LDso values at lower pH levels (Figure 3.4). Research on
lactic acid bacteria showed the abundance of negatively charged carboxyl and phosphoryl
groups (Sengupta et al., 2013). Hyndnen and Palva (2013) conducted electrophoretic studies
on Lactobacillus species and found that the net surface charges on the bacterial cell wall
becomes negative at neutral pH thereby the bacteria can accommodate more cations.
Halttunen (2007) showed that low pH facilitates the competition between the metal(loid)
cationic and hydrogen ions (H*) towards the negative charge, thereby decreasing the
adsorption of metal(loid) cations. Zoghi et al. (2014) monitored metal(loid) removal from
solution at various pHs by probiotic gut bacteria and found that the maximum removal occurred
at pH 6, where the concentrations of free ionic species of metal(loid)s were found to be
maximum. However, Esbaugh et al. (2011) suggested that alkaline pH can affect the
competition between Ca and metal(loid) ions for the ligand binding, thereby decreasing

metal(loid) toxicity.
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Figure 3.4 Effect of pH on As(lll) (a), As(V) (b), Cd (c), Pb (d) and Hg (e) toxicity to gut

bacteria as measured by LDs, values
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The LDso values for anionic metal(loid) As varied between the two As species, and As(lll)
was found to be more toxic than As(V) at all pH values tested in this study. However, while the
LDso value for As(V) decreased with increasing pH, there was no significant effect of pH on the
LDso value for As(lll) species (Figure 3.4). This indicates that while the effect of pH on As(lll)
toxicity on bacterial growth was not significant, As(V) toxicity on bacterial growth increased
with increasing pH (Table 3.4). The increased As(V) toxicity with increasing pH may be due to
reduction of As(V) to the more toxic As(lll). For example, Fulladosa et al. (2004) examined the
effect of pH on As toxicity in the gram-negative Vibrio fischeri and noticed As(V) toxicity

increased with increasing pH.

The present study using E. coli, which comes under the same phylum (Proteobacteria)
showed results similar to that of Fulladosa et al. (2004), where As(lll) was found to be more
toxic than As(V), independent of the pH value. The difference in toxicity between these two As
species decreased with increasing pH as a consequence of the strong influence of pH on the
reduction of As(V) to As(lll). In an in vitro intestinal experiment, Calatayud et al. (2010)
observed that acidification of the growth medium (pH 5.5) resulted in a marked increase in
As(V) permeability in intestine, which may be attributed to the reduction of As(V) to As(lll)
species which is readily absorbed by intestinal epithelial cells (Styblo et al., 2000; Calatayud
et al., 2010; Dopp et al., 2010; Calatayud et al., 2012a). The intestinal permeability of these
two As species is reported in Chapter 7. However, the reduction of As(V) to As(lll) in the acidic
intestinal environment was less compared to higher pH regions of large intestine and colon

predominantly harbouring E. coli (Rowland and Davies, 1981; Alava et al., 2013).

3.6.4 Distribution of metal(loid) species in the bacterial growth medium

The data on the distribution of metal(loid) species in the bacterial growth medium are presented
in Figure 3.5. The data indicated that As(V) was reduced to As(lll) both in the presence and
absence of bacteria which increased with increasing pH (Figure 3.5 a and b). The extent of
As(V) reduction in the presence of bacteria was slightly higher than that occurred in the
absence of bacteria especially at high pH values, indicating that both the growing medium and
bacteria facilitated the As(V) reduction process. Fulladosa et al. (2004) argued that As
speciation and oxidation state influence their biological effects and the subsequent toxicity.

They noticed that within a 5.0-8.0 pH range, LDso values for As(V) were found to decrease as

57



pH became basic, reflecting an increase in toxicity; whereas in the case of As(lll), LDso values
were almost unchanged within a 6.0-8.0 pH range and lowered only at pH 9.0. While some
bacterial species are resistant to As toxicity, gram-negative strains obtain their energy from
As(V) during the reduction process to As(lll) by arsenate reductase enzyme, which is an
energy-dependent efflux (Mukhopadhyay et al., 2002; Tseng, 2007). It has often been found
that microbial reduction of As(V) to As(lll) species increases with pH (Masscheleyn et al., 1991;
Valles-Aragén et al., 2013) which is attributed to ready supply of electrons, thereby facilitating
reduction reaction (Mahimairaja et al., 2005).

Figure 3.5a: As(V)
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Figure 3.5c: Pb

Pb distribution

120

j T T T
o 100 4 4 by
E
c 80
.0
=
© 60
s
oy
8 40
oy
3
o 20 ’/0/._\"
(a8

0

0 2 4 6 8 10
pH of growing medium
—8—Pb-C —@—Pb(ll) Total Pb added —@—Total Pb in solution

Figure 3.5d: Hg
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Figure 3.5 Speciation of As(V) (a), Cd (b), Pb (c) and Hg (d) in the bacterial growth medium

In the absence of bacteria, all the cationic metal(loid)s (Cd, Pb and Hg) remain as free
ions at neutral pH but were complexed at acidic and alkaline pHs (Figure 3.5 c, e and g). The
concentration of free metal(loid) ions in the absence of bacteria was high for Cd and Hg

compared to Pb. Several researchers demonstrated that free metal(loid) ion concentration can
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affect the bioavailability of metal(loid) ions to bacteria and thereby contribute to the toxicity of
the metal(loid)s (Babich et al., 1983; Archibald and Duang, 1984; Schalk et al., 2011). They
claimed that pH of the bacterial medium along with other factors (e.g. metal(loid) concentration,
competing ions, chelating agents and ligands) can affect the transformation of free metal(loid)
ions.

In this study, presence of bacteria decreased the free cationic metal(loid) ion
concentrations in the medium, thereby reducing the toxicity of the metal(loid) ions (Figure 3.5
d, f and h). The extent of free metal(loid) ion formation was high for Cd and Hg in the medium
but in the presence of bacteria, the free metal(loid) ion formation was low. This can be
attributed to the adsorption and/or uptake of the metal(loid)s by the bacteria as free ions.
Kirillova et al. (2017) showed that metal(loid) uptake is mainly through physical adsorption
which can be affected by pH and presence of other cations. For instance, acidic conditions can
reduce the uptake of cationic metal(loid)s due to the competition by protons (Olaniran et al.,
2013; Ayangbenro and Babalola, 2017). Other than ionic competition, precipitation and
complex formation are important factors that could influence toxicity to bacteria. Some studies
indicate that bacteria can release OH" to increase the pH and thereby precipitate cationic
metal(loid)s (Rayner and Sadler, 1990; Yoshida et al., 1999).

3.7 Conclusions

All the cationic metal(loid)s (Cd, Pb and Hg) showed similar trend in terms of pH-toxicity
relationship, while the anionic As species (As(V) and As(lll)) exhibited an opposite effect. The
order of metal(loid) toxicity was As(lll) > Hg > Cd > Pb > As(V) for E. coli and Hg > As(lll) > Cd
> Pb > As(V) for the two Lactobacillus species In the case of cationic metal(loid)s such as Cd,
Pb and Hg, toxicity decreased with increasing pH because of the increased adsorption of these
metal(loid) cations by the bacterial species. Arsenite (Aslll) is more toxic than arsenate (AsV)
to both gram-positive and gram-negative gut bacteria that include L. rhamnosus, L. acidophilus
and E. coli. The toxicity of As(V) species increased with increasing pH. This is attributed to the
reduction of less toxic As(V) to more toxic As(lIl) with increasing pH. Also, different As species
have been shown to alter the composition and/or the metabolic activity of the gastrointestinal
bacteria including E. coli, which may be an important factor contributing to the formation of an
individual’s microbiotype. The physiological consequences of these alterations have not been
studied in detail but As-induced alterations of the gut bacteria are likely to contribute to their

toxicity. There are other factors including the methylation of inorganic As(V) and As(lll) by gut
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bacteria. Hence, more in vitro and in vivo studies are required to deduce the entire As
metabolism pathway in bacterial and human systems to assess the As toxicity for better human

risk assessment.

While As is an anion, other three metal(loid)s are cations and hence the binding capacity
of these heavy metal(loid)s to the bacterial cell wall varied based on the charge dependent
functional groups. The toxicity of these metal(loid)s to the bacteria also depends on their

bioavailability and bioaccessibility, which will be discussed in the forthcoming chapters.
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Chapter 4

BIOACCESSIBILITY OF ORALLY INGESTED HEAVY
METAL(LOID)S

4.1 Introduction

Metal mining and smelting industries, human activities, and indiscriminate disposal of
agricultural and industrial wastes have resulted in the pollution of terrestrial and aquatic
environments with heavy metal(loid)s (Senesi et al., 1999; Adriano, 2001; Nicholson et al.,
2003; Naidu et al., 2008; Tchounwou et al., 2012; Wuana and Okieimen, 2011; Zhang et al.,
2012; Xia et al., 2014). For instance, shooting ranges and base-metal tailings are a major
source of heavy metal(loid)s that include arsenic (As), cadmium (Cd) copper (Cu), lead (Pb),
antimony (Sb), mercury (Hg) and zinc (Zn) (Kumpiene et al., 2008; Sanderson et al., 2012).

In this chapter, the bioaccessibility of As, Cd, Hg and Pb from various sources is reported.
Arsenic, Cd, Hg and Pb are the most important toxic metal(loid)s which reach human biological
systems through oral ingestion (Jaishankar et al., 2014). For example, incidental ingestion of
soil and dust by young children is an important pathway for Pb exposure (Hou et al., 2013; Cao
et al.,, 2014). Lead is also included as a therapeutic compound in Ayurvedic medicines for
treating diabetes mellitus, diarrhoea, and skin diseases (Nagarajan et al., 2014; Bolan et al.,
2017a). Lead has no known natural biological function and, in humans, the developing fetus
and children are more sensitive to high levels of Pb exposure than are adults due to
neurological effects of Pb exposure; these include irreversible learning disabilities, attention
deficit disorders, and behavioral difficulties (ATSDR, 2007b; Park et al., 2011).

Arsenic (As), which occurs naturally in a number of forms (or species), is classified as a
class one carcinogen by the World Health Organisation’s International Agency for Research on
Cancer (IARC, 2004). High levels of As intake can raise the risk of developing lung, bladder
and skin cancer, cardiovascular disease, diabetes mellitus, skin lesions, gastrointestinal illness
and other serious health problems, eventually leading to death (WHO, 2009; Zhang et al.,
2016). Significant detrimental impacts of As on human health have been reported in some
endemic areas of Bangladesh, India, Chile, and China, and millions of people are potentially at
risk from As poisoning (Mahimairaja et al., 2005; Naidu and Bhattacharya, 2009; Bhattacharya
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et al., 2012; Hojsak et al., 2015). In these countries, As reaches food chain mainly through the
use of potable water and plant uptake resulting from the irrigation of As-rich water. Regular rice
consumption has been considered as a major source of As intake in humans in many countries
including Bangladesh and Vietnam where As-rich groundwater is used to irrigate rice crop
(Williams et al., 2006; Rahman and Hasegawa, 2011; Meharg and Zhao, 2012). Arsenic is also
included as a therapeutic compound in Ayurvedic medicines for treating cancer, skin diseases,
anti-inflammation, malaria, and antidote to venoms (Khandpur et al., 2008; Bolan et al.,
2017a,b).

Cadmium (Cd) has been identified as one of the major heavy metals reaching the food
chain through various activities (Naidu et al., 1994; Bolan et al., 2013; Loganathan et al., 2012).
For example, in New Zealand and Australia, Cd has been identified as the most common heavy
metal reaching the food chain mainly through animal transfer in pastoral agriculture
(McLaughlin et al., 1996; Loganathan et al., 2012). Similarly, in many East and South Asian
countries including Japan, Bangladesh, Indonesia, and Korea, Cd accumulation in rice
ecosystems and its subsequent transfer to the human food chain is a major environmental
issue (Kawada and Suzuki, 1998; Simmons et al., 2008; Bolan et al., 2013). In Australia
(Williams and David, 1973; McLaughlin et al., 1996; Mann et al., 2002) and New Zealand
(Longhurst et al., 2004), most of the Cd that has accumulated in the topsoil has been derived
from impurities in phosphate (P) fertilizers added during normal farming practice. The paddy
soils in many countries have been affected by Cd derived not only from fertilizer application,
but also mine tailings and refining plants (Zarcinas et al., 2004; Bolan et al., 2013).

Mercury (Hg) occurs naturally in the earth's crust. It is released into the environment from
volcanic activity, weathering of rocks and as a result of human activity, particularly coal-fired
power stations, residential coal burning for heating and cooking, industrial processes, waste
incinerators and as a result of mining for mercury, gold and other metals (Stylo et al., 2016).
Mercury exists in various forms: elemental (or metallic), inorganic and organic, and these forms
of mercury differ in their degree of toxicity and in their effects on the nervous, digestive and
immune systems, and on lungs, kidneys, skin and eyes (Rice et al., 2014). Once in the
environment, Hg can be transformed by bacteria into methylmercury, and then bioaccumulates
in fish and shellfish. Mercury exposure mainly occurs through consumption of fish and shellfish
contaminated with methylmercury (Bushkin-Bedient and Carpenter, 2010; Silbernagel et al.,
2011; Dong et al., 2015). Mercury is also included as a therapeutic compound in some
Ayurvedic medicines for treating insomnia, throat and skin infections and intestinal parasites

(Kew et al., 1993; Liu et al., 2008; Bolan et al., 2017a). Neurological and behavioural disorders
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may be observed after inhalation, ingestion or dermal exposure of different mercury
compounds. Symptoms include tremors, insomnia, memory loss, neuromuscular effects,
headaches and cognitive and motor dysfunction (Carocci et al., 2014).

The toxicity of ingested contaminants including heavy metal(loid)s is determined
ultimately by the extent to which they are solubilised in the gut (bioaccessibility), their
permeability through intestinal epithelial cells and subsequent circulation in the blood
(bioavailability), and their assimilation and metabolic action in any tissues that subsequently
absorb them (bioactivity). The bioaccessibility-bioavailability-bioactivity continuum (Figure 2.1;
Section 2.7 in Chapter 2) play a critical role in the toxicity of heavy metal(loid)s to biota (Naidu
et al., 2008; Jaishankar et al., 2014; Kim et al., 2015; Bolan et al., 2017a). Bioaccessibility is
usually evaluated in vitro by physiologically based extraction tests and gastrointestinal
digestion procedures. Bioavailability, which expresses the fraction of the bioaccessible
compound that enters the blood circulation, refers to the rate and extent to which the compound
permeates through the intestinal epithelial cells (Jaishankar et al., 2014; Kim et al., 2015).
Bioactivity refers to the physiological and metabolic interactions between the compound and
the human tissue or organ, which disturb homeostasis (the body’s usual healthy equilibrium)
(Rehman et al., 2018).

The amount of metal(loid) absorption into systemic circulation (the bioavailable fraction)
depends on the nature and solubility of metal(loid) source (i.e., bioaccessibility) and the
properties of the ingested compound (Naidu et al., 2008; Deshommes et al., 2012; Ruby et al.,
2016). Studies on metal(loid) bioaccessibility are often conducted using in vitro digestive
techniques aiming to simulate the human digestive system (Van de Wiele et al., 2010; Laird et
al., 2007, 2013; Wijayawardena et al., 2015; Juhasz et al., 2016). These tests, however, do not
take into account the role of the human gut microbiome and its interactions with environmental
contaminants. In this chapter (Chapter 4), the bioaccessibility of selected metal(loid)s including
As, Cd, Pb and Hg from various common orally ingested sources will be reported. In the
subsequent chapters, the effects of gut microbes (Chapter 5) and chelating agents (Chapter 6)

on the bioaccessibility will be reported.

4.2 Objectives

The overall objective of this work was to scrutinize the bioaccessibility of orally ingested As,

Cd, Hg and Pb as impacted by gut microbes. The specific objectives in this chapter were to:
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(i) Monitor the gastric and intestinal bioaccessibility of As, Cd, Hg and Pb in various
sources
(i) Monitor the distribution of various species of As, Cd, Hg and Pb in gastric and

intestinal extractions

4.3 Hypothesis

(i) Bioaccessibility depends on the nature of metal(loid)s and its sources.
(i) Bioaccessibility of metal(loid)s varies between gastric and intestinal extractions
(iii) Gut bacteria modulate bioaccessibility of metal(loid)s through their effects on the
solubilisation of metal sources and subsequent interactions with metals via

adsorption and speciation processes.

Hypotheses (i) and (ii) will be tested in this chapter (Chapter 4) by comparing the gastric and
intestinal bioaccessibility of As, Cd, Hg and Pb in variou