Xiangkai Li
PuLiu Editors

Gut Remediation
of Environmental
Pollutants

Potential Roles of Probiotics and Gut
Microbiota

@ Springer



Gut Remediation of Environmental Pollutants



Xiangkai Li ¢ Pu Liu
Editors

Gut Remediation of
Environmental Pollutants

Potential Roles of Probiotics and Gut
Microbiota

@ Springer



Editors

Xiangkai Li Pu Liu

School of Life Sciences School of Life Sciences
Lanzhou University Lanzhou University
Lanzhou, Gansu, China Lanzhou, Gansu, China
ISBN 978-981-15-4758-4 ISBN 978-981-15-4759-1 (eBook)

https://doi.org/10.1007/978-981-15-4759-1

© Springer Nature Singapore Pte Ltd. 2020

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of the
material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

The publisher, the authors, and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional
claims in published maps and institutional affiliations.

This Springer imprint is published by the registered company Springer Nature Singapore Pte Ltd.
The registered company address is: 152 Beach Road, #21-01/04 Gateway East, Singapore 189721,
Singapore


https://doi.org/10.1007/978-981-15-4759-1

Preface

If the mountain will not come to Muhammad, then Muhammad must go to the mountain.
(Francis Bacon, 1625)

As we are all aware that pollution is a global crisis that human race faces in the
twenty-first century, there are overwhelming evidences that pollution has caused
various health problems. For example, heavy metals are one of the major causes of
increasing cancer rate, especially among the young population in China. Govern-
ments, societies, organizations, scientists, and individuals have paid very close
attention to this issue. In the last two decades, a large number of human and financial
resources have been devoted to environmental protection and remediation. As a
research scientist in this field, these remedies have proven not be very effective. Our
current strategy is focusing on the environments, including air, water, and soil.
Physical, chemical, biological, and combined remediation approaches are able to
reduce contaminants at small or medium scale. However, the scope of contamination
is too huge. It is estimated that 20% of the agricultural soil is contaminated with
heavy metals and the remediation capacity can only cover a very small portion of
it. Organic contaminants, heavy metals, other emerging contaminants, etc. enter
everyone’s daily life through air, water, and food. And the situation is getting worse.

More than 100 years ago, Metchnikoff suggested manipulation of gut microbiota
with probiotics can enhance human health, a fact that few people believed at that
time but is proven over time. Most contaminants enter the human body through gut
and lots of bacteria have the ability to remediate hazardous materials. Based on this,
we proposed a novel approach against environmental contaminations, termed Gut
Remediation. Compared to traditional remediation technology, gut remediation
provides a new path for the protection of human health against pollutants. It is
convenient in vivo because the functional gut microbiota can be enhanced by
probiotic intervention, and probiotics colonize the gut in only a few weeks or a little
longer. With the development of isolation of functional microbes, synthetic biology,
and new microbial augmentation technology, gut remediation will further reduce
pollutant accumulation and show a low-cost application in the future.
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The multifaceted correlation of gut microbiota altered by environmental pollut-
ants with human metabolism, nutrition, host physiology, and applications, have been
discussed in this book, highlighting the importance for us to rationally manipulate
the gut microbiota. Several reports indicated that coronavirus (COVID-19) can
attack the human gut through ACE-2 protein and cause illness, which could be
prevented by a healthy gut microbiota. We believe gut remediation can help us in
lots of different ways and serve as an important adjunct to medical treatment in the
near future.

Lanzhou, China Xiangkai Li
2020
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Chapter 1 ®)
Health Effects of Environmental Pollutants <=

Toshiro Shigaki

1.1 Introduction

Environmental pollutants are everywhere surrounding us. They are in the food we
eat every day, in the water we drink, and in the air we breathe in. They are also found
in household cleaners, carpets, house dust, and mattresses. Such common occurrence
of environmental pollutants will have harmful effects on our health. It is practically
impossible to avoid each and every pollutant in our daily life. However, there are
steps that you can follow to reduce the detrimental effects to live a healthier life.
Oftentimes, there are also choices that keep the hazard to the minimum possible
level.

Environmental pollutions can be both natural and anthropogenic. Natural causes
include such events as forest fires and volcanic eruptions. Numerous foods contain
natural toxins as part of the defense system in living organisms that we consume,
such as animals, fish, plants, and mushrooms. Allergies can be caused by pollens
from plants that are part of the ecosystem. Anthropogenic pollutants include pesti-
cides, antibiotics, industrial products and by-products, and heavy metals from
mining activities.

Human races, in their entire history, experimented on the foods they eat. Those
who ate wrong types of food did not live long and left no offspring. In extreme cases,
they simply died when the food they consume contained poisons. This process of
selecting right foods that are available abundantly in their local area became the
tribal knowledge and that guaranteed their survival. In a way, modern human beings
are select elites who are the descendants of the people who ate the right foods for
their survival and health.

T. Shigaki (£<)
Graduate School of Agricultural and Life Sciences, The University of Tokyo, Tokyo, Japan

Pacific Agriculture Alliance, Samukawa, Kanagawa, Japan
e-mail: tshigaki@ag-alliance.org
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In modern times, selecting right foods is becoming increasingly more difficult,
because new synthetic chemical is made every day, and their short- and long-term
effects are either hard to predict or unknown. Advancing technology enabled
humans to develop and synthesize new materials and chemicals to make our life
more convenient, healthier, and efficient. At the same time these same materials can
be detrimental to us. Such negative effects of new materials and chemicals are often
discovered long after they come into our life. By the time the effects are verified, the
damage is already done. Smoking was once considered a healthy alternative to
alcohol consumption as cigarette smoking did not cause hangover. It was even
endorsed and recommended by medical doctors. The incidence taught us a valuable
lesson, yet we may still be surrounded by many apparently benign materials with
potentially harmful effects.

In this introduction, I would like to describe historical perspectives of environ-
mental pollutants, suggest what can possibly happen, and what we should do to cope
with the problems in the future.

1.1.1 Historical Perspectives

Environmental pollution is not new and has occurred throughout the human history,
but especially since industrialization started. In the past, pollution was mainly of
heavy metals and from biological sources. Some notable incidences in history are
presented here to illustrate the impact environmental pollution poses on human life.

For example, in the eighteenth and nineteenth centuries, industrial workers used
mercury nitrate, as part of the process of the animal furs, to produce felt for hats.
Back then, the hazard of mercury nitrate was not well recognized, and the concept of
occupational safety was nonexistent. The “hatters” thus developed a variety of
physical and mental ailments, including speech difficulties, tremors, emotional
problems, and hallucinations. The expression “mad as a hatter” was made as the
problem became commonplace. Even earlier, there is evidence that Romans used
lead acetate as a sweetener.

Cadmium was discovered by the German chemist Friedrich Stromeyer in 1817,
and it changed the world of paintings forever, as this heavy metal produced vibrant
yellow, orange, and red colors. Artists such as Paul Gauguin, Max Ernst, and Henri
Matisse made extensive use of cadmium paints by taking advantage of the colors that
cadmium made possible. It was also resistant to fading due to exposure to sunlight.
However, artists have certainly inhaled the toxic cadmium powders and that have put
them in health risks.

During the nineteenth century, another poisonous metal, arsenic, was used in
wallpapers in bedrooms. Arsenic was known to create an array of bright colors, such
as emerald green hue known as Scheele’s Green. The use of such bedroom wallpa-
pers resulted in illnesses and deaths, especially of young children.

Mycotoxin from toxigenic fungi has been a serious problem for humans since
agriculture and storage of grains started approximately 10,000 years ago. Best
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documented mycotoxin cases are probably ergotism from Claviceps purpurea in rye
and have been known over 2000 years. Ergotism caused the deaths of many
thousands of people, mainly in Europe for the past 1000 years.

Beriberi is usually associated with vitamin B1 (thiamine) deficiency. However in
Japan, a disease known since the seventeenth century as acute cardiac beriberi is
caused by a mycotoxin from Penicillium citreonigrum. When the fungus infects rice
grains, it makes them yellow. Since the sale of such moldy yellow rice was banned in
1910, the disease practically disappeared in Japan.

From these cases, we understand that industrial pollutions in a broad sense were
part of the human history.

1.1.2 Modern Days

However, the scale of pollution is reaching a mass scale in every part of the world.
Many mining activities caused environmental havoc all over the world, polluting the
soils and waters with toxic heavy metals. Besides, mercury used to extract gold is a
widespread source of pollution. In Bougainville, Papua New Guinea, a copper and
gold mine called Panguna contaminated the surrounding environments and caused
illnesses among the people who rely on water from the streams and crops grown on
the local gardens. It eventually led to a civil war, resulting in the deaths of 10% of the
population of Bougainville Province, where the mine was located. The pollution
persisted long after the mine was permanently shut down. Besides, artisanal and
small-scale gold mining make use of mercury and are being practiced long after the
shutdown, This poses serious health and environmental problems.

Urbanization and industrialization complexed with advanced material production
technology increased the consumption of materials and as a result waste discharge.
To reduce the health risks stemming from these pollutions, first we must understand
the nature of the polluting substances.

Environmental pollutants pose various hazards to health depending on the prop-
erty of the material. The harmful effects include infant mortality, respiratory disor-
ders, allergy, cancer, mental disorders, to mention a few. Long-term effects are more
subtle to notice, but some pollutants increase the chance of certain cancers and other
disorders.

1.1.3 Future Perspectives

With the development of new chemical and biological technologies, new environ-
mental pollutants will arrive in our daily life. It is now easy to edit genes and
genomes and even to create novel microorganisms and viruses. Such technology
can be utilized to synthesize biological weapons. Inadvertent release of experimental
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materials of biological nature also constitutes risks and can be easily spread among
the public.

Hazard of inhalation of nanomaterials is recently speculated. Animal studies
demonstrated pulmonary effects such as inflammation, fibrosis, and carcinogenicity
regarding some nanomaterials. Risk studies must be conducted to assess the poten-
tial danger, and if necessary, restriction on the use of nanomaterials must be
considered.

In this chapter, we focus on most important environmental pollutants and explain
their sources and mode of action, summarized from recent literatures. It is hoped that
this chapter helps reduce the health risks by providing accurate accounts of
pollutants.

1.2 Heavy Metals

By consuming various foods, we are inadvertently absorbing heavy metals into our
body. The heavy metals react with our cell machinery in the manner that is harmful
to the normal functions. Heavy metal poisoning occurs by natural causes. However,
in modern days, it is usually associated with various forms of economic activities.

Heavy metals are present in soils and waters, as a result of industrial pollution, or
mining activities. However, some soils and waters are naturally high in heavy metal
content. Plants absorb heavy metals from roots and accumulate in their tissues.
Subsequently, animals consume the plants and the metals are passed on to the
meat that humans eat. Seas and freshwater are also contaminated with heavy metals.
Fish accumulate heavy metals to dangerous levels for human consumption by the
process called biological concentration. Therefore, careful monitoring of heavy
metals in fish is required for dietary safety. The following is a list of heavy metals
that are of concern to human health, with information on the mode of action and
symptoms. In addition, we will describe a method to remediate heavy-metal polluted
environment using live plants, termed phytoremediation, which is increasingly
gaining popularity as it is both environmentally friendly and cost-effective.

1.2.1 Cadmium (Cd)

Cd is found in the earth’s crust at about 0.1 part per million [1] and exists as impurity
in zinc or lead deposits, thus is produced primarily as a by-product of zinc or lead
smelting [2]. It is one of the most toxic elements that exist in nature. Cd is efficiently
retained and accumulates in the human body throughout life [3]. The ionic radius of
Cd is almost identical to that of Ca, which is an essential metal for many cellular
functions. When the cell mistakes Cd for Ca, it blocks the signaling that Ca normally
provides, causing toxic effects in our body.
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Cd is primarily toxic to the kidney and it is the main site of accumulation [3]. Cd
also causes bone demineralization [3]. Pollution by Cd is common in industrialized
areas, and some foods, notably rice, can naturally accumulate Cd. Therefore, such
long-term exposure to Cd can adversely affect the kidneys and bones of humans.

1.2.2 Arsenic (As)

Arsenic occurs in many minerals, usually in combination with sulfur and other
metals. Arsenic is used mainly in alloying with lead. Lead components in car
batteries are fortified by the presence of a very small amount of arsenic [4, 5]. The
largest source of arsenic intake into human body is from food. Rice is known to
accumulate As efficiently. Considering that rice is a staple food of most Asian
populations, it is an important source of As exposure in the area. Long-term
exposure to arsenic may alter the ability of cell functions. It could play a role in
the development of diabetes, cancer, vascular disease, and lung disease.

Another source of As is water. The Environmental Protection Agency limits the
amount of arsenic in U.S. public drinking water to 10 parts per billion (ppb). Water
coming from wells may contain higher levels of arsenic, if the groundwater flows
over arsenic-rich bedrock. In Bangladesh, As-contaminated well water caused mass
sufferings of the people.

1.2.3 Chromium (Cr)

While trivalent chromium is a trace mineral that is essential to human nutrition,
hexavalent chromium and its compounds are toxic when inhaled or ingested.
Hexavalent chromium can be found in dyes and paints and in some products used
in leather tanning. It is hemotoxic, genotoxic, and carcinogenic [6]. The signs and
symptoms of chromium toxicity are fever, diarrhea, nausea, vomiting, renal failure,
and severe gastrointestinal irritation or ulcers.

1.2.4 Nickel (Ni)

Nickel is a widely utilized metal as it is tolerant to corrosion. Cooking utensils,
cellular phones, medical instruments, transportation, construction, power generation
are only a few examples. As such, exposure to nickel occurs commonly in our daily
activities.

The most common harmful effect of nickel is an allergic reaction to the skin of the
sensitive people [7]. Nickel is also a potential immunomodulatory and immunotoxic
agent in humans [8]. International Agency for Research on Cancer (IARC) classified
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nickel compounds except the nickel in the metallic form as carcinogenic to
humans [9].

1.2.5 Mercury (Hg)

Mercury represents one of the four most hazardous heavy metals in the environment,
along with cadmium, arsenic, and lead. In the1950s-1960s in Japan, mercury
polluted seawater and fish, thereby causing massive poisoning of thousands of
people in Kumamoto Prefecture (Minamata Disease). The symptoms of mercury
poisoning may include muscle weakness, poor coordination, numbness in the hands
and feet, skin rashes, anxiety, memory problems, trouble speaking, trouble hearing,
or trouble seeing [10]. Mercuric compounds are more toxic than either the elemental
form or the salts causing brain and liver damage. The most dangerous mercuric
compound is dimethylmercury. A few microliters of dimethylmercury spilled on the
skin can cause death [11, 12].

Currently, the use and sale of mercury is restricted by an international treaty,
Minamata Convention on Mercury. However, illegal use still continues in small-
scale gold mining operations (Fig. 1.1) to separate the gold from other materials.
This process generates mercury vapor and contaminates atmosphere, soils, and
water, and directly harm humans who handle the process.

Fig. 1.1 “Panning” the gold in defunct Panguna Mine, Bougainville, Papua New Guinea
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1.2.6 Lead (Pb)

Lead is one of the four most poisonous heavy metals commonly found in the
environment, other three being mercury, cadmium, and arsenic. The most sensitive
human organ to lead is brain and the exposure to lead causes intellectual disability
and behavioral problems [13]. Lead(I) acetate (Pb(CH3;COO),), also known as lead
acetate, or Goulard’s powder, is a white crystalline compound that tastes sweet.
Therefore, it is especially hazardous to children who used to put lead acetate-
containing paint in the mouth. Lead acetate is no longer used in the paint for this
reason.

1.2.7 Aluminum (Al)

Aluminum is a common metal that is present in earth’s crust. Nonetheless, aluminum
has no known function in biology. Aluminum is not as toxic as other metals and not
listed as a carcinogen by the United States Department of Health and Human
Services.

The ingestion of aluminum was once suspected as a cause of Alzheimer’s disease.
However, no evidence has been found to prove the connection of aluminum with the
disease [14].

Aluminum, however, can infrequently cause vitamin D-resistant osteomalacia,
erythropoietin-resistant microcytic anemia, and central nervous system alterations.
People with renal insufficiency are particularly at a risk [15].

1.2.8 Zinc (Zn)

Zinc is an essential trace element for humans, other animals, plants, and for micro-
organisms. Zinc acts as a cofactor of over 300 enzymes and 1000 transcription
factors. Although zinc is an essential element, excessive intake of zinc is toxic in
humans by competing with copper and iron, causing the deficiency of these metals
[16]. For example, a report has been published that elderly men taking 80 mg daily
were hospitalized for urinary complications more often than those taking a placebo
[17]. Some dietary supplements contain high amount of zinc. Therefore, dosage
must be carefully monitored to avoid any adverse effects.
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1.2.9 A Method of Decontamination of Polluted Soils:
Phytoremediation

Soils and water polluted with heavy metals must be cleaned up before agriculture
and other human activities are resumed. However, cleaning up contaminated soil is
expensive. The estimated cost to remediate polluted sites in the EU alone is some-
where between €59 and €109 billion [18]. Besides, conventional methods of soil
cleanup, such as replacing the contaminated soils with clean ones sourced from other
locations, do not completely solve the problem. The removed soils must be stored
elsewhere, which must be taken care of in the future. For this end, phytoremediation
provides a cost-effective alternative, which is at the same time environmentally more
friendly.

Phytoremediation is the technologies that use living plants to clean up soil, air,
and water contaminated with hazardous materials, including heavy metals [19]. It is
defined as “the use of green plants and the associated microorganisms along with
proper soil amendments and agronomic techniques to either contain, remove, or
render toxic environmental contaminants harmless” [20].

Phytoremediation utilizes a special group of plants termed hyperaccumulators.
Hyperaccumulators are plants that are capable of growing in soil or water containing
very high concentrations of metals, taking up these metals from their root system,
and accumulating very high concentrations of metals in their tissues [21]. These
plants have a selective advantage over ordinary (non-hyperaccumulators) plants on
the soils with high metal content. Besides, it has been suggested that it is an effective
strategy to avert herbivory or pathogen defenses by making the plants toxic to insects
and animals feeding on the plants [22]. In hyperaccumulators, genes that are
responsible for absorbing metals are upregulated. Expression of hyperaccumulation
(HA) genes confers plants the ability to uptake and sequester metals such as As, Co,
Fe, Cu, Cd, Pb, Hg, Se, Mn, Zn, Mo, and Ni, 100-1000 times the concentration
found in non-hyperaccumulators [23, 24].

One good example of a hyperaccumulator is a fern Pteris vittata L., which can
accumulate 27,000 mg of As per kg of tissue (fronds) [25]. In one experiment, 26%
of As in the soil was removed after 20 weeks’ plantation [26].

To remediate heavy-metal contaminated soils, first, appropriate
hyperaccumulators are chosen based on the nature of the pollution. After the plants
are grown and allowed to absorb heavy metals from the soils, the shoot systems are
removed and processed elsewhere. In consideration of the safety of the wildlife, the
hyperaccumulators should not be edible for local fauna. The advantage of
phytoremediation is its cost-effectiveness and environmental friendliness. However,
it is a long process and the problem of processing the shoot system containing high
levels of heavy metals still exists.



1 Health Effects of Environmental Pollutants 9
1.3 Pesticides

Pesticide use is on the increase, as agriculture seeks to increase its outputs in
response to the demand. Relatively safe pesticides have been developed in recent
years. However, hazardous pesticides are still widely used. Organic farming is
increasingly becoming popular, because it is a more sustainable way to produce
agricultural products. Pesticides tend to kill the beneficial microorganisms in the soil
and insects. As a result, continuous input of fertilizers and more pesticides is
required, making the practice unsustainable. More targeted use of pesticides and
the development of pesticides that are less harmful to environment will reduce the
risk. Here, we list some of the most problematic pesticides and describe their effects
on the health of human and other organisms.

1.3.1 Organochlorine

Organochlorine pesticides are synthetic pesticides used widely in the chemical
industry and in agriculture. Organochlorines are known for their high toxicity,
slow degradation, and bioaccumulation. Some examples of organochlorine are
DDT, DDD, Dicofol, Eldrin, Dieldrin, Chlorobenzilate, Lindane, BHC,
Methoxychloro Aldrin, Chlordane, Heptachlor, Endosulfan, Isodrin, Isobenzan,
Toxaphene, and Chloro propylate.

Organochlorine toxicity is mainly due to stimulation of the central nervous
system. Cyclodienes inhibit the calcium ion influx and Ca- and Mg-ATPase causing
release of neurotransmitters [27]. Epidemiological studies suggest the etiological
relationship between Parkinson’s disease and organochlorine pollutants (for exam-
ple, see [28]). These chemicals can be harmful to agricultural workers.

1.3.2 Organophosphates

Organophosphates are used in insecticides used in agriculture and chemical warfare
(nerve agents) [29]. Some examples are Dimefox, Mipafox, Methyl Parathion,
Ronnel, enitrothion, Bidrin, Phorate, Fenthion, coumaphos, Abate, Dichlorvos,
Diptrex, Phosphamidon, Demetox, Oxydemeton-methyl, Malathion, Dimethoate,
and Trichlorofan. These chemicals can be harmful to agricultural workers. Symp-
toms include increased saliva and tear production, diarrhea, vomiting, small pupils,
sweating, muscle tremors, and confusion [30].

Organophosphates degrade readily on exposure to air and light. For this reason,
they have been considered relatively safe to consumers [31]. However, on fruits and
vegetables, the pesticides may remain undegraded. Some nerve agents, such as sarin
and tabun, are organophosphates and extremely poisonous. Sarin has a notorious
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history of use as a chemical weapon. In 1995, a Japanese cult, Aum Shinrikyo used
sarin in Tokyo subway, causing 12 deaths and 6200 injuries.

1.3.3 Carbamates

A carbamate is a chemical compound that is formally derived from carbamic acid
(NH,COOH). Carbamate insecticides target human melatonin receptors [32], along
with inhibiting acetylcholinesterase [33].

1.3.4 Neonicotinoid

Recently neonicotinoids appear in the news as impacting the wildlife negatively.
Neonicotinoid is a class of neuro-active insecticides chemically similar to nicotine
[34]. The neonicotinoid family of pesticides includes acetamiprid, clothianidin,
imidacloprid, nitenpyram, nithiazine, thiacloprid, and thiamethoxam. Imidacloprid
is the most widely used insecticide in the world. Neonicotinoids, including some
breakdown products, are particularly toxic to insects.

Neonicotinoids bind to nicotinic acetylcholine receptors (nAChRs) of a cell and
initiate a response by that cell. In mammals, nicotinic acetylcholine receptors are
found in the cells of the central nervous system and peripheral nervous systems,
while in insects these are found only in the central nervous system. Nicotinic
acetylcholine receptors are activated by the neurotransmitter acetylcholine. High
levels overstimulate and block the receptors that results in paralysis and death.

Neonicotinoid was linked to honey-bee colony collapse disorder (CCD) and loss
of birds as the direct result of the reduction in insect populations. It has been
proposed that neonicotinoids reduce the survival ability of a bee colony during the
winter. It is generally agreed that neonicotinoids have had a negative influence on
bee populations. Accordingly, in 2018, the EU banned the three major
neonicotinoids (clothianidin, imidacloprid, and thiamethoxam) for all outdoor uses.

Recently, the population decline of eels in Japan was linked to the use of
neonicotinoid pesticide. The study, conducted in Lake Shinji in Shimane Prefecture,
hinted at the reduction of feed for eels that were sensitive to neonicotinoid pesticide
caused the decline of the eels Neonicotinoids disrupt aquatic food webs and decrease
fishery yields [35].

1.3.5 Pyrethroids

A pyrethroid is an organic compound analogous to the pyrethrins, naturally occur-
ring chemicals extracted from flowers of pyrethrums (Chrysanthemum
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cinerariaefolium and C. coccineum), which has a long history of use in China since
Chou Dynasty. Pyrethroids are common household insecticides available commer-
cially. Besides, they may have insect repellent properties and are generally consid-
ered harmless to humans [36]. The toxic effects of pyrethroids are mediated by
preventing the closure of the voltage-gated sodium channels in the axonal mem-
branes in the neuron cells.

Although being harmless to humans, pyrethroids are toxic to beneficial insects
such as bees and dragonflies and other invertebrates, including those that constitute
the base of aquatic and terrestrial food webs [37]. Notably, they are very toxic to fish
and other aquatic organisms [38].

1.4 Persistent Organic Pollutants

Among chemical pollutants that adversely affect human and environmental well-
being, a group of chemicals termed persistent organic pollutants, often abbreviated
as POPs, are particularly problematic. For this reason, the United Nations Environ-
ment Programme Governing Council investigated POPs in 1995 and designated
twelve POPs for the detrimental effects on human and the environmental health and
banned the use of these compounds and required the member countries to take action
to eliminate or reduce the release of POPs in the environment.

POPs are halogenated organic compounds. Because of this nature, they exhibit
high lipid solubility. As a notable consequence, they bioaccumulate in fatty tissues.
Halogenated compounds are also chemically very stable due to the nonreactivity of
C—Cl bonds against hydrolysis and photolytic degradation, making them particularly
problematic once released into the environment.

The 12 initial POPs (“dirty dozen”) under the Stockholm Convention are classi-
fied into the following three categories:

Pesticides: ~ aldrin, chlordane, DDT, dieldrin, endrin, heptachlor,
hexachlorobenzene, mirex, toxaphene;

Industrial chemicals: hexachlorobenzene, polychlorinated biphenyls (PCBs); and

By-products: hexachlorobenzene; polychlorinated dibenzo-p-dioxins and
polychlorinated dibenzofurans (PCDD/PCDF), and PCBs.

1.4.1 Aldrin

Aldrin is applied to soils to kill insect pests such as termites, grasshoppers, and corn
rootworm. However, it can affect fish, birds, and humans as well. The lethal dose of
aldrin for rats is estimated at 30-60 mg/kg. The toxicity for fish is much more potent
with the lethal dose of 0.006-0.01 mg/kg [39]. In the soils, plant surface, and in the
digestive tracts of insects, aldrin is oxidized to form more potent insecticidal epoxide
called dieldrin.
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1.4.2 Chlordane

Chlordane is a white and solid organochlorine compound used as a pesticide. In the
USA, chlordane was used to control termites in homes until it was banned in 1988
[40]. Ten years prior, it had been banned for food crops such as corn and citrus and
on the turf [39]. It is well documented that the chemical is persistent in the
environment for an extended time. For example, in Japan, chlordane was detected
5 years after it was applied to homes to kill termites [41].

1.4.3 Dichlorodiphenyltrichloroethane (DDT)

Dichlorodiphenyltrichloroethane, or DDT, is a colorless and almost odorless organ-
ochlorine. DDT was first synthesized by the Austrian chemist Othmar Zeidler in
1874. However, the utility was not noticed until Paul Hermann Miiller discovered
that it can act as an insecticide in 1939. He was awarded a Nobel Prize in Physiology
or Medicine in 1948 for this work. During World War II, the U.S. lost the supply of
pyrethrum from Japan and started to use DDT to control mosquitos. It was also used
to control malaria and typhus among civilians and troops. However, in 1962, Rachel
Carson popularized the environmental damages by DDT in her book Silent Spring.
Following this, the danger of DDT became known to the public and eventually it was
banned in 1968. It is nonetheless a fact that DDT saved millions of lives especially in
developing countries. In 2006, the World Health Organization endorsed the limited
use of DDT for the control of malaria.

1.4.4 Dieldrin

Dieldrin was originally synthesized in 1948 by J. Hyman & Co, Denver. It is an
insecticide closely related to aldrin, which reacts further to form dieldrin. it is an
extremely persistent organic pollutant as it does not easily break down. Long-term
exposure to dieldrin is harmful to a very wide range of animals including humans.
For this reason, dieldrin is banned in most countries in the world.

Dieldrin is associated with an array of human diseases such as Parkinson’s, breast
cancer, and immune, reproductive, and nervous system damage. Besides, it is also an
endocrine disruptor. It can also adversely affect testicular descent in the fetus if a
pregnant woman is exposed to it [42].
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1.4.5 Endrin

Endrin is an organochloride used as an insecticide, rodenticide, and piscicide, which
takes a form of a colorless, odorless solid. Endrin was manufactured as an emulsi-
fiable solution sold commercially as Endrex [43]. It is a persistent organic pollutant.
In 2009, EPA released data indicating that the endrin in soil could last up to 14 years
or more [44]. It is therefore banned in many countries.

Organochlorine pesticides such as endrin are resistant to degradation and are
highly soluble in lipids [45]. This results in bioaccumulation in fats in fish tissues. A
bioconcentration factor as high as 1335-10,000 has been reported [46].

Some symptoms of endrin poisoning in humans are headache, dizziness, ner-
vousness, confusion, nausea, vomiting, and convulsions [47].

1.4.6 Heptachlor

Heptachlor is an organochlorine compound that was commonly used as an insecti-
cide in the past. Heptachlor, along with other chlorinated insecticides, appears in
Rachel Carson’s Silent Spring published in 1962, as destructive to the environment.
Heptachlor has a highly stable structure and persists in the environment for decades.
In the USA, the Environmental Protection Agency limits the use to the control of fire
ant control. The United States Environmental Protection Agency classifies hepta-
chlor as a possible human carcinogen.

1.4.7 Hexachlorobenzene

Hexachlorobenzene is an organochloride used as a fungicide formerly used for seed
treatment, especially on the bunt of wheat, which is caused by a fungus.
Hexachlorobenzene is carcinogenic to animals and is also possibly a human carcin-
ogen [48]. After it was introduced as a fungicide in 1945, it has been used widely to
treat seeds. The use of hexachlorobenzene was banned in the USA in 1966.

1.4.8 Mirex

Mirex, a white crystalline odorless solid, is an organochloride that was used as an
insecticide in the past, but now banned in many countries in the world. Mirex is an
insecticide active in the insect’s stomach. Therefore, it must be ingested by the
organism to effect as a poison. Mirex was extensively used as an insecticide in
Southeastern United States to control the imported fire ants Solenopsis saevissima
richteri and Solenopsis invicta.
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The 1995 report of the Agency for Toxic Substances and Disease Registry
(ATSDR) states that Mirex caused fatty changes in the livers, hyperexcitability
and convulsion, and inhibition of reproduction in animals. It is also a potent
endocrine disruptor and interferes with estrogen-mediated functions such as ovula-
tion, pregnancy, and endometrial growth [49].

1.4.9 Toxaphene

Toxaphene was a widely used pesticide mainly used for cotton in the Southern
United States in 1960s and 1970s [50]. It is a mixture of more than 670 chemicals,
produced by reacting chlorine gas with camphene [51]. Exposure to toxaphene
stimulates the central nervous system and induces morphological changes in the
thyroid, liver, and kidneys [52].

It is a persistent chemical that can remain in the environment such as in the soil for
1-14 years without degradation [53]. For this reason, it was banned in the USA in
1990 and by the 2001 Stockholm Convention on Persistent Organic Pollutants.

1.4.10 Polychlorinated Biphenyls (PCBs)

A polychlorinated biphenyl (PCB) is an organic chlorine compound which used to
be widely used as dielectric and coolant fluids in electrical apparatus, carbonless
copy paper, and in heat transfer fluids [54]. On the other hand, it has a potent
biotoxicity and accumulates in fat tissues. It is carcinogenic and causes skin,
organ, and hormonal disorders.

PCBs accumulate primarily in the hydrosphere, in the organic fraction of soil, and
in living organisms, of which the hydrosphere is the primary reservoir. PDBs
become heavier than water in the high pressure of the deep sea, they sink to the
ocean trenches, where they accumulate in a concentrated form [55].

In 1968 in Japan, a mixture of dioxins and PCBs accidentally contaminated rice
bran oil produced in Northern Kyushu. The contaminated cooking oil severely
affected the health of over a thousand people. The disease is known as Kanemi
Yusho Disease [56].

1.4.11 Polychlorinated Dibenzo-p-Dioxins (PCDDs)
and Polychlorinated Dibenzofurans (PCDFs)

Polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans
(PCDFs) are often called dioxins for short. According to a World Health
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Organization (WHO) fact sheet, “the chemical name for dioxin is 2,3,7,8-
tetrachlorodibenzo para dioxin (TCDD). The name ‘dioxins’ is often used for the
family of structurally and chemically related polychlorinated dibenzo para dioxins
(PCDDs) and polychlorinated dibenzofurans (PCDFs). Certain dioxin-like
polychlorinated biphenyls (PCBs) with similar toxic properties are also included
under the term ‘dioxins.” Some 419 types of dioxin-related compounds have been
identified but only about 30 of these are considered to have significant toxicity, with
TCDD being the most toxic [57].”

Dioxins are very stable chemically and have the ability to be absorbed by fat
tissue. Once it enters the body, dioxins stay there for many years. Their half-life is
estimated to be 7-11 years [57].

Polychlorinated dibenzodioxins (PCDDs) are a group of polyhalogenated organic
compounds recognized widely as environmental pollutants. PCDDs bioaccumulate
in humans and wildlife due to their lipophilic properties. It may cause developmental
disturbances and cancer. Dioxins are produced as by-products during the
manufacturing of some organochlorides, in the incineration of materials that contain
chlorine, such as polyvinyl chloride (PVC), and in the bleaching of paper with
chlorine [58].

In Vietnam War (1961-1971), a herbicide and defoliant called Agent Orange was
used in Vietnam by the United States Forces to destroy the plants that provided cover
and food to opposition forces [59]. It is a mixture of equal parts of two herbicides,
2,4,5-T and 2,4-D. Besides it contained traces of dioxin (mainly TCDD, the most
toxic of its type) [60] and these contaminants caused disastrous health problems for
those who were involved. According to an estimate by the Red Cross, 3 million
Vietnamese have been affected by dioxin and at least 150,000 children were born
with serious birth defects.

Polychlorinated dibenzofurans (PCDFs) are a group of organic compounds with
one or several of the hydrogens in the dibenzofuran replaced by chlorines. PCDFs
are produced by incineration of chlorine-containing materials, such as PVC and
PCBs at temperatures below 1200 °C [61]. PCDFs persist in the environment for an
extended period of time and are possible human carcinogens. By consuming mainly
animal products, humans are exposed to PCDFs. PCDFs were also detected in
breastfed infants [62].

Besides the 12 initial POPs, the Stockholm Convention added the following
16 chemicals as new POSs [63]:

Alpha hexachlorocyclohexane,

Beta hexachlorocyclohexane,

Chlordecone,

Hexabromobiphenyl,

Hexabromocyclododecane,

Hexabromodiphenyl ether and heptabromodiphenyl ether (commercial
octabromodiphenyl ether),

Hexachlorobutadiene,

Lindane,

Pentachlorobenzene,
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Pentachlorophenol and its salts and esters,

Perfluorooctane sulfonic acid (PFOS), its salts and perfluorooctanesulfonyl fluo-
ride (PFOSF),

Polychlorinated naphthalenes,

Technical endosulfan and its related isomers,

Tetrabromodiphenyl ether and pentabromodiphenyl ether (commercial
pentabromodiphenyl ether),

Decabromodiphenyl ether (commercial mixture, c-DecaBDE), and

Short-chain chlorinated paraffins (SCCPs).

1.5 Antibiotics

An antibiotic is an antimicrobial substance targeted against bacteria used to treat
bacterial infections. Since the discovery of the first antibiotic penicillin in 1928 by
Alexander Fleming (1881-1955), numerous antibiotics have been in widespread
use, which led to antibiotic resistance. Despite their specific and potent bactericidal
effects, they have nonetheless side effects as well. Here we describe some more
common antibiotics and their health effects on humans.

1.5.1 Clarithromycin

Clarithromycin, often sold as Biaxin, is an antibiotic used to treat bacterial diseases
such a strep throat, pneumonia, skin infections, H. pylori infection, and Lyme
disease, among others. The most common side effects of clarithromycin are gastro-
intestinal in nature, such as nausea, diarrhea, abdominal pain, and vomiting
[64]. Clarithromycin also causes potential hazard to the fetus and therefore should
be avoided during pregnancy.

1.5.2 Metronidazole

Metronidazole, often sold as Flagyl, Filmet, or Metro, is an antibiotic and
antiprotozoal medicine. It is effective against pelvic inflammatory disease, endocar-
ditis, and bacterial vaginosis. Its side effects include nausea, diarrhea, weight loss,
abdominal pain, vomiting, headache, dizziness, and metallic taste in the mouth [65].
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1.5.3 Ciprofloxacin

Ciprofloxacin is a broad-spectrum antibiotic and can be used to treat a number of
bacterial infections including conditions such as bone and joint infections,
intraabdominal infections, infectious diarrhea, respiratory tract infections, skin
infections, typhoid fever, and urinary tract infections, among others [66]. Common
side effects are nausea, vomiting, diarrhea, and rash. It is a widely prescribed
antibiotic and therefore led to the development of resistance among the targeted
bacteria.

1.5.4 Clindamycin

Clindamycin, often sold under trade names such as Cleocin, Clinacin, or Dalacin, is
an antibiotic used for the treatment of a number of bacterial infections. It is effective
for bone or joint infections, pelvic inflammatory disease, strep throat, pneumonia,
middle ear infections, and endocarditis [67]. It is effective against Gram-positive
bacteria, anaerobic bacteria, and mycoplasmas, but not effective against Gram-
negative bacteria. Common side effects include diarrhea, pseudomembranous coli-
tis, nausea, vomiting, abdominal pain, or cramps or rash.

1.5.5 Ampicillin

Ampicillin is an antibiotic in the beta-lactam group of antibiotics. It is similar to
amoxicillin in terms of activity ampicillin [68]. Ampicillin is less toxic than most
antibiotics. Very rare cases of side effects include angioedema and anaphylaxis.

Ampicillin has been contraindicated in those with a hypersensitivity to penicil-
lins, due to the potential to cause anaphylactic reactions. Hypersensitivity reactions
include skin rashes and hives, exfoliative dermatitis, erythema multiforme, and a
temporary decrease in both red and white blood cells.

1.6 Biological Toxins

Plants, animals, and microbes produce some of the most sophisticated arsenal of
poisons, to protect themselves from attacks by other biological entities. Popular
belief is instilled in our society that natural foods are better than industrial foods.
This concept is often in error, as in our agricultural history that dates back to
thousands of years ago, we have been selecting varieties that are nonpoisonous
and of high nutritional content. Therefore, without proper knowledge, these
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biological poisons can affect human health, especially because of the recent trend of
valuing natural foods and beverages.

Here we describe some of the most important biological contaminants, commonly
found in foods and the environment.

1.6.1 Mycotoxins

Mycotoxins are toxic secondary metabolites synthesized by fungi. They cause
diseases in humans and other animals. There are numerous mycotoxins known to
cause serious diseases. Some of the most prominent examples are ergotamine,
aflatoxin, ochratoxin A, patulin, citrinin, fumonisins, zearalenone, and trichothe-
cenes. One fungal species may produce more than one mycotoxins.

The tropical part of the world is especially high in the risk of swarm of mycotoxin
contamination. For example, in the Philippines, seven mycotoxigenic Aspergillus
species, four Fusarium species, and one Penicillium species have been isolated from
various agricultural crop commodities. Five mycotoxin groups (aflatoxin, fumonisin,
ochratoxin, nivalenol, and zearalenone) have been detected in both the raw form and
the by-products of major crops grown in the Philippines. New information has been
generated on mycotoxins and mycotoxigenic fungi since the first report of aflatoxin
contamination in 1972, but very little is known about other mycotoxins. Despite the
increased information accumulated on mycotoxigenic fungi and mycotoxins in the
country, practices and measures that control both the fungi and the toxins are next to
nonexistent [69]. The situation is practically the same in other tropical developing
countries.

Of many different mycotoxins, aflatoxins pose a serious threat to humans.
Aflatoxins are potent carcinogens and mutagens produced by molds (Aspergillus
flavus and Aspergillus parasiticus). Aflatoxins are found in decaying foods such as
cassava, peanuts, rice, sesame seeds, sunflower seeds, corn, nuts, wheat, among
others. Children are most affected by aflatoxin exposure, resulting in stunted growth
[70] and delayed development [71].

Outbreaks of aflatoxin contamination occur frequently. For example, 120 people
died in Kenya in 2003 from acute aflatoxin poisoning [72]. In Nepal and
Bangladesh, since 2014, unacceptable levels of aflatoxin have been detected in the
bloodstream of pregnant women [73].

1.6.2 Ergotism

Ergotism is a disease caused by eating grain products, particularly rye, contaminated
with the fungal plant pathogen Claviceps purpurea that produces toxic alkaloids.
When the infected grains are milled, the ergot is reduced to a red powder, which may
be missed in dark colored flour such as rye flour. Although not common in modern
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days, it still occurs in less developed countries. For example, in mid-2001, ergotism
outbreak occurred in Ethiopia from contaminated barley.

There are two types of ergotism symptoms. Convulsive ergotism is characterized
by nervous dysfunction. The victim twists and contorts their body in pain, with
trembling and shaking. Gangrenous ergotism victim may lose parts of their extrem-
ities, such as toes and fingers.

To prevent ergotism, ergots must be removed by placing the yield in a brine
solution; the ergots float in the brine, while the healthy grains sink [74].

1.6.3 Cyanotoxins

Cyanotoxins are toxins produced by cyanobacteria (formerly referred to as blue-
green algae) that occur in lakes, ponds, rivers, and other surface waters.
Cyanobacteria can cause harmful algal bloom (HAB) when the condition is condu-
cive with abundant nutrients. If water supply is sourced from the bodies of water
contaminated with cyanobacteria, the water treatment plant can remove the contam-
inants. However, during severe HAB events, it may face challenges.

Cyanotoxins can be divided into two main criteria: [1] on the basis of their
mechanism of action on terrestrial vertebrates, especially mammals—e.g.,
hepatotoxins, neurotoxins, dermatotoxins, etc., and [2] according to their chemical
structure—e.g., amino acid, cyclic peptides, alkaloids, or polyketides.

Some examples of cyanotoxins are guanitoxin, saxitoxins, f-N-methylamino-I-
alanine (BMAA), nodularin, and aplysiatoxin.

Guanitoxin (an alkaloid), formerly Anatoxin-a(S), is a naturally occurring
cyanotoxin commonly isolated from cyanobacteria of the genus Anabaena, and in
a mouse study, it induced clinical signs of salivation, lacrimation, urinary inconti-
nence, defecation, convulsion, fasciculation, and respiratory arrest [75].

Saxitoxin (STX, an alkaloid) is a neurotoxin and the best-known paralytic
shellfish toxin (PST). Its symptom, paralysis, is caused by consuming shellfish
contaminated with STX. Saxitoxin is a neurotoxin that blocks sodium channels
[76]. Tt acts on the voltage-gated sodium channels of neurons, disturbing normal
cellular function and resulting in paralysis.

p-Methylamino-L-alanine (BMAA, an amino acid) is a non-proteinogenic
amino acid synthesized by cyanobacteria in marine, freshwater, and terrestrial
environments [77, 78]. BMAA is a neurotoxin that may be responsible for various
neurodegenerative disorders including amyotrophic lateral sclerosis (ALS),
Alzheimer’s disease, Parkinson’s disease, Huntington’s disease [79-82].

Nodularins (cyclic peptides) are potent toxins produced by the cyanobacterium
Nodularia spumigena [83]. Nodularins cause gastroenteritis, allergic irritation reac-
tions, and liver diseases [84]. Among ten nodularin variants known to date,
nodularin-R is well known as a potent hepatotoxin that may cause serious damage
to the liver of animals including human. The WHO drinking water concentration
limit for nodularins is 1.5 pg/L [85]. The full extent of the hazard of these toxins to
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humans has not been fully elucidated, predominantly due to the lack of exposure
data [86].

Aplysiatoxin (a polyketide) is a cyanotoxin produced by cyanobacteria species in
the genera Lyngbya, Schizothrix, or Planktothrix. It is used as a defensive secretion
against fish. It acts as a potent irritant and carcinogen, by activating protein kinase C
[87-90].

1.6.4 Cyanide

Cyanide prevents the cells from using oxygen. The symptoms of the exposure to
small amount of cyanide include dizziness, headache, nausea and vomiting, rapid
breathing, rapid heart rate, and restlessness. However, when exposed to a large
amount of cyanide more serious symptoms are observed such as slow heart rate,
convulsions, loss of consciousness, low blood pressure, lung injury, and respiratory
failure leading to death.

Some plants accumulate cyanide in their tissues. This is thought to be a defense
mechanism against insect and other pests. Important food crops that can accumulate
cyanide include almonds, millet sprouts, lima beans, soybean, spinach, bamboo
shoots, cassava, apple seeds, and peach and apricot pits.

Cassava, especially under water stress conditions, produces dangerous amounts
of cyanide in the roots and causes numerous deaths in Africa. This happens often in
Africa as it is the main cassava production area, even though the crop originated in
South America. The matter is worsened as in the drought conditions, cassava can be
the only food that can grow in the dry weather, and cyanide accumulation is
heightened in such a condition. Cyanide poisoning of cassava can be prevented by
processing the roots or flours.

1.6.5 Tetrodotoxin (TTX)

Tetrodotoxin (TTX) is a potent neurotoxin. The name tetrodotoxin derives from
Tetraodontiformes, an order that includes pufferfish (fugu), in which the toxin is
commonly found. The toxin is produced by infecting or symbiotic bacteria such as
Pseudoalteromonas, Pseudomonas, and Vibrio [91].

Tetrodotoxin is extremely toxic with the lethal dose (LD50) for mice as 334 pg
per kg [92]. In Japan fugu is an expensive delicacy and there are specialized fugu
restaurants in major cities across the country. Poisoning from tetrodotoxin is
reported every year when fugu is prepared by unlicensed individuals. To prevent
this, it must be prepared and sold only in special restaurants where licensed fugu
chefs carefully remove the tissues that contain toxins to eliminate the risk of
poisoning [93].
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1.7 Food Additives

1.7.1 Artificial Sweeteners

Artificial sweetener is a food additive that provides a sweet taste in place of sugar
that contains less energy than natural sugars such as sucrose, glucose, or fructose. As
their calorie value is either very low or zero, they can be used for dieting purposes. In
North America, common artificial sweeteners are color-coded. Typical colors are
blue for aspartame, pink for saccharin, yellow for sucralose, orange for monk fruit
extract, and green for stevia [94].

As of 2017, sucralose was the most popular artificial sweetener for the production
of foods and beverages, occupying 30% of the global market [95].

Most artificial sweeteners are considered safe. However, their long-term impact
on human health is not well understood. Recently, a study in Canada did not show a
consistent effect of artificial sweeteners on weight loss. It also showed a correlation
between consumption of artificial sweeteners and higher risks of obesity, high blood
pressure, diabetes, and heart disease [96]. More studies on long-term effect of
artificial sweeteners on human health are thus warranted.

We describe some of the most commonly used artificial sweeteners below.

1.7.1.1 Saccharin

Saccharin is the first artificially synthesized sweetener developed in 1879 by Remsen
and Fahlberg. It is 300-500 times as sweet as sucrose and used in toothpastes, diet
foods, and diet beverages.

In 1960, a study showed that high levels of saccharin may cause bladder cancer in
laboratory rats. In 1977, Canada banned saccharin based on the animal research. In
the same year in the USA, the sales of saccharin required a warning label, and further
study of saccharin safety was mandated.

Currently, the International Agency for Research on Cancer, part of the World
Health Organization, states that “Saccharin and its salts were downgraded from
Group 2B, possibly carcinogenic to humans, to Group 3, not classifiable as to
carcinogenicity to humans.” However, many countries still ban the use of saccharin
as a sweetener.

1.7.1.2 Sucralose

Sucralose is the most commonly used artificial sweetener in the world that is about
600 times as sweet as sucrose.

The following regulatory agencies, among others, accept sucralose as a safe sugar
alternative: the FDA, The Joint FAO/WHO Expert Committee Report on Food
Additives, the European Union’s Scientific Committee on Food, Health Protection
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Branch of Health and Welfare Canada, and Food Standards Australia New Zealand.
Canadian Diabetes Association reports that the amount of sucralose that can be
consumed over a person’s lifetime without any adverse effects is 900 mg per kg of
body weight per day [97, 98].

There could be a possible link between sucralose and a reduction in beneficial gut
microflora that might result in detrimental health effects, based on an animal
study [99].

1.7.1.3 Aspartame

Aspartame is an artificial sweetener about 200 times sweeter than sucrose and is
commonly used as a sugar substitute in various foods and beverages [100]. Its brand
names include under the trade names Equal, NutraSweet, and Canderel.

Aspartame has been studied intensively since its discovery [101]. The United
States Food and Drug Administration (FDA), UK Food Standards Agency, the
European Food Safety Authority (EFSA), and Health Canada, among other agencies
world over, consider aspartame to be safe for human consumption.

Aspartame is a methyl ester of the dipeptide of the natural amino acids L-aspartic
acid and L-phenylalanine [102]. In 2009, the largest manufacturer of aspartame,
Ajinomoto, re-branded it as AminoSweet to reflect its dual amino acid structure.

Aspartame is used in thousands of foods and beverages under the trade names
such as Equal, NutraSweet, and Canderel. However, it is not suitable for baked foods
as it breaks down when heated and loses its sweet taste [103].

1.7.2 Melamine

Melamine is a trimer of cyanamide, with a 1,3,5-triazine skeleton. Melamine can be
used to manufacture melamine resins, which are durable thermosetting plastic used
in various high pressure decorative laminates.

LDso of melamine is 1-3 g/kg in rats studies and its acute toxicity is relatively low
[104]. However, animal studies showed stone formation and bladder carcinogenicity
at high doses of melamine [105-110].

In 2008, a scandal broke out in China that involved milk and infant formula along
with other food materials that were adulterated with melamine. Melamine was used
in the milk because the addition increased the nitrogen content of the milk, making it
appear protein rich. In the scandal, out of approximately 300,000 victims in China
[111, 112], six babies died from kidney stones and other kidney damages. Addi-
tionally, over 50,000 babies were hospitalized [113].

The 2008 event in China revealed that melamine by itself is able to cause toxicity
when it is consumed at an excessive dosage [109]. It is likely because the melamine,
when combined with endogenous urate, can produce calculi [114].
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1.7.3 Azo Dyes

An array of azo dyes are added as food colors to make them attractive. It is also used
to reinstate the natural colors lost during the production process [115]. However,
many azo dyes are carcinogenic and mutagenic and can cause allergic reactions
[116]. For this reason, azo dyes are banned in many countries and the use of most of
the azo dyes in food is regulated.

1.7.4 Monosodium Glutamate (MSG)

Monosodium glutamate (MSG), also known as its brand name Ajinomoto, is the
sodium salt of glutamic acid. It is one of the most common natural non-essential
amino acids [117]. MSG was first prepared in 1908 by the Japanese chemist Kikunae
Ikeda, who was interested to isolate the special taste of kombu, a kelp used for
Japanese soups and other numerous traditional foods. MSG “balances, blends, and
rounds the perception of other tastes” [118, 119].

Despite a popular belief, monosodium glutamate naturally occurs in tomatoes,
grapes, cheese, mushrooms, and other foods [120]. MSG adds “umami” or pleasant
taste to foods.

MSG is completely safe for humans to consume [121]. Anecdotal stories have
been propagated that MSG can cause headaches and discomfort but controlled
blinded tests have found no evidence to support this popular belief [122]. Therefore,
international and national bodies overseeing food additives consider MSG safe for
human consumption as a flavor enhancer [123].

1.7.5 Preservatives

A preservative is a chemical added to products such as food and beverages to slow
degradation by microbes or by chemical changes in order to prevent spoilage. Some
ancient methods of preservation use honey or salt as preservatives, which are
completely safe for consumption.

However, modern preservatives include some toxic chemicals. For example,
sodium nitrate is found in processed meats such as canned tuna and sausages.
Studies demonstrated that nitrate and nitrite are precursors of N-nitroso compounds
and induce tumors of the pancreas in animals [124].

Salts of benzoic acid are used as food preservatives in soy sauce and soft drinks to
name a few. In the presence of ascorbic acid (vitamin C) and a transition-metal
catalyst (iron and copper), benzene is produced from decarboxylation of benzoic
acid [125]. Benzene is known to be carcinogenic.
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Benzene in soft drinks has provoked public concerns in many occasions. For
example, in 1990, a study reported the presence of benzene in bottles of Perrier sold
in the USA, and the product was recalled [126]. In 2006, the Food Standards Agency
of the UK reported that out of 150 beverages tested, 43 beverages contained
benzene, four of which contained levels above 10 ppb, the World Health Organiza-
tion drinking water standards [127]. These four were subsequently withdrawn from
the market [128, 129].

1.8 Conclusion

We live in a world surrounded by more chemicals and substances that were unthink-
able in the past. Every day, new chemicals are synthesized and introduced into the
market. This requires the understanding of their properties, and potential risks to
human health and environment must be assessed carefully. The risk of any chemical
or material depends on the dose and also how it is used. Therefore, public awareness
about most commonly utilized and occurring substances must be promoted to reduce
the damaging effects for human and environmental well-being.
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Gut Microbiota and Health Creck o

Chunjiang Zhang, Amanpreet Kaur Virk, Israr Khan, and Haoran Qin

2.1 Gut Microbiota

2.1.1 Introduction

Microbiota is a sophisticated community of microorganisms comprising of bacteria,
viruses, protozoa, and fungi, dwelling in various zones of human body, for example,
mouth, respiratory framework, skin, gastroenteric tube, and vagina [1]. More than
70% of microbiota resides within the gastrointestinal (GI) tract in a mutually
beneficial association with its host, spreading continuously from gastric lumen to
colon/rectum, where it arrives at its most severe concentration.

The human gastrointestinal tract (GIT) constitutes the largest interfaces
(250400 mz) among the host, ecological elements, and antigens within the human
body. Approximately, 60 tons of food runs through the human GIT in an average
lifespan, along with an abundance of environmental microorganisms that pose a
major threat to the integrity of gut [2]. Assortment of bacteria, eukarya, and archaea
occupying the GIT is named as “gut microbiota” and has co-developed with the host
to establish a complex, and mutually beneficial connection [3, 4]. The mammalian
GIT has higher and varied amount of microbes, best-known as intestinal microbiota.
Archaea, bacteria, protozoa, fungi, and viruses live together and associate with the
host, especially immune and epithelial cells [5]. The quantity of microorganisms
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living in GIT has been evaluated to surpass 10'* that include approximately 10 times
more bacterial cells than the quantity of human cells and more than 100 times the
quantity of genomic material (microbiome) as the human genome [3, 6]. Neverthe-
less, an amended estimate has recommended that the proportion of bacterial: human
cells is probably close to 1:1 [1]. Because of the immense quantity of bacterial cells
in the body, the host and microorganisms occupying it are often mentioned as a
“superorganism” [6, 7].

Microbiota provides numerous advantages for the host, by means of physiolog-
ical roles, for example, reinforcing the integrity of gut or forming the epithelium of
intestine [8], extracting energy [9], guarding from pathogens [10], and controlling
immunity of host [11]. Because of a modified microbial composition, known as
dysbiosis, there is possibility for the disruption of above-mentioned mechanisms.
With the development of progressively advanced methods to characterize sophisti-
cated biological systems, a function of the microbiota in an enormous number of
intestinal and extra-intestinal diseases has become consistently evident [12, 13]. This
chapter summarizes our present comprehension of the human GI microbiota com-
position and development, and its effect on host health and gut integrity.

2.1.2 Structure and Composition of the Human GI
Microbiota

An adult gut microbiota contains 10 to 100 trillion microbes, which is 10 times the
quantity of total somatic and germ cells of humans [14]. Gut microbiome contain
100- to 150-times more genes than human genome [15]. The gut microbiota has
co-developed with humans and has demonstrated significant consequences for
different host reactions. The modified composition of gut microbiota has been
connected to metabolic diseases, like obesity, diabetes, or non-alcoholic fatty liver
diseases. Such studies have shown the significance of gut in modulating metabolic
disorders and host metabolism.

Intestinal microbiota comprises autochthonous individuals occupying the gut
mucosa, as well as transitory microbiota that is component of the food consumed.
Gut microbiota has been assessed to include more than 100 distinct species in every
organism. Around 1500 unique species were described as component of the human
gut microbiota. Intestinal microbiota is established by a total of 10'°~10'* microbial
cells and is generally expected to represent ten times more cells than eukaryotic cells
of humans. Large intestine is the site of the body with highest abundance of
microbes, with 10''=10'% cells/g of intestinal matter [16]. Bacteria rule the gut
microbiota, which is mainly portrayed by Firmicutes and Bacteroidetes,
Actinobacteria, Fusobacteria, Proteobacteria, Synergistetes, and Verrucomicrobia
[17]. Fungi and archaea account for up to 1% of the human gut microbiota species
[18]. Among the major typical genera of the above-mentioned phyla, Bacteroides
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sp., Prevotella sp., Blautia sp., Clostridium sp., Ruminococcus sp.,
Faecalibacterium sp., and Bifidobacterium sp., (in breast-fed infants) are important
because of their high abundance [15, 19].

It has been recently suggested that all of the inter-individual variation of intestinal
microbiota could be categorized into enterotypes, characterized as a system of
co-abundant microbial communities controlled by the salient existence of one of
these three genera: Bacteroides, Ruminococcus, and Prevotella [20]. Some authors
found enterotypes to be a very simplified theory, thus, decreasing the complexity of
intestinal microbiota into three groups [21]. For example, only two of these
enterotypes [22] have been identified by some authors, as two perpetual clusters of
microbiota configurations isolated by a gradient of bacterial species with varied
abundances [23]. Classifying the intestinal microbiota into enterotypes or other
classes, having strong connections with dietary patterns, could be very useful in
customizing the cure of diseases continuing with microbial dysbiosis [24]. This will
necessitate the advancement of mathematical models capable of consolidate the
entire complexity, and subsequently more experimental data will be required [25].

Evolution of next-generation DNA sequencing technologies over the last 10 years
has permitted a profound comprehension of microbial composition of species living
in the gut, upper airways of the respiratory tract, vagina, skin, or mouth. Research
was conducted to study about the improvement of diversity of gut microbiota
because of the advent of culture-independent methodologies, for example,
low-cost and high-throughput sequencing strategies. Focusing on 16S ribosomal
RNA (rRNA) gene of bacteria is a well-known methodology [26, 27] as this gene
occurs in all archaea and bacteria and comprises nine highly variable (V1-V9)
regions, thus permitting the easy recognition of species. Previous strategies focused
on sequencing the whole 16S rRNA gene. By utilizing this strategy, the strong
insensitivity and bias of culturing techniques were featured in an early investigation,
as 76% of the sequences of rRNA acquired from an adult male fecal sample
belonged to new and uncharacterized species [28]. Lately, the focal point of 16S
rRNA sequencing has moved towards more prominent depth investigation of shorter
subregions of gene [27]; even so, the usage of shorter read lengths will lead to errors
[26]. More accurate estimation of microbiota composition and diversity might be
given by entire genome shotgun metagenomics because of the sensitivity, and high
resolution of these methods [26]. The most detailed perspective of human-related
microbial selection to date has been provided by combined knowledge from the
human microbiome project and MetaHit [29, 30]. Accumulated information from
these investigations grouped 2172 species, isolated from humans, into twelve sep-
arate phyla, out of which 93.5% species belonged to Proteobacteria, Firmicutes,
Actinobacteria, and Bacteroidetes. Three of the twelve distinguished phyla enclosed
just a single species isolated from humans, along with an intestinal species,
Akkermansia muciniphila, the sole recognized representative of Verrucomicrobia
phyla. 386 species known in humans are anaerobic and are located mostly in
mucosal habitats, for example, GIT and oral cavity [29].
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2.1.3 Metabolic Roles of Microbiota

Mammals have a restricted inherent ability to process polysaccharides, but they can
assimilate simple sugars in the small intestine. The primary substratum for the
growth and maintenance of intestinal flora is all the indigestible elements, which
represents the main energy source in colon [31, 32]. Since the microbiota’s genetic
and species diversity gives various host-related enzymatic, metabolic, and biochem-
ical pathways, the outcome is energy extraction, digestible substrates for the host,
and an energy and nutrients supply for the expansion of particular inhabitant species
of bacteria [33]. Thus, the microbiota is known as an important metabolic organ [34].

Intestinal bacteria, primarily Firmicutes, Bacteroidetes, and Actinobacteria,
obtain energy from the transformation and fermentation of indigestible food sub-
strates, especially from carbohydrate fermentation. Indigestible polysaccharides
break down into monosaccharides, and later into bacterial fermentation products,
particularly gases (CO, and H,) and short-chain fatty acids (SCFAs) [35, 36]. For
adults, the average supply of substrates is around 5-20 g of carbohydrates and
20-60 g of proteins. The fermentation process achieves high levels with an abundant
generation of SCFAs in the ascending colon and cecum, where the pH is relatively
acidic (in the range of 5 and 6) and the growth of bacteria is rapid. The supply of
substrates reduces in the distal colon (having neutral pH), where the activity of
bacterial community reduces dramatically and putrefactive procedures become
quantitatively more crucial. Therefore, the generation of SCFAs (butyrate, propio-
nate, acetate in the proportion 15:25:60) portrayed metabolic endpoint, which
employ a strong trophic and energetic activity in the intestinal lumen
[37]. Bacteroidetes generates acetate and propionate by degrading the undigested
polysaccharides, and Firmicutes creates butyrate [38]. Acetate is ingested and
afterward transferred to the peripheral level, and there it serves as a substratum for
cholesterol synthesis, while propionate takes an active part in gluconeogenesis.
Butyrate, as a primary energy source for colonocytes, enhances the sensitivity to
insulin in mice and has a potential anti-obesogenic activity and also an anti-
inflammatory effect [39]. Butyrate and different SCFAs have a major role in
controlling intestinal cell proliferation and growth of obesity [40]. Butyrate encour-
ages the constancy of cellular heritage, preferring the transformation of cells from
neoplastic to non-neoplastic phenotype. Production of SCFAs is also induced by the
anaerobic metabolism of protein substrates and/or peptides that may produce harm-
ful components such as ammonia, thiols, amines, indoles, and phenols. SCFAs are
responsible for performing various biological activities, such as modulation of
glycemia [41], action on glucose homeostasis [42], inhibitory control of excessive
production of cholesterol [36], regulation of satiety through peptides [43], increasing
intake of energy without increasing the peptide YY or glucagon-like peptide 1 con-
centration in humans and rodents [44, 45], management of bowel kinetic activity,
transport of fluid, muco-protective action [46], anti-carcinogenic action [47], and
anti-inflammatory action [48] (Fig. 2.1).
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Fig 2.1 Functions of intestinal microbiota [49]

Microbiota can influence its own composition as well. The production of SCFAs
differs depending on the fermentable carbohydrates existing in the bowel lumen
[50, 51] that can alter the microbiota composition itself. Furthermore, starch resistant
to digestion has been reported to directly enhance levels of butyrate in humans [52],
and arabinoxylan, formed by the prebiotic arabinoxylan oligosaccharides, enhances
levels of propionate in transversal colon [53]. Also, the microbiota conducts another
significant metabolic functions, for instance, at the intestinal level it is necessary for
synthesis of certain enzymatic co-factors and vitamins (folic acid, pantothenic acid,
vitamin B1, B2, B6, B12, PP, H, K) and for the assimilation of iron, calcium, and
magnesium [38]. It is additionally accountable for bile acids deconjugation in the
liver catalyzed by an enzyme bile salt hydrolase that exists in numerous species of
bacteria. Hydrolysis hinders the reuptake of these molecules by enterocytes while
promoting their elimination and blocking their enterohepatic recirculation [54]. The
interference of intestinal bacteria in hepatic transformation of cholesterol into bile
acids, with significant implications in fat assimilation, has therefore been proven
(Table 2.1).
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Table 2.1 Phyla and their genera in gut: putative relationships with metabolic and gut functions

Phyla Genera Functions in Gut
Firmicutes Anaerostipes These constitute the bulk of human gut microbiome
Bacillus and have been demonstrated to be associated with
Coprococcus extraction of energy, and possibly related to dia-
Clostridium betes and obesity development [16, 55-57].
Eubacterium
Enterococcus
Faecalibacterium
Lactococcus
Lactobacillus
Mycoplasma
Megasphaera
Peptostreptococcus
Pseudobutyrivibrio
Phascolarctobacterium
Ruminococcus
Roseburia
Streptococcus
Staphylococcus
Veillonella
Bacteroidetes Bacteroides It has implications for the gut development, which
Corynebacterium includes the interactions with immune system
Prevotella [58, 59]. Gut Bacteroidetes produces mainly buty-
rate, which is an end-product of colonic fermenta-
tion, and have anti-neoplastic properties and play a
function in maintaining a healthy gut [60], with
implications in the obesity development [57].
Actinobacteria Eggerthella [61] They are present in the human colon and feces, and
Olsenella [62] are responsible for causing liver and anal abscesses,
ulcerative colitis, and systemic bacteremia [61, 63].

Cyanobacteria Spirulina Spirulina (Arthrospira platensis) has
hypolipidemic, hypoglycemic, and anti-
hypertensive properties [64].

Proteobacteria Citrobacter Proteobacteria is most unstable in host life among

Klebsiella the four major represented gut microbiota phyla
Escherichia and its irregularity is proposed as a possible diag-
Shigella nostic reference for gut-associated ailments [65].
Helicobacter

Salmonella

Sutterella

Spirochaetes Brachyspira The most popular species is swine dysentery,
Brachyspira hyodysenteriae, which induces broad
and extreme mucohemorrhagic colitis in rising
pigs [66].

Verrucomicrobia | Akkermansia A. muciniphila is a common inhabitant of human
intestinal tract, containing up to 1% of total intes-
tinal bacteria. It develops ideally at 37 °C and is
able of fermenting glucose, N-acetyl galactos-
amine, and N-acetyl glucosamine [67].

Fusobacteria Fusobacterium Fusobacteria have an impact on CRC development

(Five species in GIT)

by interaction with innate immune system or host
factors [68].
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2.1.4 Development of the Human GI Microbiota

The human GIT begins from the mouth, spreading through the anatomical regions—
the esophagus, stomach, small intestine, colon, rectum, and terminating at the anus
[69]. The structural and functional growth of GIT is a pivotal component of human
growth, since the gut must harbor the heterogeneity of dietary inputs and external
antigens which are incorporated along with food into human body across various
phases of life [70]. Human GIT maturation begins in utero and proceeds after birth
with certain roles, for example, epithelial barrier systems, intestinal immune system,
and accessory structures [70]. The primitive gut is formed about 22 days after
conception from the dorsal portion of yolk sac, directing towards the emergence of
foregut, midgut, and hindgut, around 25 days after conception [71]. The midgut
increases quickly in length so far that it cannot fit within the developing abdominal
cavity and herniates into the vitelline sac before experiencing complex turns and
coming back to the abdominal cavity after gestation period of around 10 to
12 weeks [71].

It is assumed that the production of microbiota starts from birth, despite the fact
that this dogma is confronted by a confined various investigations in which micro-
organisms have been found in womb tissues, such as placenta [72, 73]. GIT is
quickly colonized after birth, with life events, for example, sickness, changes in diet,
and antibiotic treatment causing disordered microbiota shifts [73, 74]. Mode of
delivery seems to affect the microbiota composition, with microbiota of infants
delivered vaginally possessing higher number of Lactobacilli during the initial
days, as a result of elevated Lactobacilli load in the flora of vagina [75, 76]. The
microbiota of infants born by C-section is insufficient and deferred in the coloniza-
tion of Bacteroides genus, but are colonized by facultative anaerobes like Clostrid-
ium species [77-79]. The microbiota is commonly low in diversity in the initial
stages of development, and is governed by two fundamental phyla, Actinobacteria
and Proteobacteria [73, 80]. Microbial abundance increases during the first year of
development, and the composition of microbiota changes to adult-like microbial
profile with time-related patterns specific to each newborn child [81]. At around
2.5 years old, the newborn child microbiota’s composition, diversity, and functional
capabilities are close to those of adult microbiota [73, 74]. Despite the fact that the
composition of gut microbiota is generally steady in adulthood, it remains exposed
to perturbation by life events [82]. The microbial community shifts in people aged
over 65 years, with an elevated prevalence of Bacteroidetes and Clostridium cluster
IV, in comparison to young individuals with more prevalent cluster XIVa
[83]. Another report discovered the similarity of microbiota of young generation
and an elderly population (70 years), and a significant decline of microbiota diversity
from a cohort of centenarians [84]. A notable relationship among diversity and living
arrangements has been identified in the older population, like group dwelling or
long-term residential care [85]. Microbiota’s ability to perform metabolic processes,
such as SCFA synthesis, and amylolysis, is typically decreased in elders, while there
is an increase in proteolytic activity [86]. With increasing evidence of the role of
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SCFAs as metabolic and immune mediators, the decline in SCFAs was believed to
support the inflammation-ageing process in aged people’s intestine [87].

Advances in metagenomic technologies have revealed the composition of human
gut microbiota from early infancy [81] to old age [88]. The human intestine after
birth is quickly occupied by a variety of factors and microbes considered to impact
colonization which involves gestational age, delivery mode, sanitation, diet, and
antibiotic treatment [89, 90]. Facultative anaerobes are the first colonizers, which
builds a new environment promoting the colonization of anaerobes such as
Bacteroides, Bifidobacterium, and Clostridium sp. Low diversity and relative abun-
dance of Proteobacteria and Actinobacteria define the intestinal microbiota of
neonates, which becomes more complicated with the growth and abundance of
Firmicutes and Bacteroidetes as time period after birth increases [91-93]. At the
end of first year of development, infants have an individually defined microbial
profile, converging towards the distinctive microbiota of an adult, so that by the age
of 25, the microbiota completely matches the composition and diversity of an adult
[74, 81, 94]. The initial three years of life serves as the most important phase for
dietary interventions to promote child growth and development. At this time, the
intestinal microbiota, a crucial tool for health and neuro-development [95] is devel-
oped and its modification during this phase can significantly influence health and
development of host. Development of gut microbiota is influenced by various factors
such as delivery mode, genetics, diet, health status, gestational age, etc. (Fig. 2.2).

Maternal Microbiota Geographical location
Healthy status Family environment Diet Diet
Lifestyle Antibiotic Breastfeeding vs Formula Lifestyle Lifestyle
Pregnancy - - #
Vaginal vs C-section Genetics Living environment
Term vs Preterm Complementary food Medication

Duration of lactation

D D l Window of Opportunity for Microbial Modulatior> Short and Long Term Health Effects

Fig 2.2 Factors that affect the development of infant, adult, and elderly gut microbiota [96]
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2.1.5 Biogeography of the Human Microbiota in GIT

The microbiota composition in GIT represents the physiological properties of a
particular part and is formed on both a longitudinal and transverse axis [97]. Chem-
ical, metabolic, and immunological gradients along the intestine affect the
microbiota density and composition. There are usually elevated concentrations of
acids, oxygen and anti-microbials in the small intestine, and a limited transition time
[98]. These characteristics restrict the development of bacteria to such an extent that
only quickly growing, facultative anaerobes having the capacity to bind to mucus/
epithelia are thought to be enduring [98]. Lactobacillaceae dominates the microbial
community of small intestine of mice [99]. Colonic environment supports a dense
and abundant bacterial community, predominantly anaerobes having the capacity to
use complex carbohydrates that are indigestible in the small intestine. The colon has
been reported to be dominated by Lachnospiraceae, Prevotellaceae, and
Rikenellaceae [98, 99]. Contrary to the different composition of microbiota within
different GI organs, the microbiota of various colorectal mucosal areas in the same
organism is conserved structurally in terms of diversity and composition
[100, 101]. This property is evident even at the time of localized inflammation
[101]. However, fecal/luminal and mucosal composition is significantly different
[100, 101]. For instance, Bacteroidetes concentration is reported to be high in fecal/
luminal samples than in the mucosal [19, 100]. Conversely, Firmicutes, primarily
Clostridium cluster XIVa, are augmented in the mucus layer relative to the lumen
[19]. Many experiments in mice colonized with pathogen-free microbiota demon-
strated a distinct microbial niche formed by the large intestine’s outer mucus, and the
bacterial species existing in the mucus exhibit differential proliferation and resource
utilization relative to the same species in intestinal lumen [102].

Inter-individual differences in the arrangement of species and subspecies are
suggested to overcome the variations in the organization of community in an
individual [100, 103, 104]. The concept of a core microbiota has been projected,
suggesting to be a group of the similar abundant species found in all individuals. In
the set of microbial genes present between organisms, however, greater compara-
bility can be seen than the taxonomic profile, indicating that the “core microbiota”
might be best characterized at a functional rather than organismal level [103]. Indi-
vidual microbiota arrangements have been recently classified into “community
types” that are related with background and can be predictive of one another
[105]. Multi-dimensional study of thirty-three samples from various nationalities
uncovered the existence of three enterotypes recognizable by differences in the level
of one of three genera: Bacteroides (enterotype 1), Prevotella (enterotype 2), and
Ruminococcus (enterotype 3) [106]. Nevertheless, there is conflicting data
encompassing the presence and development of these enterotypes [21].
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2.1.6 Factors Influencing the GI Microbiota

The microbial community’s complexity and richness progress via a number of stages
of development spanning from neonatal phase before the apparent stabilization after
weaning. In combination with individuality, there are essential inter-linked factors
that assume a significant part in forming the microbial composition of human
GI. Those factors involve age [107, 108], diet [109, 110], genetics of host [109—
111], infections, antibiotic usage [108—110], physiology of colonization site [69],
birth mode [109, 110, 112], feeding type [109, 112], and the birth environment of
infants [112].

Technical variation also influences the form of developing microbial composi-
tion. For instance, culture-dependent microbe identification procedures are subject to
biases that emerge from: (1) sensitivity to oxygen; (2) intractability of some species
of bacteria to culturing media; and, (3) competitiveness among fast-growing and
slow-growing bacteria. It restricts the existing culture-dependent techniques to be
effective for the isolation of only 70% of intestinal microbes in a sample relative to
culture-independent methodologies [113].

2.1.6.1 Age

The infant’s microbiota is seeded during childbirth and is at first undifferentiated
over the different body habitats. The predominance of aerobic bacteria at time of
birth is changed during perinatal and postnatal development. During initial weeks of
life, the microbiota diversifies to form a diverse microbial population dominated by
anaerobes. This early stage of colonization corresponds with the stimulation of
hypothalamic pituitary adrenal (HPA) axis that affects the enteric nervous system
thus innervating the GIT 123]. Enteroendocrine cells of gut release a number of
metabolically linked peptides, all of which are associated with food consumption,
lipid accumulation, energy equilibrium and may be regulated by microbial metab-
olites, for example, SCFAs. Some investigations have shown that young people have
a greater concentration of Bifidobacteria and Clostridia than adults; however, the gut
microbiota is more stable during adult life. During old age, a final set of age-related
changes in gut microbiota’s composition and function occurs [114]. Aging is related
with modified physiological functions, involving function of immune system, which
influence the makeup of the gut microbiota. Age-related differences detailed in
composition of gut microbiota include rise in the total amount of facultative anaer-
obes, changes in the proportion of Bacteroidetes to Firmicutes, and a pronounced
reduction of Bifidobacteria in humans > 60 years old, during which the immune
system begins to weaken. Metabolic shifts that correlate with the development and
maturation of gut microbiota can be seen in the excretion profiles of bacterial
products of amino acid metabolism and in energy-linked metabolites [115].



2 Gut Microbiota and Health 41

2.1.6.2 Diet

Current research indicates that diet affects the gut microbiota enormously
[98]. Meta-transcriptomic research has shown the ideal microbiota to be driven by
the ability of microbial individuals to metabolize simple sugars, indicating
microbiota’s adjustment to the abundance of nutrients in the small intestine
[116]. Formation of colonic microbiota depends upon the accessibility of
microbiota-accessible carbohydrates (MACs) present in dietary fiber. “Animal-
based” or “plant-based” diets result in widespread modifications of human gut
microbiota [117]. A crossover study showed the impact of fiber, indicating that
otherwise balanced diets high in resistant starch or in non-starch polysaccharide fiber
(wheat bran) lead to a powerful and reproducible augmentation of various species of
bacteria in the human gut [118].

The role of food-consumed bacteria in gut microbiome had previously been
underestimated, potentially as a result of methodological restrictions [119]. Various
investigations have indicated that high-calorie diet brings obesity and type-2 diabe-
tes (T2D) both in humans and mice [120-124]. Many evidences propose that the
connection among diet and obesity is related to gut microbiota [125-131]. Changes
in diet bring significant and rapid changes in gut microbiome composition, as
indicated by various interventional studies [22, 132]. High-fat diet (60% fat) reduces
the quantity of bacterial species in the gut microbiome of mice, and the composition
of gut microbiome between mice on a high-fat (unpurified) diet and on a regular
unpurified diet is totally different. Another study in obese mice having T2D revealed
that the abundance of A. muciniphila was reduced and prebiotic feeding of
A. muciniphila normalized its abundance, improved metabolic profiles, decreased
fat mass, inflammation, and insulin resistance elicited by a high-fat diet [133]. It has
been demonstrated that a fiber-rich diet is favorable to health, as it balances the gut
microbiome [134]. Studies of 16S rRNA sequencing in humans have categorized the
gut microbiota of humans into various enterotypes recognized by the kinds of
bacteria present [106]. Enterotypes have been connected with long-term diets,
especially those with protein and animal fat. Wu et al. [22] indicated that Bacteroides
were related with protein and animal fat, while Prevotella was related to carbohy-
drates. The authors also examined controlled feeding in ten subjects and discovered
that microbiome composition altered within 24 h of starting a low-fat and high-fiber
diet or high-fat and low-fiber, and remained stable throughout the 10-d study
[22]. The outcomes suggested the strong connection of diet with partitioning of
enterotypes. In another study, a plant-based diet rich in legumes, grains, fruits, and
vegetables, or an animal-based diet consisting of eggs, meat, and cheese was
consumed ad libitum by six male and four female volunteers (aged 21 to 33 years
with BMI (in kg/m?) ranging from 19 to 32) for five consecutive days. The subject’s
fecal samples were cultured or directly analyzed by 16S rRNA gene sequencing
[132]. It was indicated that microbiota changes in the high-fat animal-based diet, and
was hypothetically connected to modified fecal bile acid profiles and microorgan-
isms development able of activating inflammatory bowel disease (IBD) [132]. The
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outcomes demonstrated that a high-fat diet can change the bacteria in the gut and
contribute to dysbiosis and eventually disease.

2.1.6.3 Host Genetics

The quantity of different bacteria present in the gut microbiota is affected by the
host’s genetic constitution in manners that influence host metabolism and can
eventually affect health [135]. It has been found that family members have more
comparable microbiota communities than unrelated individuals, and the gut
microbiota is more comparable in mono-zygotic than in di-zygotic twins [135]. At
present, there are no genome-wide investigations characterizing the specific genes
and pathways to determine the gut microbiome composition [136], although some
genes of the immune system are related with IBD [137, 138].

The microbiota can also be formed by the immune system of host. This impact is
generally constrained to compartmentalization of bacteria in order to prevent oppor-
tunistic colonization of host tissue, while species-specific impacts are less likely
because of the high levels of functional redundancy in the microbiota [16, 139—
142]. Both anti-microbials collected from the host and administered have a central
role in forming the gut microbiota. Paneth cells in GIT produce anti-microbials, for
example, angiogenin 4, a-defensins, cathelicidins, collectins, histatins, lipopolysac-
charide (LPS)-binding protein, lysozymes, secretory phospholipase A2, and lectins
[143]. Such proteins are confined in the mucus layer and are almost absent from the
lumen, most likely because of poor mucus dispersion or luminal degradation
[144, 145]. Attenuated expression of mucosal a-defensin was observed in ileal
Crohn’s disease (CD) patients, featuring the significance of these proteins
[146, 147]. Secretory IgA (SIgA), another part of the immune system, co-localizes
with gut bacteria in the outer mucus layer and helps with constraining the exposure
of epithelial cell surface to bacteria [143, 148]. SIgA is suggested to intercede the
shaping of bacterial biofilm by means of binding to SIgA receptors on bacteria
[149]. In IgA-deficient individuals, the expression of SIgA receptors by bacteria is
reduced [150]. Microbiotic dysbiosis, specifically an over-representation of seg-
mented filamentous bacteria (SFB), arises in mice with IgA deficiency, an impact
that might be especially harmful to the host because of the capacity of SFB to firmly
bind the epithelium and trigger the immune system [151].

2.1.6.4 Infections

Even though the gut microbiota influences bacterial and viral infections, the opposite
is likewise obvious [152—157]. One research explored the impact of an enteropatho-
genic infection caused by Citrobacter rodentium on mice microbiota and discovered
that some gut bacterial groups are altered because of C. rodentium infection,
including a decrease in the relative abundance of Lactobacillus [158]. A human
investigation of Clostridium difficile patients and asymptomatic carriers with the
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utilization of 16S rRNA gene pyrosequencing revealed that both had decreased
microbial richness and diversity relative to healthy individuals [159]. C. difficile
infection is characteristic of severe gut microbiota dysbiosis [160, 161]. Transplanta-
tion of gut microbiome from healthy donors to infected patients have increased the
microbial richness and diversity, and it is, at present, applied clinically [162—
165]. By utilizing a mouse model of hepatitis B virus infection, Chou et al. [152]
demonstrated that the clearance of hepatitis B virus infection demands the formation
of gut microbiota. It is apparent that the change in gut microbiota of host influences
both pathogenesis and clearance of bacterial and viral infections.

2.1.6.5 Antibiotic Usage

Increasing evidence proposes that numerous non-antibiotic drugs including the
medications used to treat T2D affect the gut microbiota [166—169]. The gut
microbiota also influences drug efficacy [170, 171]. Antibiotics are ordinarily
endorsed drugs that profoundly affect the normal microbiota of gut and their impact
is fast, and relentless at times. Broad-spectrum antibiotics decrease the diversity of
bacteria while increasing the concentration of certain bacteria that can be utilized by
pathogens and reducing the number of beneficial bacteria [172]. The utilization of
wide range antibiotics in infants and young children, for example, clindamycin, has
been revealed to have the longest-enduring consequences on gut microbiota com-
position [173—-175]. Early exposure to antibiotic in neonates can prompt microbial
dysbiosis, which might be a predisposing factor for IBD [176]. There is also an
association between diet and antibiotic administration. Research in mice and humans
has discovered that the utilization of antibiotics early in life can promote obesity later
in life, mediated by the modification of gut microbiota [177-179]. However, those
studies do have limitations. Most of the mice studies on obesity are instigated by a
high-fat diet with or without antibiotic treatment utilized by only male mice since
they gain more weight than female mice, although no obvious sex bias is observed in
human obesity. One study demonstrated that antibiotics modified the gut microbiota
of host without altering the host metabolism [180, 181]. Many studies showed that
antibiotics lower body weight and improve sensitivity to insulin [182, 183]. Berber-
ine, the primary component of a Chinese herbal extract used for the treatment of
bacterial diarrhea, has an anti-diabetic impact by balancing the gut microbiota and
reducing glucose and insulin resistance [184, 185].

2.1.6.6 Physical and Biochemical Barriers

Intestinal mucus provides the gut microbiota a source of carbohydrates
[186, 187]. The layers of intestinal mucus are made-up around the large, highly
glycosylated gel-forming mucin MUC2 (Muc2 in mice), which is secreted by goblet
cells [188]. The glycan structures in mucins are different and dependent on four core
mucin-type O-glycans including N-acetyl galactosamine, N-acetyl glucosamine, and
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galactose. O-glycans represent up to 80% of the total molecular mass of Muc2/
MUC?2 [189]. Mucus is present throughout GIT and is thickest in the colon where it
is important to mediate the relationship between host and microbiota [190]. Normal-
ization of layers of host’s intestinal mucus needs long-term microbial colonization
[191]. Colonic mucus is separated into two layers comprising of a dense and
impermeable internal layer and a loose external coating that is penetrable by bacteria
[190]. While the internal layer is almost sterile, the mucin proteins in the external
layer, embellished with a rich and diverse collection of O-glycans, provide an energy
source and preferential binding sites for commensal bacteria [189, 192, 193]. The
type of mucin O-glycosylation depends on the expressed glycosyl transferases and
their location in the Golgi apparatus [187], modifications of which influence the
composition of microbiota. For example, the presence or absence of H and ABO
antigens in GI mucosa, as dictated by the genotype FUT2 (a gene that expresses an
al,2-fucosyl transferase), influences the abundance of numerous bacterial species
[194]. Mucus and mucin glycosylation are consequently a key in defining the
microbiota and for allowing the selection of most ideal microbial species to mediate
host health [195-197]. A loss of MACs from mice diet can lead to narrow mucus in
the distal colon, increased expression of the inflammatory marker, REGIIIf, and
increased microbe proximity to epithelium [198]. Colonic mucus barrier erosion
under dietary fiber deficiency is related with shifting of gut microbiota towards the
usage of secreted mucins as a nutrient source [199]. In contrast, administration of
A. muciniphila (a mucin degrader) to mice avoids the development of high-fat diet-
induced obesity and strengthens metabolic endotoxemia-induced inflammation by
restoring the gut barrier [133, 200]. The protective function of A. muciniphila could
be recapitulated by utilizing its purified membrane protein or the pasteurized bacte-
rium [201]. It has been recently shown that supplementation of A. muciniphila
reduces fat mass and alleviates body weight gain in chow diet-fed mice by mitigating
metabolic inflammation [202]. The capability of A. muciniphila was therefore
suggested as an alternative therapy to target human obesity and related disorders.

The ability of gut bacteria to use dietary or mucin glycans is directed by the
collection of polysaccharide lyases (PLs) and glycoside hydrolases (GHs) encoded
by their genomes [187]. Many species serve as generalists capable of degrading
many polysaccharides, while others are specialists in targeting specific glycans
[203]. Bacteroidetes encode a lot more glycan-cleaving enzymes than members of
Firmicutes [204]. The genome of Bacteroides thetaiotaomicron contains 260 GHs,
relative to 97 hydrolases encoded by humans [205]. The most represented family in
the gut microbiota is GH13 family, which includes enzymes associated with the
starch breakdown [204]. The biochemical and structural characterization of exten-
sive degrading assembly of prominent gut species like B. thetaiotaomicron or
Bacteroides ovatus uncovered that the identification and breakdown of complex
carbohydrates by the human gut microbiota is considerably more complex than
previously recommended [206-211]. Firmicutes members also show some unique
and complex highlights, such as the recent discovery of amylosomes in the resistant
starch using Ruminococcus bromii bacterium [212].
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Mutations and lateral gene transfer can lead to diversification of microbial
population [213, 214]. New bacterial functions encourage niche variation, making
it a positive feedback loop where more diversification can occur [215, 216]. Addi-
tionally, interaction between gut microbes permits colonization by a diverse set of
microorganisms, shaping the gut microbiota community. One mechanism proposed
to intervene this impact is microbial cross-feeding. Several products of carbohydrate
fermentation, including succinate, lactate, and 1,2-propanediol, do not generally
aggregate to higher levels in the healthy adult human’s colon, because they can act
as substrates for other bacteria, including propionate and butyrate producers
[217]. For instance, acetate produced by R. bromii (fermentation of resistant starch)
[218] or lactate produced by lactic acid bacteria (Lactobacilli and Bifidobacteria)
provides substrate for other microbiota members such as Eubacterium hallii and
Anaerostipes caccae which convert it into butyrate [219, 220]. B. ovatus has recently
been shown to conduct extra-cellular insulin digestion at its own expense, but to the
benefit of other species that provide reciprocal advantages [221]. Such association is
especially obvious in the outer mucus layer where mucin-degrading bacteria give
mono- or oligo-saccharides to bacteria lacking specialized mucolytic ability
[102]. For instance, the limit of cleaving sialic acid off mucins is confined to
bacterial groups encoding GH33 sialidases. Numerous bacteria, including patho-
gens, for example, Salmonella typhimurium or C. difficile, lack a sialidase but harbor
a “nan cluster” dedicated to the metabolism of sialic acid, and hence depend on other
members of gut microbiota to supply them with this carbon source [222]. Intramo-
lecular trans-sialidase, new class of sialidases is recently recognized in strains of
Ruminococcus gnavus that can help the gut commensal bacteria to adapt to the niche
of mucosa [186, 223, 224]. This action may give such bacteria a competitive
nutritional advantage over other species in the gut mucosal environment, particularly
in IBD which are rich in short, sialylated mucin glycans [186, 225]. Accessibility of
sulfated compounds in the colon, either organic (host mucins and dietary amino
acids) or inorganic (sulfites and sulfates), may impact specific bacterial groups like
sulfate-reducing bacteria, which are gut microbiota occupants involved in the etiol-
ogy of intestinal disorders, for example, IBS, IBD, or colorectal cancer [226].

As extensively reviewed, the bile acids distribution in small and large intestine
can influence the dynamics of bacterial community within the gut [227, 228]. Essen-
tial bile acids, like taurocholate, can give homing signals to gut bacteria and
encourage spore germination, as well as alleviate microbiota recovery after antibi-
otics or toxin-induced dysbiosis [113]. In addition, decreased concentration of bile
acid in gut can play a significant part in permitting pro-inflammatory microbial taxa
to expand [229].

2.1.6.7 Mode of Birth

Birth mode determines the microbial population to which babies are exposed at time
of birth. For example, vaginal birth exposes infants to the microbes that are presently
colonizing the birth canal of mother. Infants born via vaginal delivery have a
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comparative microbiota to that of their own mother as compared to other mothers
[77, 230]. On the other hand, no substantial difference has been found between the
microbiota of mothers and children delivered by C-section [77, 230]. Environmental
factors (air, delivery and surgical equipment, other infants and health care workers)
seem to affect the infant’s microbiome delivered by C-section [69, 231]. Recent
results for C-section-delivered infants showed that a time of labor before surgery was
related to infants with a microbiota that looked like that of vaginally delivered
infants, while infants born without any duration of labor had a microbiota that
resembled that of the skin of mother [232]. C-section is recommended to be a reason
for microbial disruption at early stages of life and this disturbance in microbial
colonization influences host-microbial interaction that can prompt long-term meta-
bolic results in the host [233-235]. Furthermore, C-section infants have higher
chances of developing atopic diseases in the initial two years after birth, when
compared to vaginally born infants based on data collected from 2500 full-term
healthy newborns in LISA-Study [236].

The birth mode effect on acquiring Lactobacillus in infant’s GIT is a good
example of birth mode impact on the gut microbiota. In the maternal vagina,
Lactobacillus is exceptionally common with an IndVal index of 0.922 [232]. Infants
delivered through the mother’s birth canal contain Lactobacillus as part of their
microbiome profile, but those delivered by C-section do not [234]. One more study
detected less Lactobacillus genus in the infant’s microbiome profile delivered by
C-section (n = 17, detection rate = 6%) versus vaginal (n = 134, detection
rate = 37%) [237]. This variation in Lactobacilli detection rates, however,
disappeared by the age of three [237].

The level of bacteria within an individual’s microbiota in the genera of
Bacteroides and Clostridium (Bacteroides fragilis and Clostridium difficile) is also
connected with birth mode [77, 230, 231, 238-241]. In the Netherlands study of
KOALA Birth Cohort (n = 1032), diverse bacterial species from stool samples
obtained at one month of age were identified by real-time quantitative PCR assays
[238]. Infants delivered by unassisted vaginal mode (n = 826) had reduced quantity
of C. difficile and relatively high quantity of B. fragilis in comparison to C-section
infants [238]. On the other hand, the inverse relationship was indicated by stool
samples of infants delivered by C-section (n = 108) [238]. Identification of C. dif-
ficile on the hands and in the stools from healthy hospital personnel could be
connected to ecological factors rather than with the mother [238, 242]. C. difficile
was regarded a microorganism that only exists in hospitals [243] and was absent in
women’s vaginal swabs before delivery [244, 245]. This could clarify the C. difficile
levels in the infants born in hospital and by C-section [238]. A study of 24 infants has
further indicated the low abundance of Bacteroidetes (p = 0.002) in C-section-
delivered infants (n = 9) in comparison to vaginally delivered infants [77]. Remark-
ably, this decrease in Bacteroidetes abundance continued for the first two years
following birth [77]. The above studies are consistent with earlier studies that
illustrate deferred formation of Bacteroides in first six months [231] and one year
of life [246] of C-section infants.
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Not all investigations have discovered a relationship between birth mode, the
development and inheritance of GI microbiota. For instance, an investigation of
21 infants discovered that birth mode did not influence population of microbes in
premature babies during the initial three months after birth [247, 248]. Studies have
shown that infants delivered via C-section appear to have: less quantity of anaerobes;
less diverse microbiota [77, 231, 249]; slower colonization of microbial population
[239]; and, they develop atopic diseases [249] and metabolic disorders [235] more
often than infants delivered by unassisted vaginal mode.

2.1.6.8 Type of Feeding

Methods of feeding may also influence the concentration of certain bacterial groups
in infant’s gut microbiota. The primary food, added into GIT postpartum is milk and
its composition is known to have a direct influence on the development of early GI
microbiota [250, 251]. This effect can occur by providing: fundamental nutrients for
proliferation of bacteria [250]; immuno-modulatory molecules [252]; and, microbes
able to colonizing the infant [253]. The form of feeding contributes towards the early
post-natal growth of GI flora which is confirmed by a reported closeness between
microbial composition in colostrum and the meconium of infants that were breast-
fed from the first hour after birth [254]. Shared bacterial DNA has been found in
human breast milk and infant’s fecal samples [255]. This association is increasingly
articulated between infants, their mother’s milk, and areolar skin as compared to a
random mother (p < 0.001) [256]. Such outcomes, together, are associated with the
vertical movement of microbial species to the infant’s gut, mediated by breast
milk [256].

Methodologies focused on culture have detected more assorted microbiomes in
formula-fed infants as opposed to breast-fed infants [246]. This finding has been
confirmed by culture-independent studies [257, 258]. For instance, Lee et al. [257]
described the impact of feeding type on the microbiota of 20 vaginally born Korean
infants. Fecal samples from 10 predominantly breast-fed and 10 formula-fed babies
were collected at age of four weeks. Relatively limited quantities of formula
supplementation (once every 24 h in the first week after birth) to breast-fed infants
changed the microbial profile to motif close to that found for formula-fed infants
exclusively [259]. Some formula-fed infants were fed a diet containing 70 to 100%
of formula milk, and they were also exposed to breast milk [257]. In this analysis,
five bacterial species were found to be present in the fecal samples of all infants (both
formula- and breast-fed groups contained Bifidobacterium longum, Streptococcus
lactarius, Streptococcus salivarius, Lactobacillus gasseri, and Streptococcus
pseudopneumoniae). Lee et al. [257] argued that the existence of these bacterial
species in these babies’ intestines must be independent of the feeding type, and
therefore these species represent specific commensal bacteria found in 4 week-old
Korean infants. The higher abundance of B. longum, L. gasseri, and
S. pseudopneumoniae, and lesser abundance of S. lactarius, and S. salivarius were
observed in breast-fed babies as compared to formula-fed babies. These outcomes
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are consistent with the predictions that disclosure to varied feeding types, breast or
formula milk changes the relative abundance of certain commensal bacteria.

On the whole, formula-fed infants have more stable and diverse GI microbial
populations with high levels of facultative and strict anaerobes as compared to
breast-fed infants [257, 260-262]. Fecal samples of breast-fed infants are less
complex, have high quantity of aerobic bacteria, and have shown more changes in
the microbial composition in the first year following birth [257, 261, 262]. Studies
recommend that once the introduction of solid foods into the diet begins, the
distinctions in microbial population among breast and formula-fed infants are lost
and microbial communities migrate towards an intricate adult microbiome [69, 250].

2.1.6.9 Birth Environment of the Infants

Disclosure of multiple extra-uterine disorders at time of early development of gut
adds to the colonization and development of infant’s GI microbiota. It is known that
infants delivered by C-section are more vulnerable to ecological factors [263, 264]. It
is especially valid for premature infants having high possibility of developing a flora
that reflects NICU (Neonatal Intensive Care Unit), owing to the immatureness of
their GIs and extended vulnerability to the environment [251].

The path of microbial transmission from surroundings to neonates is difficult to
confirm yet investigations have demonstrated that microbes from the surroundings
can be separated from fecal samples of neonates [265, 266]. However, cross-
transference among patients and spread of a multi-drug resistant (MDR) strain,
Acinetobacter baumannii additionally prompted an outburst in a Tunis NICU.
31 infants (2641 weeks gestational age) got pneumonia induced by MDR
A. baumannii and 10 deaths occurred because of infection after the transfer of
MDR A. baumannii from an infant to another hospital’s epidemic-associated surgi-
cal ward [266]. Such outcomes are agreeable with reviews that infants belonging to
different geographical regions/hospitals harbor diverse microbial communities
[261, 265]. Despite the fact, the PiPS experiment, a double-blind randomized
placebo-controlled trial of probiotic treatment with Bifidobacterium breve was
conducted to prevent sepsis and necrotizing enterocolitis in 1310 premature babies
(born in the range of 23-30 weeks period of gestation) from 24 hospitals. The
probiotic strain of B. breve was reported to be recognized in the feces of 37% of
infants in the placebo arm, in comparison to 85% of the intervention arm, showing
that ecological-associated parameters lead to cross-colonization of B. breve in
infants [267]. Interestingly, this PiPS trial indicated no distinction in the microbial
diversity of babies microbiome in two arms of the study [268].

The environment of hospital, handling, feeding, and treatment mechanisms can
improve microbial transference to infants [265]. Nonetheless, information of trans-
mission mechanisms, dominating microbial communities in the environment of
hospitals and the strains of bacteria with high probability of effectively colonizing
the infant’s GI remain subtle and are worth investigating in further studies.
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2.1.6.10 Other Factors

Various ecological parameters have been involved in forming the microbiota that
involves surgery, geographic location, depression, smoking, and living arrange-
ments (rural/urban) [73, 269-271].

2.2 Gut Microbiota Balance and Health

Bacteria are colonized in the human GIT from the time of human birth. The species
and quantity of the flora are dynamically changing with conditions such as life, diet,
and environment until a stable adult microbiota is established. Total number of
bacteria in the intestinal tract of normal people is as many as 10'* [272]. This
bacterial community is mainly composed of obligate anaerobic bacteria, aerobic
bacteria, and facultative anaerobic bacteria. Among them, anaerobic bacteria are
more prevalent than aerobic bacteria, and 60% of anaerobic bacteria are thick-walled
bacteria, more than 20% Bacteroides [273]. The intestinal flora of healthy people can
be roughly divided into three categories: (1) Intestinal dominant bacteria, mainly
obligate anaerobic bacteria that are symbiotic with the host, including
Bifidobacterium, Bacteroides, Lactobacillus, Clostridium genus, with nutrition,
immune regulation and metabolism; (2) pathogenic bacteria coexisting with the
host, mainly facultative anaerobic bacteria, when the intestinal flora is disordered,
can cause disease; (3) Pathogens, such as Proteus and Pseudomonas, due to the
small number of bacteria and long-term colonization opportunities, once the body’s
immunity is low, the number is beyond the normal range, causing disease. Due to the
bactericidal action of gastric acid and intestinal peristalsis, the number of bacteria in
the stomach is very small, the small intestine acts as a transition zone, the jejunum is
dominated by a small amount of aerobic bacteria, and the number of ileal bacteria is
large, mainly gram-negative anaerobic bacteria in the colon. The number and type
are obviously increased, the concentration can reach 10'? cfu/mL, mainly composed
of anaerobic bacteria such as Bifidobacterium, Lactobacillus, Bacteroides, and
Clostridia [274]. The terminal colon is very different and is regulated by pathophys-
iological conditions. In healthy individuals, the host maintains a steady state sym-
biotic relationship with the microbe, the host provides a nutritious and stable
environment, and the microbes participate in the protective barrier of the intestinal
mucosa. The gut microbiota provides a broad, anaerobic or hypoxic, constant
temperature environment, which helps the host to improve the decomposition
efficiency of nutrients, increase the absorption of beneficial substances, synthesize
nutrients and essential vitamins needed by the body, and maintain the nervous
system. Stability promote the immune system. In an unbalanced state, dysbacteriosis
affects host growth, development, health and disease, and can also affect drug
treatment [275].
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2.2.1 Gut Microbiota and Gut Barrier

A layer of polarized columnar epithelial cells and epithelial area, including lamina
propria, enteric nervous system, connective tissue, and muscular layer, are present in
intestinal mucosa. There are four types of intestinal barriers: mechanical barriers,
immune barriers, chemical barriers, and biological barriers. First is the mechanical
barrier which is tightly connected. The intestinal mucosa is not only an anatomical
physical structure, but more importantly it is an intestinal barrier. The energy
through the intestinal epithelial cells is primarily through an extra-cellular pathway,
with specific membrane channels and pumps, as well as a para-cellular pathway that
is regulated by tight junctions. Under the microscope, they look like discrete contacts
of a series of adjacent cells. Eventually a complex tight junction is formed that
maintains the normal structure of the intestinal mucosal cells. Next to the immune
barrier, this barrier helps the intestinal cells to secrete IgA normally. The third barrier
is a chemical barrier in which microorganisms and antigens in the gut are degraded
in a non-specific manner through the gastric acid environment, pancreatic fluid, and
biliary secretions. Digestive enzymes are mainly proteases, lipases, amylases, and
nucleases that kill microorganisms by destroying the cell walls of bacteria [276]. A
large amount of digestive juice produced by the intestine can adulterate the toxin and
clean out the intestinal lumen, making it hard for potential pathogenic bacteria to
bind to the intestinal epithelium, thereby shortening the presence of potentially toxic
or pathogenic substances in the intestinal lumen. It can stimulate the secretion of
gastric acid protease. Finally, the biological barrier, the intestinal flora is located in
the outermost layer of the mucus, is an important part of the metabolism, prolifer-
ation, and maintenance of the intestinal barrier of the epithelial barrier [4]. However,
the interaction between microorganisms and intestinal epithelial cells is twofold.
Some are considered pathogens, while others are considered symbiotic. The symbi-
otic flora limits the colonization of pathogens by competing for nutrients and niches,
changing pH, releasing antibacterial substances that allow exchanges between spe-
cies, and optimizing the number of beneficial microorganisms. Of course, the gut
flora also provides other important functions for the host. The results indicate that the
native bacteria can regulate gene expression involved in a variety of crucial intestinal
functions that includes absorption of nutrients, mucosal barrier enhancement, angio-
genesis, xenogeneic metabolism, and postnatal intestinal maturation [277]. The
intestinal barrier plays a significant role in maintenance of human health. The
destruction of intestinal barrier can cause dysfunction of the body and lead to a
variety of disorders.

2.2.2 Gut Microbiota in Metabolism

The mixed oxygen in the food is consumed by aerobic and facultative bacteria in the
upper part of the intestine, and the closure of the intestinal wall makes the large
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intestine meet the anaerobic environment required by the obligate or facultative
anaerobic bacteria fermentation. In the large intestine, crude fibers and non-starch
polysaccharides (NSP), which cannot be decomposed and used by the host, become
the raw materials for its fermentation and eventually produce volatile fatty acids,
thus providing energy for the host. At the same time, volatile fatty acids can also
promote the growth of intestinal epithelial cells, accelerate the repair of intestinal
damaged mucosa, and even regulate the gene expression of epithelial cells, inhibit
the occurrence of enteritis and colon cancer, thereby promoting the health of the
host. In addition to producing beneficial substances, intestinal microbial fermenta-
tion in the body also produces metabolites that inhibit host growth. Intestinal
microorganisms degrade tyrosine and tryptophan into highly toxic phenol and
aromatic compounds in the intestinal tract and expel them from the urine, but
these phenol compounds are not found in the urine of sterile mice. Ammonia is
another toxic waste produced by microbial urease fermentation of amino acids in the
intestinal tract. However, urea hydrolysis in sterile animals cannot take place, and
the concentration of ammonia in the colon of normal animals is several times the
concentration required for cell damage, which inhibits the growth of the host.
Therefore, the main mechanism of using antibiotics to promote growth may be to
reduce the inhibiting effect of toxic and harmful substances produced by intestinal
microbial fermentation on the growth of animals [278].

2.2.2.1 Lipid Metabolism

Fiaf is an endocrine signal expressed in intestinal epithelium, liver, and adipose
tissue that activates the Tie2 receptor and initiates intracellular signal transduction to
inhibit lipoprotein lipase (LPL) activity and reduce triglyceride deposition in adipose
cells. Backhed et al. found that the total body fat content, weight of epididymal fat
pad, and LPL activity of aseptic fed Fiaf+/+ mice and conventionally fed Fiaf—/—
and Fiaf+/+ mice were higher than those of aseptic fed Fiaf+/+ mice. The inhibition
of intestinal microorganisms on the expression of Fiaf and the deletion of the
mutation of Fiaf gene will lead to the decrease of the expression of Fiaf in intestinal
epithelial cells, weakening the inhibition of Fiaf on IPL activity and promoting the
storage of triglycerides in fat cells. The fat precipitation effect caused by Fiaf gene
deletion is consistent with the effect of microbial inhibition of Fiaf. Srebp-1 and
ChREBP are transcription factors mediating the lipid response of liver cells to
insulin and glucose. Acetyl CoA carboxylase (Acc) and fatty acid synthase (Fas)
genes are the target sequences of srebp-1 and ChREBP, which can promote the
synthesis and storage of fat. Studies have proved that ChREBP mRNA in liver of
conventionally fed mice was significantly increased (p < 0.01), and srebp-1 mRNA
was also significantly increased (p < 0.05).
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2.2.2.2 Protein Metabolism

The proteins ingested by the host are mainly broken down into amino acids that can
be absorbed and utilized by protease and peptidase. Studies have shown that
although only a few bacteria contain protease, almost all bacteria have peptidase.
As a result, intestinal microbes are able to independently break down the proteins
taken by the host to meet their own needs. The proteins degraded and utilized by
intestinal microorganisms cannot be utilized by the host. Amino acids that are
broken down by gut microbes but not used can be used by the host to help digest
proteins. Intestinal microbes can not only break down proteins but also use ammonia
in the intestine to synthesize bacterial proteins. Microorganisms in the rumen of
cattle are able to synthesize bacterial proteins from ammonia and provide proteins to
the host. In the case of protein deficiency, ammonia formed by the degradation of
amino acids by intestinal microorganisms can enter the host and recycle to synthe-
size amino acids, which makes up for the deficiency of protein and is beneficial to the
growth of the host.

2.2.2.3 SCFAs Production

At least four different pathways allow the SCFAs to signal to the host. First, SCFAs,
particularly butyrate, serve as an energy substrate for colonocytes [67, 68], and in
retaliation to decreased availability of energy, germ-free mice slow down the
transportation through small intestine to permit more time for nutrient absorption
[69]. Second, propionate act as a substrate for gluconeogenesis and can stimulate
intestinal gluconeogenesis, by signaling through the central nervous system (CNS)
to defend the host from diet-induced obesity and glucose intolerance [64]. Third,
acetate and butyrate, can act as inhibitors of histone deacetylase [70, 71]. Fourth,
SCFAs signal through G-protein-coupled receptors like GPR41 and GPR43, and
thus affecting various crucial processes including inflammation [72] and
enteroendocrine regulation [73]. SCFAs generation is, however, just one feature of
microbial metabolism in the gut [279].

2.2.2.4 Bile Acid Conversion

Bile acids are generated in the liver, stored in the gall bladder, and secreted into the
duodenum after consumption. Bile acids have long been known as single emulsifiers
for absorption of lipids, and have also been found to be effective signaling molecules
regulating other metabolic pathways. Intestinal flora is a significant controller of bile
acid metabolism. Intestinal flora can not only regulate the synthesis of bile acid but
also promote it to produce secondary metabolites. Therefore, the diversity of bile
acids in germ-free mice is much less than that in colonized mice [280].
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Bile acids can bind to cell receptors like farnesoid X receptors (NR1H4) and G-
protein-coupled receptor (GPCRs, TRGS), and are involved in regulating lipid
metabolism and maintaining homeostasis of the body’s internal environment. Acti-
vation of FXR has a crucial role in modulating bile acid equilibrium in the body.
Studies have shown that the activation of the ileum FXR receptor can promote the
increase of the expression level of the growth factor (FGF)19 gene in fibroblasts and
the homologous FGF15 gene in mice, thereby inhibiting the synthesis of bile acid. In
addition, the activation of FXR receptor also promotes the expression of small
heterodimer (SHP) genes, the transcription level of ileum bile acid-binding protein
(IBABP) gene, and the expression level of organic solute transporter-ost beta gene,
thereby regulating the absorption and transport of bile acid in the terminal ileum.
Activation of TRGS receptor induces glp-1 secretion by intestinal L cells, which
improves liver and pancreas role and enhances glucose tolerance in mice suffering
from obesity. Studies have shown that TGRS, which activates brown fat tissue and
muscle, enhances expenditure of energy and prevents diet-induced obesity. The
intestinal flora, therefore, can be used to regulate the metabolism of bile acid pool
of FXR and TGRS receptors to adjust and control signal, and regulate the body fat
metabolism and sugar metabolism, and finally play a decisive role for diabetes and
obesity. In addition, the study of Baghdasaryan et al. on the mouse model of bile duct
sclerosis showed that inhibiting the absorption of intestinal bile acid can effectively
improve the cholestatic liver and bile duct injury in mice. Molecular concatenates
(anti-apoptotic protein Bcl2, long non-coding rna-hi9, and nuclear receptor Shp) can
maintain normal liver function by regulating the balance of bile acids in the body.
Therefore, maintaining bile acid homeostasis is an important prerequisite for
improving body health [281].

2.2.3 Gut Microbiota and Host Immunity

Firmicutes and Bacteroides are the most important intestinal bacteria in animals.
Firmicutes are mainly gram-positive bacteria, such as Clostridium, Streptococcus,
and Lactobacillus. Bacteroidetes are mainly gram-negative bacteria, including
Bacteroidetes multiformis and ovalis. An important role of intestinal bacteria is to
improve the host’s digestion and utilization efficiency of nutrients. However, in the
process of co-evolution with the host, animal intestinal microbes have evolved more
functions. For example, intestinal microbes can regulate intestinal development,
angiogenesis, and lymphocyte development as signal molecules. In addition, intes-
tinal bacteria also has an extremely crucial role in protecting the host from patho-
gens. By competing with bacterial pathogens for dietary nutrients, intestinal bacteria
limit the rapid colonization of pathogens in the intestinal tract. Gut microbes can also
stimulate host immune responses. However, the association between microbes in the
intestinal tract and the host is not always mutually beneficial. For example, Entero-
coccus faecalis, one of the most important flora in the human intestinal tract, can
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invade mucosal tissues and increase the incidence of bacteremia and infectious
endocarditis in humans.

Intestinal microorganisms are rebooting and regulating factors of host innate
immunity and adaptive immunity. When the body is exposed to pathogenic factors,
the body will activate related receptors, for example, Toll-like receptors (TLRs) and
nod-like receptors (NLRs), to activate inflammatory response and kill pathogenic
factors. Therefore, it is important to comprehend the association of gut microbes and
immune system [282].

2.2.4 Gut Microbiota and Innate

Intestinal microbes are known as “superorganisms’ that encode genes for breaking
down dietary fiber, amino acids, and drugs. Intestinal microbes can promote the
formation of immune function and influence the composition of T-cell subsets. Wu
et al. established a sterile chicken model, indicating that intestinal microorganisms
can promote the development of spleen and improve immunity. Gut microbes can
adjust the immune function of the immune system, for example, Bifidobacterium
stimulating immune cells to secrete IL-6, IL-1, that promote differentiation of mature
B-lymphocytes and T-lymphocyte proliferation, enhance the killing ability of NK
cells. In addition to this, some strains of Bifidobacterium having anti-inflammatory
activity increase the secretion of intestinal IgA, and induction of mature dendritic
cells [283].

Modulation of immune system is not only affected by microbial flora, but also the
reaction in the microbial flora of immune system played a key function in shaping
gut microbes group. SIg-A the secretion of intestinal lamina propria of gram-
negative bacteria have special affinity, can pack by bacteria, inhibit bacteria and
intestinal epithelial cells, specific binding to prevent bacteria in intestinal epithelial
cell adhesion, shifting to avoid bacteria through intestinal epithelium [284].

2.2.5 Diet-Mediated Production of Beneficial or Detrimental
Metabolites by the Gut Microbiome

Microbial metabolites are produced by microorganism—microorganism and host—
microorganism interactions.

2.2.5.1 Polyamines

Putrescine, spermine, and spermidine are polycationic molecules present in all living
cells and are essential to many biological functions that includes gene transcription
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and translation, growth of cell, and death. The intestinal tract comprises a large
amount of polyamines, derived from diet and de novo by host and microbial cells.
Polyamines are accountable for increasing the integrity of intestinal epithelial cells
(IECs) barrier [285]. Polyamines, as demonstrated by the in vitro studies, can
promote the generation of inter-cellular junction proteins, which are essential for
controlling para-cellular permeability and reinforcing epithelial barrier function.

2.2.5.2 SCFAs

Bacterial fermentation in the colon produces SCFAs (acetic acid, butyric acid, and
propionic acid) as their main metabolic end products by using undigested complex
carbohydrates as substrates. SCFA concentrations in the gut [31] are dependent upon
microbiota composition, intestinal transit time, microbiota-host metabolic flux of
SCFAs, and fiber content of host diet [286]. These microbiota-generated metabolites
are crucial sources of energy for gut microbiota and IECs. Apart from acting as
substrates for energy production, SCFAs have various regulatory functions, and their
impact on physiology and immunity of host is still apparent.

2.2.5.3 Formyl Peptides

Formyl peptide receptors (FPRs) can recognize conserved N-formyl peptide motifs
that are present in bacteria, and their closely associated motifs present in mitochon-
dria. Non-formylated endogenous ligands are also detected by FPRs, which includes
serum amyloid A, protein annexin, cathelicidin anti-microbial peptide. Instigation of
FPRs results in enlisting the leukocytes and generation of pro-inflammatory cyto-
kines, super oxides, and enzymes to fight infections. FPRs are stated by innate
immune cells, endothelial cells, epithelial cells, neural cells, and muscle cells, and
many studies suggested the instigation of FPRs on non-phagocytic cells to be
necessary to achieve tissue homeostasis after infection or injury [287].

2.3 Gut Microbiota Dysbiosis and Disease

Stability of the intestinal micro-ecology is an indispensable part of human health.
The imbalance of intestinal micro-ecology may induce a series of diseases, such as
T2D, autoimmune diseases, senile dementia, obesity, IBD, depression, IBS,
Alzheimer’s disease, cancer, etc. According to “China’s adult diabetes prevalence
and control status,” the prevalence of diabetes in adults aged 18 and over in China
has reached 11.6%. Diabetes has become one of the most important and difficult
public health problems in China.

From the birth of the baby, the bacteria settle into the intestines. Under the
influence of dietary intake and environmental conditions, the ratio of various
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intestinal microbes tends to be stable. Therefore, each individual’s gut microbiota is
unique in the genus and species level, but has a strong universality at the door level,
such as Bacteroides and thick-walled bacteria. The microbiota colonizes for a long
time and forms a gut micro-ecology with its living environment. These intestinal
flora participate in the regulation of human health through various ways such as
absorption of energy, alteration of intestinal permeability, production of SCFAs,
choline metabolism, bile acid metabolism, and brain—gut axis. Therefore, the intes-
tinal flora is closely related to the metabolism and immunity of the human body. In
addition, the normal intestinal flora prevents the invasion of foreign pathogenic
microorganisms by establishing mechanical, biological, and immune barriers, and
maintains the stability and micro-ecological equilibrium of intestinal environment.
Probiotics colonize the intestinal mucosa to create a biological barrier, reducing the
infection and colonization of pathogenic microorganisms. Certain probiotics pro-
duce anti-bacterial substances that suppress the growth and reproduction of noxious
bacteria [288].

When the internal or external environment causes imbalance of intestinal micro-
ecology, it will lead to disease. In Gordon’s study, the intestinal flora of obese mice
was transplanted into sterile mice, which showed a significant increase in body
weight [289]. Taiwanese scholars have found that WEGL can alleviate metabolic
disorders caused by intestinal flora imbalance and obesity [290]. AIEC bacteria in
the gut of CD patients can adhere to and invade IECs. AIEC releases macrophages
and releases IFN-y and TNF-a, which enhances its own value and aggravates
inflammation [291]. A study by the Tokyo University of Science and the University
of Tokyo pointed out that laminarin in seaweed can prevent the occurrence of IBD
by increasing the number of Lactobacilli in the intestine [292].

Investigations have shown that gut microbiota diversity is the key to gut health.
Some treatments can reduce the diversity of intestinal microbes, so the patient
relapses after stopping the drug. Microbiota may also promote the resistance of
pathogenic species to drugs, or lead to the expansion of disease-causing populations
and enhance virulence [293]. Research on the gut microbiota has become the key to
treating these diseases.

2.3.1 Gut Microbiota and Metabolic Disorders

The human’s gut microbiome as a part of the digestive system, can participate in the
body’s digestion of nutrients, and can affect the body’s own metabolic activities
[294]. Among them, Bacteroides bacteria can degrade a large group of plant poly-
saccharides (such as cellulose, hemicellulose, pectin, resistant starch, etc.) that
cannot be digested in the human body, thus providing additional energy to the
host. For the extra energy provided by bacteria (mainly in the form of carbohy-
drates), the body combines it into fat storage in adipose tissue, making the effect
Bacteroides on the body’s sugar metabolism a major cause of obesity
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[295]. Similarly, Phylum Firmicutes bacteria that degrade non-degradable polysac-
charides in the body’s digestive tract are also likely to be a major contributor to
obesity.

In 2004, a study by Backhed et al. [296] found that gut microbes may affect the
body’s energy storage, suggesting that obesity may be associated with it. Studies
have shown that gut microbes use the body’s undigested polysaccharide metabolism
to produce small molecular compounds that can be used by the body to increase their
energy, and in mouse models, gut microbes can increase the host’s metabolic rate,
increase its ineffective circulation, and store excess energy in fat form. Intestinal
microorganisms increase the density of capillaries under the intestinal microfiu,
which contributes to the absorption of nutrients; the intestinal microbe inhibits the
expression of the intestinal epithelial to Fiaf and may promote the synthesis of fat in
the liver.

Imbalances in the gut microbiome can lead to metabolic disorders, such as insulin
resistance due to steady state imbalances [297], which cause abnormalities in the
sugar metabolism of the TMA/FMO3/TMAO pathway regulation. The use of sugar-
reducing lipid-adjusting side intervention after 3 months can significantly reduce
blood sugar lipid levels in patients with combined hyperlipidemia in obese T2D,
improve insulin resistance, and be equal to metformin, while regulating the patient’s
intestinal flora, increasing the beneficial bacteria represented by Blautia and
Faecalibacterium. Changes in the structure of the flora were significantly related
to an improvement in blood sugar lipid levels [298].

A new study has seen [299] a change in the composition of the fecal microbiome
in postmenopausal obese women with low-calorie diet interventions, preserving the
core microbiome and changing the structure of some functional microbiomes. At the
same time, the concentration of fecal bile acid decreased significantly, which was
related to the metabolic pathways of amino acids, radon, and lipids in plasma.
Intestinal flora can also produce SCFAs by fermenting soluble dietary fiber
[300, 301], and SCFAs can reduce serum triglyceride and cholesterol levels by
inhibiting the activity of liver lip-creation enzymes, promoting the production of
cholesterol oxidase that accelerates the degradation of cholesterol, improves liver
utilization, and increases bile acid synthesis [29], lower serum cholesterol. Intestinal
flora regulates fat cytokines, component binding proteins, and other genes and
enzymes to regulate blood lipids [30-32]. There have been a large number of
experiments and clinical studies which showed that the disorder of intestinal flora
structure is related to metabolic syndrome.

2.3.2 Gut Microbiota and Hepatic Disorders (e.g. NAFLD
and ALD)

Recent reports have indicated that gut microbiota is closely associated with alcoholic
liver disease (ALD) and non-alcoholic fatty liver disease (NAFLD). ALD is a series
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of liver lesions due to long-term heavy drinking. According to pathological features,
it is divided into mild alcoholic liver disease, alcoholic hepatitis, alcoholic fatty liver,
alcoholic liver fibrosis, and alcoholic cirrhosis. One of its pathogenesis is the damage
of the intestinal barrier. The damage of intestinal barrier results in intestinal micro-
ecological disorders, enhanced permeability of intestinal mucosa, displacement of a
large number of bacteria and endotoxin (LPS) in the intestinal tract, and excessive
production of inflammatory factors, thereby accelerating the occurrence and devel-
opment of the disease [302]. Inokuchi et al. found that alcohol favors the develop-
ment of gram-negative bacteria such as Proteobacteria in intestine, thereby reducing
the number of anaerobic bacteria such as Bifidobacteria. Since the Proteobacteria are
considered to be important bacteria that initiate the innate immune system, an
increase in the number of Proteobacteria can result in activation of immune system,
which will promote the development of chronic inflammation of the liver
[303]. Bull-Otterson et al. found that alcohol intake can cause damage to the local
immune defense system of the GI tract, promote the growth of intestinal bacterial
overgrowth (SIBO), and significantly reduce the number of thick-walled bacteria
and Bacteroides in the intestine. Gram-positive (Actinomycetes) and gram-negative
(Proteobacteria and Prevotella) increased in number, and LPS in the intestine was
released in large quantities, causing liver damage [303]. NAFLD has become a
reason of chronic liver disease (CLD), and its occurrence is the result of a combi-
nation of genetics, environment, and lifestyle. A growing number of reports have
indicated that the imbalance of intestinal microecology is involved in the evolution
and progression of NAFLD, mainly through the function of enteric axis, and
elevated levels of bacterial lipopolysaccharide (LPS) in the systemic or portal or
circulation in various CLDs [303]. The study found that there was a rise in the
amount of SIBO and inflammatory factor, tumor necrosis factor alpha in NASH
patients [303]. In summary, the relationship between microbial populations and
NAFLD and ALD can be represented by the following figure:

Tntestinal flora imbalance
E v -~
Bacterial (LPS) translocation <« intestinal mucosal permeability increases <9 intestinal bacterial overgrowth
s “«
Immune cells and cells or chemokines
v
ALD NAFLD

Regulating the intestinal flora becomes a new direction for the treatment of ALD
and NAFLD. Use of probiotics and prebiotics can regulate the intestinal flora to
prevent or treat NAFLD. Kirpich et al. found that ALD patients were supplemented
with Bifidobacterium and germ lactic acid bacteria to maintain the integrity of the
intestinal barrier, rebuild the balance of intestinal microbes, and prevent intestinal
microbial translocation and harmful inflammatory reactions [304].
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2.3.3 Gut Microbiota and Autoimmune Diseases:
Inflammatory Bowel Diseases

The dysregulation of gut flora may lead to a variety of autoimmune diseases,
including IBD. Autoimmune refers to the phenomenon that the body’s immune
system produces antibodies and sensitized lymphocytes against its own tissue
components, causing an immune response. When autoimmunity causes dysfunction
of its own tissues and organs and clinical symptoms appear, it is called autoimmune
disease (AID). At present, there are more than 30 kinds of autoimmune diseases,
most of which are primary and a few are secondary. The cause of primary autoim-
mune disease is unknown, closely related to genetic factors, and is divided into
organ-specific and non-organ-specific. Target antigens and lesions of organ-specific
AlDs are often restricted to a specific organ. Target antigens and lesions of non-
organ-specific AIDs are often systemic or systemic, and secondary refers to other
diseases or treatments. The dysregulation of intestinal microecology may lead to a
variety of autoimmune-related diseases. Intestinal microorganisms can directly
affect the body’s innate immune system through TLRs and other related immune
receptors, and have a significant function in the pathogenesis of a variety of auto-
immune and inflammatory diseases [305]. Recent studies have shown that a variety
of auto-immune diseases, for example IBD, metabolic syndrome, multiple sclerosis,
rheumatoid arthritis, etc., are associated with abnormal changes in intestinal
microecology [305]. Many studies have shown that small molecules secreted by
intestinal bacteria can enter the cell through transporters or endocytosis on the
surface of intestinal mucosal cells, and activate a series of signal pathways related
to cell survival. It was found that patients with IBD have different degrees of
intestinal microbial abnormalities, the most common is the reduction of thick-walled
bacteria and the increase of Proteobacteria. Some people have suggested through
clinical analysis that patients with active IBD have lower abundance of Clostridium
sphaeroides, Clostridium sp., Bifidobacteria, in the active period and remission
period of ulcerative colitis. The abundance of E. coli and Lactobacilli did not differ
between the active phase of IBD and the remission period [305]. By altering the
population or community of microorganisms, reshaping the structure and function of
intestinal microbes, and then regulating immunity, it is expected to provide new
possibilities for the treatment of autoimmune diseases.

2.3.4 Gut Microbiota and Cardiovascular Disease

Community structure modifications in the gut microbiota are closely associated with
cardiovascular disease (CVD). CVD is considered to be one of the major causes of
death in contemporary human diseases, with the most common diseases including
hypertension, coronary atherosclerosis, and heart failure. Trimethylamine N-oxide
(TMAO), a metabolic derivative formed by the intestinal flora, can increase
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atherosclerosis and promote the risk of cardiovascular diseases such as chronic heart
failure [306]. Yang et al. found that the abundance of intestinal flora in the hyper-
tension group decreased significantly from both clinical observation and animal
experiments. The main reason was the decrease in the number of probiotics such
as Bifidobacteria. Some scholars believe that the intestinal flora metabolites may
regulate blood pressure through the buffer system of SCFAs receptor-olfactory
receptor 78 and G-protein coupled receptor orphan [306]. In recent years, gene
sequencing has found that the intestinal flora of patients with coronary heart disease
is disordered, and the content of E. coli, Helicobacter pylori, and Streptococcus is
increased, and Bifidobacteria, Lactobacillus content is reduced [306]. The metabo-
lite TMAO of the intestinal flora is also associated with atherosclerosis. Experiments
have shown that plasma levels of TMAO are positively correlated to mouse athero-
sclerotic plaque load [306]. Patients with heart failure are often accompanied by
gastrointestinal congestion, prone to loss of appetite, abdominal distension and other
symptoms, decreased gastrointestinal motility leads to accumulation of gastrointes-
tinal contents, a large number of bacteria can easily destroy intestinal homeostasis,
causing dysbacteriosis. Further research found that the pathogenic bacteria such as
Salmonella and Shigella in the intestinal flora of the patients increased significantly
[306]. A study has shown that the severity of heart failure is also related to TMAO.
Therefore, changing the intestinal ecology through probiotics will be a new entry
point for the prevention and cure of cardiovascular diseases.

2.3.5 Intestinal Microflora and Nervous System Diseases
2.3.5.1 Microbiota—Gut-Brain Axis

At present, many mental diseases (autism, Parkinson’s disease, and Alzheimer’s
disease) are highly related to intestinal flora, and our joys and sorrows may also be
regulated by flora. Many of our desires and preferences may also be affected by
intestinal flora, including appetite food preferences, and even sexual orientation.
These connections involve an important chain of relationships: the bacteria—
intestine—brain axis. Although our brain and intestines are located in two separate
parts of our body, there is a very strong relationship between them. In fact, there may
be three channels in the bacteria—intestine—brain axis. One is the nerve channel, the
second is the blood channel, and the third is the immune channel. Some intestinal
substances may pass through the intestinal barrier, through the blood, pass over the
brain-blood barrier, thus affecting the brain. Some of the cells involved in the
intestinal immune response may repeat the same immune response in the brain.
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2.3.5.2 Intestinal Microbiology Group Is Closely Related
to Neurological Diseases

One study found that many patients with Parkinson’s disease suffer from severe
constipation for a long time before they are diagnosed. Bacteria in the human gut
decompose undigested proteins into toxic substances such as ammonia, mercaptan,
indole, hydrogen sulfide, and histamine. These toxic substances can be excreted
from the body through the stool. However, the intestinal function of the elderly is
declining, especially in elderly patients with constipation. It is very difficult for
elderly patients to rule out these toxic substances. Over time, toxic substances will
accumulate in large quantities. When toxic substances accumulate to a certain extent,
they will slowly enter the brain with blood circulation. Damage to the CNS can lead
to Alzheimer’s disease. For Parkinson’s disease, higher the enterobacteriaceae in the
intestinal tract of patients, more serious the symptoms will often be, and the
pathogenic protein in the brain, a-synaptic nucleoprotein, is also closely related to
the pathological changes of the enteric nervous system. [307].

The researchers first bred two groups of mice that produced too much a-synaptic
nucleoprotein, which is thought to be one of the “culprits” of Parkinson’s disease.
The only difference between the two groups was that one group had a complete
intestinal microflora and the other group was sterile. The results showed that aseptic
mice not only did not show the symptoms of Parkinson’s disease but also performed
much better in running, pole climbing, and other motor performance tests. The
researchers then fed some aseptic mice with SCFAs formed by the decomposition
of food fiber by intestinal flora and transplants intestinal flora obtained from the feces
of patients with Parkinson’s disease. As a result, all of the mice developed symptoms
of Parkinson’s disease and it is concluded that intestinal microbiome is an important
promoter of this disease. Changes in the composition of intestinal flora or intestinal
bacteria themselves may contribute to or even lead to deterioration of motor func-
tion, which is the main symptom of Parkinson’s disease.

In this framework, antibiotics, probiotics, diet, fecal bacteria transplants, and
meditation, which may regulate flora, may be ideal tools and the best way to treat
neurological or mental illness.

2.3.6 Intestinal Microflora and Cancer
2.3.6.1 Importance of Microorganisms in Human Cancer

Cancer is the number one killer of human health, but the complex relationship
between the mechanism of cancer and environmental microorganisms has been
difficult to prove. Since the partial success of William Coley’s attempt to treat
sarcomas with local injection of bacteria (Coley’s toxin) in the late nineteenth
century, the relationship between cancer and pathogens such as bacteria, viruses,
and fungi has attracted worldwide attention [308]. Especially after the first discovery
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of microbial membrane on the surface of cancer cell mucosa by Christine et al., the
study of the interaction between human microorganisms, especially intestinal micro-
organisms and cancer has become a hot topic.

2.3.6.2 Progress of Intestinal Microbiome in Cancer Research

Intestinal microflora is not only related to the formation of the immune system, but
also to the interaction between the immune system. Under normal homeostasis
conditions, intestinal symbiotic bacteria are recognized by TLRs and has a crucial
role in maintaining the homeostasis of intestinal epithelial cells. In the experiment of
chemical induction of intestinal epithelial cell injury in mice, Rakoff-Nahoum found
that mice lacked a key connector molecule in the microbial ligand or linker protein
pathway produced by pathogenic microorganisms and intestinal symbiotic bacteria
which will aggravate the damage to the cells [309]. It can be seen that the health of
the body and disease state is the outcome of interaction between pathogenic bacteria
and intestinal flora. Upadhyay et al. demonstrated that the intestinal microbe group
interacts with the immune response and forms the related lipid metabolism by
affecting obesity. Russell et al. found that if Candida albicans mutates in intestinal
flora, the specific chemicals produced will affect the immune response and make the
immune system oversensitive and produce allergic diseases.

For example, related studies have shown that Clostridium nucleatum is a common
bacteria living in human large intestine, and it is also considered to be a key leader in
colon cancer. In addition, intestinal Clostridium and Bacteroides are also one of the
pathogenic bacteria of colon cancer. The researchers have found that a group of
probiotic bacteria in the intestinal tract can stimulate intestinal cells to activate the
Nrf2 signaling pathway, which has a protective effect on small intestinal cells
[310]. This finding is of great significance for the use of bacteria to treat intestinal
diseases and to reduce the intestinal damage caused by cancer radiotherapy.

2.3.6.3 Achievements of Intestinal Microbiome in Cancer Prevention
and Control

French scientist Sophie Viaud used a cyclophosphamide anticancer drug to change
the composition of the intestinal microbial population, driving gram-positive bacte-
ria into the secondary lymphatic system, triggering a special helper T cell attack on
the tumor. In order to achieve the therapeutic effect of killing tumor, Chen et al.
found that the intestinal microflora of individuals is dominated by bacteria that use
different fibers, such as Plumeria and Bacteroides to ferment the fiber in food into
SCFAs. Butyric acid, as the preferred energy source of colon cells, can promote
intestinal barrier function and reduce inflammation. Therefore, feeding fiber can
optimize the structure and function of intestinal flora, which is very important for the
early prevention and control of the disease.
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Researchers at Xin Zhou University and Tokyo Pharmaceutical University in
Japan have used transgenic technology to develop a Bifidobacterium whose life
activities can cut off the nutritional supply of cancer cells, thereby inhibiting the
growth of tumor tissue, a technology that can be used to treat cancer.
Bifidobacterium is a common bacteria in human intestinal tract, which is easy to
survive in anoxic environment, and the interior of breast and chest cancer tissue
belongs to anoxic state.

2.3.6.4 Research Prospect of Intestinal Microbiome

Intestinal flora plays a significant part in regulating anxiety, emotional disorders and
other neurological diseases, and chronic diseases such as IBD, type I diabetes,
obesity, cardiovascular disease, and cancer [311]. It is worth noting that, intestinal
microbiome can maintain homeostasis in the human body, and may also produce
potential carcinogenic toxins and metabolites through bacteria to have a negative
impact on cancer prevention. Therefore, in the future, anti-tumor therapy can be
carried out through the combination of intestinal microbiome and its metabolites
with immunotherapy, or it can also be combined with the traditional method of
directly targeting malignant cells for anti-tumor therapy. Based on the immune
response induced by intestinal microorganism group and the mechanism of cancer
induction, high efficient anticancer strains were screened to develop new and
efficient anticancer agents.

2.3.7 Renal Diseases

Although intestinal flora lives in the gut, its role is not limited to the digestive
system. The effect of intestinal flora on human body is systemic through its influence
on human metabolism and immune function. The kidney is the main organ of
excretion of metabolites in the body and also the important site of deposition of
immune complex. Therefore, intestinal flora has a crucial role in the development
and treatment of renal diseases. For example, Vaziri et al. found that the quantity of
Firmicutes and Bacteroidetes in the intestinal tract of chronic renal failure rats was
lower, especially that of Lactobacillus and Prevotellaceae. Wong et al. found that in
patients having end-stage renal dirty disease, the abundance of bacteria producing
ammonia, indole, cresol, and other harmful metabolites increased, while the abun-
dance of bacteria producing SCFAs (including Lactobacillus and Prevotellaceae)
decreased. IS, PCS, and PAG can be detected in the early stages of renal dysfunction.
Meanwhile, kidney stone disease is closely related to changes in intestinal flora. The
main pathological change of kidney stone disease is crystal formation in the kidney,
and its incidence rate is increasing day by day. Stern et al. used 16sRNA test to find
that intestinal Bacteroides in patients with kidney stones had a higher abundance,
while Prevotella was lower. Eubacterium and E. coli were negatively correlated with
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urinary oxalic acid and citric acid content at 24 h, respectively. Calcium oxalate
stone is a common type of KSD. Gnanandarajah et al. suggested that the lack of
bacterial colonization in the intestine was a risk factor for calcium oxalate urolith-
iasis. Sadaf et al. found that oxalate Bacillus and Lactobacillus prevent stone
deposition and formation in the kidney by producing enzymes conducive to oxalate
degradation. Xiaoying et al. found that Enterobacteriaceae was significantly ele-
vated in kidney stone disease. Recently, it was found that the fecal microbial
diversity of patients with recurrent idiopathic calcium calculi was low, and the
expression of oxalate degradation related bacteria gene was significantly reduced,
which was negatively correlated with oxalate excretion. At the same time, it is also
believed that kidney stone disease is not caused by the lack of oxalate formate
bacteria or one kind of bacteria, but is related to the extensive changes of intestinal
flora. IgAN is deposited in the glomeruli by a polyimmune complex containing IgA,
causing kidney damage. DeAngelis et al. discovered that the composition of intes-
tinal flora in IgAN patients changed, mainly manifested by the increase of Strepto-
coccus, Enterobacter and the decrease of Bifidobacteria [312].

Ley et al. sequenced 16S ribosomal RNA genes in fat and lean mice and found
that the number of Bacteroides in fat mice was relatively high. For obese and
non-obese people, human trials also showed the same changes in bacteria as animal
studies. T2D patients are also often associated with differences compared with the
normal population. Larsen et al. compared the degree of abnormality in the types and
quantities of intestinal flora of T2D group and non-T2D group, and it was found that
E. coli, Salmonella, and Vibrio cholerae belong to proteobacteria are present in the
intestines of T2D patients, and the proportion of bacterial flora change related to
blood glucose concentration. Qin et al. found that T2D patients were accompanied
by moderate-intensity bowel. The proportion of trace bacteria was unbalance, which
was reflected by the benefit of producing butyric acid of Hoffmann-La Roche Inc. A
large number of bacteria were lost, while the number of harmful bacteria such as
Clostridium was increased. The diabetic patients were supplemented with probiotics,
prebiotics, and other microecological preparations to make intestinal flora; after
being regulated and reaching steady state, its blood glucose level will also improve.
Intestinal flora structural changes (e.g. reduction of Bacteroidetes/Firmicutes ratio,
butyric acid production, salt bacteria, etc.) is closely related to T2D and may pass
through those involved in SCFAs, LPS, fence-induced fat factors and bile acids
in vivo synthesis, induces the body to produce a variety of mechanisms (such as
chronic inflammatory response, generation Endotoxemia, etc.), which then leads to
the destruction of islet beta cells [313]. T2D reduces the body’s sensitivity to insulin,
and ultimate leads to death. Therefore, intestinal flora and T2D were actively studied
to make full use of intestinal flora for better control of T2D patients’ blood sugar.
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Introduction to Probiotics and Their Creck o
Potential Health Benefits
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3.1 Probiotics Definition

The terminology of probiotic is a new word originated from a combination of couple
languages Latin and Greek in which “pro” means for and “biotic” stands for life,
respectively. Recently, different means to define probiotics have been given on the
basis of their mode of action and influence on human health. The term probiotic was
coined in 1965, described as the compounds generated by a microbe, that influence
the optimum growth conditions for other microbes, and analogous with the term
antibiotic [1]. “Organisms and substances that contribute to intestinal balance,” was
the initial term of probiotic, in use today [2]. The expression of these compounds in
Parker’s meaning of probiotics provides an extensive association that involved
analogy with the antibiotics. However, probiotics and antibiotics differ significantly
in terms of their role in humans (Table 3.1).

Fuller in 1989 upgraded Parker’s description of probiotic was as “A live micro-
bial feed supplement which beneficially affects the host animal by improving its
intestinal microbial balance.” The definition was focused on the need of sustainabil-
ity of probiotics as well as their beneficial impacts on an animal host, as per his
descriptions. Fuller’s view of probiotics was further extended by The European
expert group, they included all mechanisms stimulated by the microflora and defined
probiotics as ‘“Probiotics are live microbial food components that have a positive
effect on human health.” The limitation of the purposed concept was the site of entry
of the probiotics and mode of action was not considered in relation with their
positive effects. Therefore, various sites such as the intestine, skin, vagina, oral
cavity may be used for the administration of the probiotics.
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Table 3.1 Difference between the role of probiotics and antibiotics in relation with human health

Probiotics Antibiotics

For the life Against the life

Non-invasive in nature Emergence of antibiotic resistance
microorganisms

Free from undesirable side effects

Associated with several unpleasant side effects

Preventive mode of action in disease conditions

Antibiotics are used against bacteria to treat the
disease either by direct killing or inhibition of
cell growth

Increase the concentration of Bifidobacterium
or/and Lactobacilli

They are employed to treat various medical
concerns, starting from skin infections and
urinary tract infections to pneumonia and
whooping cough.

Help restore the balance of the gastrointestinal
flora when diet is sterile infant formula

Improve the growth enactment and feed con-
version effectiveness of the animals.

Increase the population of beneficial microflora
by preventing the attachment of pathogens with
receptors present on intestinal barriers.

They do not have a specific effect on increasing
the gut microbial populace.

Increase the concentration of antibodies in the
body such as secretory Immunoglobulin A
(IgA).

No specific increase in the antibody concen-
tration due to antibiotic administration has
been reported.

Misuse of term “probiotic” both scientifically and commercially was explained by
the International Scientific Association for Probiotics and Prebiotics (ISAPP), a
non-profit scientific organization in progressing the science of probiotics and pre-
biotics (Fig. 3.1). Commercially, probiotics is defined as the products that do not
authenticate human health benefits, whereas scientifically, it has been explained as
the elemental constituents of a bacteria, inactivated or killed bacteria, and bacteria
whose health benefits are not well characterized (http://www.isapp.net/Portals/0/
docs/ProbioticDefinitionClarification.pdf). No clear explanation and particular def-
inition were given by ISAPP; it only highlights the eminent components that are well
characterized in the definition of WHO/FAOQO. The categorization of probiotics has
been done according to the legislation of different countries including: (1) functional
foods in far eastern countries such as China, Japan, and Malaysia; (2) dietary
additives, biological agent, medical foods, drugs, and live biotherapeutic agents
that were applied in USA; (3) supplementary food in Denmark, Finland, and
Sweden; (4) Canadian natural health products; and (5) pharmaceuticals with
biotherapeutic in Germany and Belgium.

The researchers have claimed the loss of the main aspect of strain and dose
specificity of probiotics when categorized improperly by the legislation of different
countries. The American-European-Asian legislations need scientific confirmation
on efficacy of probiotic species via standardized safety investigations conducted
with several clinical trials [3].
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3.2 History of Probiotic

The historical aspects of consuming microbes in diet have various health benefits
such as use of bacteria that produce lactic acid to suppress pathogens. The original
remark for the explanation of health benefits provided by some specific bacterial
strains is credited to a Russian Nobel Prize winner scientist Eli Metchnikoff. In the
starting of twentieth century, he proposed “The dependence of the intestinal
microbes on the food makes it possible to adopt measures to modify the flora in
our bodies and to replace the harmful microbes by useful microbes” at the Pasteur
Institute [4]. He also claimed a reduced count of toxin-producing bacteria in the gut
followed by the intake of yogurt containing Lactobacilli that helped in increasing the
lasting power of host [5]. Another observation was given by French pediatrician
Henry Tissier, he found a smaller number of Y shaped, peculiar bacteria in the stools
of children suffering from diarrhea. However, the count of these “bifid” bacteria
were high in healthy children [6]. Based on this observation he suggested that the
administration of these bacteria to patients with diarrhea would help in the restora-
tion of normal gut microbes. The first scientific proposal before the invention of the
word “probiotics” was given by Metchnikoff and Tissier.
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3.2.1 A Brief Timeline for the History of Probiotics

1890: Ernst Moro an Austrian physician discovered an acid producing bacteria
Lactobacillus acidophilus

1899: Henry Tissier a French pediatrician discovered Bifidobacteria

1907: Elie Metchnikoff discovered that intake of fermented yogurt helped in
improving gut microbiota and life span of villagers in the Bulgarian regions
near the Caucasus mountains.

1923: Saccharomyces boulardii as a probiotic was discovered by Henri Boulard in
1923. He also noticed the effect of intake of lychee fruit on human health.

1930: New strain of L. casei named as Lactobacillus casei Shirota was discovered by
Minoru Shirota, followed by the development of a yogurt drink consisting the
same strain and named it Yakult, after being inspired by Metchnikoff’s work.

1965: The term “probiotics” was first given by RH Stillwell and DM Lilly, while
conducting research on the secretions of one microorganism which were then
used to form another.

1995: “Prebiotic” term was first coined, and was defined as the foods that encourage
the natural growth and enhance the effect of probiotics in the human gut.

2002: The World Health Organization (WHO) and United Nations (UN) gave
official recognition to probiotics as microbes that exerts positive effects on
humans.

2013: Dr. Ted Dinan coined the term “psychobiotics” after researching the effect of
various microorganisms on the mood of the host (psychic effects) [7].

Another definition of probiotics was stated by the association of Joint Food and
Agriculture Organization with World Health Organization (WHO) as: “Live micro-
organisms which, when administered in adequate amounts, confer a health benefit on
the host” [8]. According to this description to be probiotic, particular formulations
must follow the following criteria: (a) should be administered active; (b) have gone
through controlled assessment; (c) have documented beneficial effects on the health
of targeted organism; (d) should have a well-defined taxonomic classification from
genus to strain level; and (e) characterized as safe (proposed use).

3.3 Relationship among Different Pro-, Pre-, and Symbiotic

Probiotics can be defined as friendly bacteria, recognized to possess valuable
influence on humans, and accessible in different formulas such as dairy products
(dahi, yogurt, and capsules). The term prebiotic was given by replacing “pro” for
“pre,” that means “before” or “for” Gibson and Roberfroid [9]. The main properties
of prebiotic are the non-digestible components that exerts a positive impact by the
mechanism of selective prompt of the useful bacteria in human colon, thus provide
health benefits. In a clear way, administration of these additives such as fructose
oligosaccharides (FOS) can rise the count of bacteria either in vagina or gut and have
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a positive effect on human health. Integration of probiotics and prebiotics together
form synbiotics. The commonly well-known recently used prebiotic ingredients are
non-digestible carbohydrates such as fructo-oligosaccharides (FOS), galacto-
oligosaccharides (GOS), inulin, and lactulose. Several non-digestible carbohydrates
have been examined to use as potential prebiotics like arabinoxylan, polydextrose,
soybean oligosaccharides, xylo-oligosaccharides (XOS), xylo-polysaccharide
(XPS), isomalto-oligosaccharides (IMO), and beta glucans. In spite of all the studies
the most commonly used prebiotics are inulin and FOS [10].

The chemical nature of the non-digestible oligosaccharides like degree of poly-
merization, viscosity, glycosidic bonds, and fermentability are responsible for the
physiological effects of prebiotic supplements. Therefore, the extent of efficacy of
any prebiotic is directly correlated with the end products formed after its complete
metabolism by the intestinal microbiota [11]. According to the studies, it is important
to completely define the non-digestible carbohydrates used in prebiotics, as these
compounds have to be metabolized by different microbes. The final product pro-
duced after the metabolism and its consumption by the other microbes defines the
therapeutic efficacy. The synbiotic effect of the pre- and pro-biotics formulations is a
result of the formation of synergistic activities of these compounds in the food. This
reaction in vivo would be influenced by the intake of the prebiotic, that results in a
competitive advantage for the microbes in many cases. The synergistic effect of
these prebiotics supplements is to improve the growth and survival of the probiotic
strains inside the host, thus to increase the composition of beneficial microbes. The
selection of particular prebiotic depends on the specific beneficial effect on the
probiotics. The synergistic effect of these supplements target different regions of
the small and large intestine. Generally, these synbiotic interactions offer huge
information to stimulate the potential and efficiency of these types of functional
foods [10]. The combination of prebiotic components and probiotic microbes pro-
vide not only beneficial health effects to individuals, but also develop the stability of
products throughout their storage time era. The addition of ingredients of prebiotic
has shown the anti-obesity potential by stimulating the physiological functions
responsible for secretion of insulin, by the multiplication of B-pancreatic cells [12].

3.3.1 Need of Pre- and Probiotics

The influence of probiotics on gut microbes have a close relationship with the effects
of prebiotics (Fig. 3.2). Prebiotics play various roles in a symbiotic relationship with
probiotics and enhance the effects of probiotics in various possible ways, as follows;

1. Not only the gut microflora, prebiotics also play eminent function in the enhance-
ment of calcium and magnesium absorption in the body, thus help in increasing
the density of bones.

2. Prebiotics exert a remarkable function in the regulation of appetite by promoting
digestion and lipid metabolism thus help in regulating gut flora.
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Fig. 3.2 Effects of probiotic strains on both beneficial microflora and pathogen to increase the
count of beneficial microbes and development of immunity over specific period of time

3. Helps in the metabolism of carbohydrates, by changing the speed of carbohydrate
metabolism by the body during inflammation that further leads to ischemic heart
disease if untreated.

4. Helps in reducing insulin resistance.

5. Maintenance of electrolytes such as sodium and potassium, and various minerals
to control blood pressure.

6. Hormonal balance

3.4 Where Do Probiotics Produced from

The development of microbiota in neonatal depends on: (a) microbial flora of
mother, (b) mode of birth or delivery, (c) birth conditions and surrounding environ-
mental conditions, and (d) genetic components. The primary source of microbes in
newborns is the microbes inherited from mother (intestine and vagina), colonizing
the intestinal tract of infants. After specific period of time, probiotics (mainly the
lactic acid containing yogurt) can be given to the infants, as following;

1. Immediately after birth: To establish a healthy gut microbiota and prevent
establishment of pathogenic bacteria.
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2. Following antibiotic administration: To prevent the chances of reinfection by a
particular microorganism and the restoration of the healthy gut microbiota which
was depleted by the administration of antibiotics.

3. Treatment of diarrhea: To reduce the count of pathogens [13]

3.5 Probiotics and Health

Various strains have been identified as potential probiotics in different disease
conditions, depending on the results obtained after administration of a particular
type of strain. In case of IBD (Inflammatory bowel disease), diarrhea, allergy
symptoms, Bifidobacterium sp. have shown promising results on the restoration of
healthy gut microbiota (Table 3.2).

3.6 Probiotics and Gut Microbiota

Several reports have been studied the probiotics that help in regulation and enhance-
ment of various features of the innate and adaptive immunity in both animals and
humans (Table 3.3). Human gut comprises of approximately 100 trillion (10'%)
microbes which is 10 fold in magnitude than human cells, contributing in total
weight of body almost 1.5-2 kg [19]. A regular increase has been observed in the
abundance and complexity these microbes in the gut (stomach to colon), levels up to
the level of 10" cells/gram of the intestinal composition [20]. Microbiota is defined
as the group of microbes residing in human body and their total genetic composition
is known as microbiome. The microbes are abundant in the colon, however they
are less in respiratory tract, skin, and vagina, these organs also inhabit specific
microbes [21].

The eminent roles played by the gut microbiome are maintenance of the func-
tional coalition of gut and intestine, homeostasis of immune response, and metabolic

Table 3.2 Effect of various bacteria used for probiotics on immune system and beneficial gut
microflora and their source

Probiotics Test sps Observation References

Bacillus sps Zebrafish Antagonistic/inhibitory activity [14]

Lactobacillus | Grouper & Growth enhancement, development of resistance | [15]

sps Nile tilapia against disease, and innate immunity

Lactobacillus | Rainbow Stimulated respiratory burst [16]

rhamnosus trout

Bacillus sp. litopenaeus | Increase in phagocytic and antibacterial activity [17]
vannamei due to stimulated immune response

Bacillus Gilthead Increase in phagocytic activity [18]

subtilis seabream
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Table 3.3 Effect of Lactobacilli sp. and Bifidobacterium on innate and adaptive immune response
in different animal models

Bacteria
strains Disease model Disease Outcomes References
L. acidophilus | Eight-week-old male | IBD TIL-10, Treg [31]
C57BL/mice JIL-6, IL-1B,
1L-17
L. acidophilus | Generation of CRC TIL-10, IL-12 [32]
(NCK2025) TS4Crex APC 1ox468 | Treg
mice
L. acidophilus | Female BALB/c mice | Crohn’s disease TIL-17 [33]
| T17 function,
1L-23,
L. acidophilus | BALB/c mice Ulcerative colitis TLactobacilli, [34]
Bifdobacteria
1S. aureus
L. casei BL23 | Female C57BL/6 CRC 1T17, T [35]
mice 22, IL-10, and
1L-22
| Treg
L. fermentum Eight-week-old Hypercholesterolemia | Lactobacillus | [24]
FTDC 812 BALB/c mice
L. rhamnosus, | Eight-week C57BL/6 | Type 2 diabetes TFirmicutes, [36]
B. bifdum mice Actinobacteria
|Bacteroidetes
B. breve Human colon Inflammatory disease | T1L-8, IL-10, [24]
IPLA20004 IL-12

pathways for energy generation. The microbiota composition constitutes the humun-
gous microbial community that contains at least two-fold more genes compared to
the total magnitude of genes in human genome. Another term related to the gut
microbiota is “dysbiosis” defined as the changes in the composition of gut microbial
population that further leads to amendments in the host-microbiota interactions [22].
The microbial community helps in the regulation of various metabolic and physio-
logical properties and also contribute a vital function in the development of immune
response in early life stages, thus maintaining homeostasis of immune system during
life. The major dominating bacterial phyla of gut microbiota of humans are:
Firmicutes  (Ruminococcus, Clostridium and Eubacteria), Bacteroidetes
(Porphyromonas and Prevotella), and Actinobacteria (Bifidobacterium).
Escherichia coli, Streptococci, and Lactobacilli, and also constitute the gut
microbiota in smaller number. The specific contribution of the phyla such as
Firmicutes (~60 to 65%), Bacteroidetes (~0 to 25%), Actinobacteria (~3%), and
Proteobacteria (~5 to 10%), contributes about 97% of the total population of
intestinal microbes. A study on the colonization of intestinal microbes has suggested
the complex interaction between the different microbes and host-microbes’ interac-
tions essential for the establishment of intestinal microbiota. The researchers have
also stated the dynamics of bacterial process which not colonize in the intestine [23].
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Exposure of metals and other contaminants to gut microbiota through diet leads to
various alterations in the composition (dysbiosis), amendments in host-microbial
interactions that causes several diseases [24]. Analogous to antibiotics, “probiotic”
word was introduced primarily in 1965 by Stillwell and Lilly, means “a microbial
substance able to stimulate the growth of another micro-organism.” The genus
Bifidobacterium and Lactobacillus are the most often used genera as potential
probiotics, whereas Enterococcus, Leuconostoc, and Streptococcus genera are the
less abundantly used. These microorganisms as probiotics are available in fermented
dairy products such as Kurut, kefir, milk, and Maasai. Probiotics influence the
composition of normal gut microflora by restraining the development of pathogens,
stimulate the multiplication of epithelial cell, differentiation, and fortification of the
mucosal barriers of intestine by a mechanism known as probiosis. [25].

Studies have clearly demonstrated the perturbances in gut microbial composition
in the infections caused by Clostridium difficile that leads to dysbiosis. Most of these
perturbances in the microbial population of gut were reported to be closely related
with various gastrointestinal disorders (colorectal cancer, inflammatory bowel dis-
ease, and irritable bowel syndrome). Studies have also reported the dysbiotic
microbiota due to some intestinal disorders that indirectly affects the respiratory
tract or liver and cause cystic fibrosis, bronchial asthma, and allergy. Any alteration
in the composition of Bifidobacterium population that constitutes the normal micro-
flora of human gut represents the most common factor in these diseases.
Bifidobacteria strains as a potential probiotic in preventive medicine to sustain the
normal functions of intestine have been well-discussed in various studies. Probiotics
have also been reported as therapeutic agents for several gastrointestinal diseases and
other related disorders [26].

A recent article published by the World Gastroenterology Organization focused
on the administration of several probiotic formulations reported the predominance of
Lactobacilli sp. in clinical studies. Preparations of Bifidobacterium strains either
alone or mixed with other bacterial strains, as probiotic for human clinical studies,
have been considered in the review. Substantial research and literature are available
on probiotics but the magnitude of scientific evidences on the efficacy of probiotics
on gut microbiota is inadequate in many cases. Accurate human studies and trials
needed to demonstrate the mechanism of probiotics in several intestinal pathologies.
In recent decades, development of research area in human health and welfare has
grown rapidly due to the vital functions of gut microbiota. These studies have shown
that individuals with allergy, obese have an intestinal microbiota varying from a
healthy individual. The Hero Child Nutrition Institute and the Department of Bio-
chemistry the University of Granada have developed a draft isolation and character-
ization of probiotic strains, from feces of infants that were breastfed. These strains
have been registered at the Institute Pasteur (France) and patented. Controls have
surpassed the toxicology and safety standards in the report of FAO/WHO, and its
function as a potential inhibitor of the growth of pathogens. Modulation of the
immune response in both in vivo and in vitro assays has been accessed in murine
and cellular models [27].
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In the field of probiotics extensive research has been conducted with various
advances in the characterization and selection parameters for different strains but
claims of deterioration of health after consuming probiotics in some individuals is
still unclear.

The synonymously used terms, “microbiome” and “microbiota” describe the
cumulative genetic composition of all the microbes inhabiting the gut and the
microbes themselves, respectively. Both the terms “microflora” and “microbiota”
are identical, microflora was more frequently used before but still most of the
researches use the term in many articles. Microbiota is defined as “the microscopic
living organisms of a region” by the Dorland’s Medical Dictionary for Health
Consumers (2007) and “the microorganisms of a particular site, habitat, or geolog-
ical period” by the Oxford Dictionary [13].

Another important aspect that relates microbiota and humans has acquired more
recognition is “the human holobiont.” According to the theory, humans build as a
“superorganism” that involves a complex of microbiota in their evolution not as
single species. The evolved “superorganism” is an amalgam of microbial cells
present in ten-fold more in number and mammalian cells. The genetic composition
of these microbes in humans is hundred times the total genes in humans [28]. The
symbiotic relationship between the humans and the inherited microbes provide a
mutual benefit. Studies have showed a decrease in the immune system related
diseases by modulating the immune response. The mutual benefits of this association
include the nutrient availability and environment to grow to the microbes, in return
the microbes provide health benefits. The health effects of symbiote include the
improvised functioning of digestion and metabolic processes to provide essential
nutrients [29].

The colonization of various parts of human body such as skin, mouth, respiratory
system, gastrointestinal, and urogenital tracts are evident by numerous microbes, but
the functions of these interactions and their mechanism are not clear in most of the
cases. Different criteria for the selection of a particular bacterial strain as a probiotic
have been provided by researchers. The safety criteria include the source of origin of
probiotic strains along with its non-pathogenic nature and it should be categorized
under genetically recognized as safe (GRAS) list of microorganisms. The other
criteria enlist the various functions of probiotics such as development of resistance
against the acids of gastrointestinal tract and bile salts, ability to adhere the surface of
intestinal epithelial tissues, ability to modulate the immune response, colonization of
gastrointestinal tract to influence the human metabolism. The second criteria involve
all the functional aspects of the probiotic strains, whereas the third criteria are the
technological criteria. It involves the scale-up production of probiotics and resistance
against the various technological processes involved in the scale-up. In conclusion of
all these principles, the minimum criteria required for the choice of a probiotic strain
includes the following: (i) the specification of probiotic microorganism through
genus and species; (ii) it must possess a feasible probiotic species; (iii) should be
controlled to possess beneficial effects in appropriate doses till the end of their shelf
life (with slight deviations between batches); and (iv) to establish controlled studies
in humans that prove its efficiency and safety [30].
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3.6.1 Effect of Probiotics on Gut Microflora

The variations in gut microbiota composition are preeminent in the treatment of
animal and human diseases due to use of probiotics. The major patented probiotic
microbes include the species of lactic acid bacteria (LAB) such as Lactobacillus
(acidophilus, paracasei, casei, plantarum, crispatus, reuteri, rhamnosus, gasseri,
bulgaricus), Bifidobacterium (longum, breve, catenulatum, bifidum, and animalis),
and S. boulardii. The potential use of microbes such as Bacillus (subtilis, coagulans,
laterosporus) and Enterococcus faecium has also been studied. The most common
commercial strains related to the genera Lactobacillus and Bifidobacteria [23].

3.6.1.1 Lactobacillus sp.

The strains of genus Lactobacillus have been reported to directly affect the intestinal
microbiota. These strains can intensify the functions of the mucosal barriers in
intestine, help in maintaining the immune response, inhibition of passage of patho-
gens across the mucosal barriers, and in the treatment of diseases such as IBD,
gastrointestinal infections, and IBS [24]. The impact of probiotics on the metabolism
of normal microbiota has been reported other than the direct effects on the
composition.

3.6.1.2 Bacillus coagulans

The morphological features of Bacillus genera include the spore bearing Gram-
positive bacteria which are either strict aerobes or facultative in nature. The spores of
B. coagulans, B. subtilis, and B. cereus can resist the acidic environment of the body
when orally up taken thus are suitable for humans as a probiotic. The application of
these species in the treatment of H. pylori infections and diarrhea in humans can be
considered. The use of Bacillus coagulans alone or in combination with other
microbes have provided successful results in the treatment of diarrhea caused by
the antibiotics, other than Bifidobacteria [37].

B. coagulans involves various mechanisms to get rid of the intestinal pathogens,
one of which includes the formation of acidic and anoxic conditions in the intestine
not suitable for pathogenic microbes, thereby hindering their development and
supporting the growth of healthy microflora [38]. The mechanism involves the
consumption of free oxygen by B. coagulans strains in the stomach and intestine
due to their facultative nature, and decrease the redox reactions required for the
growth of pathogens. This environment is suitable for the growth of beneficial
microbes like Bifidobacterium and Lactobacillus sp. [39].

Another mechanism involves the use of B. coagulans in therapeutics, to inhibit
the growth of pathogens by produce antimicrobial substances that helps in
maintaining balance between the normal microbiota [38]. Reports on the secretion
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of bacitracin by a few strains of B. coagulans are available. The strain 14 of
B. coagulans was first reported to produce coagulin which is a bacteriocin-like
inhibitory substance (BLIS). The bacteriocin is an anionic compound act against
Gram-positive bacteria in different ways, involved in various diseases caused by the
contaminated food [40]. Bacteriocins have the ability of perforating the surface of
pathogens and cause leakage of inorganic salts and amino acids from the cells to
prevent the growth of harmful bacteria [37]. B. coagulans also secrete acetic acid and
lactic acid reported as eminent antimicrobial substances to avoid the growth of
harmful bacteria in the gut.

3.6.1.3 Bifidobacterium

The genus Bifidobacterium constitutes the Gram-positive normal human gut flora,
which are non-motile anaerobes, results in the formation of endosymbiotic relation-
ships between the vagina and gastrointestinal tract. The Bifidobacterium genera have
been identified a potential probiotic as they have the ability to resist bile salts. Most
of the functions of probiotics take place in the presence of bile salts thus resistance
against bile salt is an important factor. The strain-dependent tolerance of bile salts
has already proved, but subculturing of wild type Lactobacilli and Bifidobacteria
strains with subsequent increase in the concentration of bile can lead to development
of bile tolerance. The probiotic strains of the Bifidobacterium genera are B. infantis,
B. breve B. adolescentis, B. longum, B. bifidum, B. animalis subsp animalis, and
B. animalis subsp lactis. Nowadays, companies are developing names for these
compounds that resemble the scientific names and later using them as
trademarks [41].

These Bifidobacterium species have proved their effectivity as probiotics in the
treatment of various diseases such as constipation, diarrhea associated with traveling
and use of antibiotics, maintaining remission of inflammation of gut and colon, and
moderate ulcers of colon. These strains also involved in the prevention and treatment
of food allergies, diarrhea induced by the exposure of radiations, necrotizing entero-
colitis in newborns, eczema, and decreasing the cholesterol level [27].

3.6.2 Effect of Probiotics on Removal of Heavy Metals

Heavy metals are defined as the group of compounds occurring naturally and
released into the environment by various natural or anthropogenic processes. The
rapid growth of human industrial activities like smelting, mining, and formation of
synthetic compound has cause to an exponential enhancement in the amounts of
heavy metals exposed into the environment such as water sources, and soil. The clear
result is that people around the world are exposed and suffering from various
diseases, thus new methodologies are required to reduce the accumulation and
adverse effects of these compounds [42].
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Microorganism removes heavy metals by 3 main mechanisms that involve the
attachment of metals to the cell wall of bacteria, as the following:

1. Exchange of ions with the components of cell wall (teichoic acid and
peptidoglycan)

2. Formation of precipitates by nucleation reactions

3. Complex formation with oxygen and nitrogen ligands

The presence of high amount of teichoic acid and peptidoglycan and in the cell wall
of Gram-positive bacteria, especially Bacillus spp., reflects high metal adsorption
capacity. Less metal adsorption capability was shown by Gram-negative bacterial as
their cell membranes have low content of these components.

The phylum Firmicutes is the dominating phylum among the colon microbiota,
mainly consist Gram-positive bacteria, that includes Lactobacillus, Clostridium, and
Bacillus as the dominating groups. Thus, a large population of microbes in the
human gut have the ability to prevent the entry of metals in the body. Another
mechanism for the removal of heavy metals and toxic chemicals involves detoxifi-
cation, defined as the ability to remove various harmful agents such as drugs,
mutagens from the body, whereas detoxication is the process of prevention of
entry of hazardous substances in the body. Detoxication takes place in various
organs including the intestine, kidneys, and liver to prevent the spreading of
compounds to target sites where damage can occur [43]. The gut microbiota and
potential probiotic bacteria play a vital function in heavy metals sequestering,
preventing the entry of these compounds in the body to protect the host.

3.6.2.1 Role of Probiotics in Removal of Cadmium

Cadmium is the 7th most toxic heavy metal with that humans and animals may get
exposed to at work or in the environment. When this metal gets absorbed by humans,
it will gather inside the body during life. Cadmium binds to cysteine-rich protein
such as metallothionein to form complexes that can led to hepatotoxicity and then it
circulates to the kidney and causes nephrotoxicity [44].

The adverse effect of cadmium on gastrointestinal tract (GIT), especially intes-
tine, through ingestion of cadmium contaminated water and food has been studied.
Cadmium uptake causes the inflammation of intestinal tract, disarrangements in tight
cellular junctions leading to damage of cells. These disruptions can cause increased
permeability of intestinal membrane to cadmium and other pathogens, thus increas-
ing the systemic absorption of cadmium. Probiotics remove the cadmium by binding
or sequestering cadmium in intestinal tract, or absorption of cadmium, and protec-
tion of intestinal membrane by decreasing the accumulation and systemic absorption
of cadmium accumulation in tissues. These activities help in the excretion of
cadmium form GIT through fecal route [45].

In Ttaly commercial formulation of Lactobacilli and Bifidobacterium strains
along with Streptococcus thermophilus were given to a pregnant woman for long
term, as a part of a random double-blind study to evaluate the effect of cadmium in
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infants subjected via breast milk. This study did not clarify whether the use of
probiotics can help in decreasing the cadmium absorption or not [42].

3.6.2.2 Role of Probiotics in Removal of Arsenic

Arsenic exist in different forms in nature in which the trivalent strains are higher
toxic than pentavalent species. The toxicity of arsenic compounds (arsenicals) differs
widely based on the chemical content of these compounds and can increase if the
compounds are thiolated. It has a semi-metallic property, is highly toxic and
carcinogenic, and is mostly available in the form of oxides or sulfides or as a salt
of iron, calcium, sodium, and copper. The microbiomes of humans and mice were
shown to metabolize arsenic when cultured in vitro. Faecalibacterium prausnitzii
appears to be a beneficial correlate of microbiome stability throughout arsenic
exposure in humans, and also delivers some protection in the GF As3mt-KO murine
model [46].

3.6.3 Effect of Probiotic Intake on Immune Health

Human immune response is mediated by innate and adaptive immunity after the
exposure of various pathogens or foreign substances (Fig. 3.3). Probiotics have a
direct effect on the macrophages, T cells (cell mediated response), B cells (humoral
response), and the dendritic cells to regulate immune response [28].

Reports have shown the activation of innate immunity and adaptive immunity
when a mixture of B. bifidum L. casei, L. acidophilus, L. reuteri, and Streptococcus
thermophilus  probiotics was injected. High expression of indoleamine
2,3-dioxygenase, TGF-B, IL-10, and COX-2 was observed due to the stimulation
of the regulatory dendritic cells. CD4+ and CD25 cells enhanced the growth of CD4
+Foxp3+ regulatory T cells (Tregs), which further leads to the enhanced suppression
activity of CD4+CD25+Tregs. The administration of the probiotic formulation
induced hypo response of both B and T cells, results in the downregulation of T
helper Th2, (Th) 1, Th17 cytokines without induction of apoptosis. Suppression of
inflammation of intestine induced by 2,4,6-trinitrobenzenesulfonic acid was revealed
by the in vivo study, that was linked with high count of CD4+Foxp3+ Tregs in the
affected areas. Thus, the probiotic mixtures that help in the enhanced production of
the regulatory dendritic cells to further stimulate Tregs can be considered a prom-
ising therapeutics for inflammation causing diseases [47].

Reports on the high doses of L. rhamnosus Lcr35 probiotics and its effects on
dendritic cells (comparing MOI, multiplicity of infection 100 to 0.01), showed huge
changes in gene expression of immature dendritic cells derived from human mono-
cytes. Increase in the rate of production of the cytokines pro-Th1/Th17, such as
IL-12p40, IL-12p70, IL-1p, IL-23, and TNF, was observed after a high dose
administration. Different phenotypic transformations of membrane of dendritic
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cells were also observed as a dose-dependent response due the upregulation of,
HLA-DR, CD86, TLR4, and CD83 and low activity of CD14, MR, and DC-SIGN
cells. A strong pro-inflammatory response due the partial maturation of different
cells was observed by the administration of L. rhamnosus Lcr35 due the modulations
in the immune dendritic cells [48].

Another in vivo study has reported the strain specific effect of Bifidobacterium
longum AH1206, Lactobacillus salivarius AH102, and B. breve AH1205, on induc-
tion of Foxp3+ Tregs response. These cells are responsible for the protection of
ovalbumin against respiratory and allergy associated with intake of Cholera toxin in
diet. B. longum AH1206 have been reported to protect airway inflammation in
infants, adults, and germ-free animals due to these two allergies by increasing the
numbers of Foxp3 Tregs. B. breve AH1205 showed increase in Foxp3+ Tregs in
case of infant mice only and no alteration was observed in the number of Tregs in
germ-free animal models after the intake of L. salivarius AH102 and B. breve
AH1205 probiotics [49].

Administration of L. acidophilus NCFM and L. salivarius Ls-33 showed a
complete protection against inflammation of colon (colitis) in mice associated with
SCID by decreasing the count of Tregs population that were increased by the disease
conditions. Rectum samples of the probiotic administered mice showed similarities
with the expression of genes pattern of naive SCID mice but no similarity was found
with the control groups. This revealed that probiotics indirectly affects the Tregs-
favorable environment not the Tregs itself [50].

3.6.4 Role of Probiotics in Metabolic Abnormalities

The abnormalities in the human metabolism can lead to various diseases such
clinical manifestation include development of resistance against hormones like
insulin, dyslipidaemia, elevation in the blood pressure, and obesity in the abdominal
region, these clinical factors have a culminate effect in terms of more rapid devel-
opment of type 2 diabetes mellitus and cardiovascular disease. Several factors have
been taken in consideration for the development of these metabolic syndromes that
involve changes in lifestyle, development of an individual and the adopted perinatal
planning, and the genetic factors. Several therapies have been reported to prevent the
metabolic syndromes (MetS), manipulation of lifestyle, and diet intake
which undoubtedly have proven the eminent non-pharmacological factors for the
treatment and prevention of MetS [25]. The various short-term experiments and
cross-sectional studies have explored the relationship between the gut microbiota
and parameters influencing the metabolic syndromes (MetS). To investigate these
parameters in context to probiotics, several standardized clinical trials and more
advanced techniques such as bioinformatics analysis, host genetics, and microbial
metabolism need to be explored further [51].
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3.6.4.1 Hypercholesteromic Effect

Probiotics administration affect level of lipids in the bloodstream. The mode mech-
anism of action of reducing the levels of lipids involves the generation of short chain
fatty acids (SFCAs) by gut microbiota. These SCFAs are produced by the fermen-
tation of the prebiotic substrate such as inulin, fructo-oligosaccharides (FOS),
lactulose, and galacto-oligosaccharides (GOS). The host can absorb these SCFSs
and use as a source of energy [11]. In addition to production of SCFAs, probiotics
have also been stated to play an eminent role in the regulation of metabolic
processes. The production of SCFAs from the fermentation of prebiotic substrates
have shown the reduction of hepatic cholesterol synthesis and the redistribution of
cholesterol from the plasma to the liver. The effect of probiotics on deconjugation of
bile acid salts has been studied. The deconjugation of bile salts involves the
activation of bile acid hydrolase that inhibit the reabsorption of bile acid salts, as a
result free bile acid excreted in feces. The main mechanism of hypocholesteromic
potential of microbial strains comprises the conversion of cholesterol in coprostanol
and co-precipitation of cholesterol with deconjugated bile salts [52].

3.6.4.2 Effects on Obesity Related Parameters

Probiotics administration can stimulate the factors responsible for insulin secretion.
These functional food supplements with prebiotic ingredients are responsible for the
anti-obesity effects by stimulating various physiological functions. The main mech-
anism of insulin production involves the multiplication of -pancreatic cells. The
stable beneficial flora of gut can potentially alters adiposity in obese individuals and
positively affect the peripheral organs to secrete hormones like PYY and GLP-1 and
factors responsible for satiety control in the brain [53].

The effect of SCFAs on modulation of numerous specific cellular functions by
interacting with exact receptors implanted into the G protein coupled receptors such
as GPR41 and GPR43 has been reported. These specific receptors help in the
excretion of intestinal hormones like glucagon-like peptide-1 (GLP-1). The secretion
of these hormones increases the gastric phase and time of intestinal transit, that
further leads to the high rate of nutrient absorption. Another protein YY (PYY) is
vital for other functions like inhibition of intestinal motility and stomach emptying,
management of caloric intake and appetite, and also enhanced absorption of water,
electrolytes, and nutrients in the gastrointestinal tract [30].

3.6.4.3 Anti-hypertensive Effect

The regular administration of L. casei and L. plantarum strains in hypertensive
patients has been reported to show a potential anti-hypertensive response. The
study conducted by Lollo et al. [54] with rats reported lowering of blood pressure
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after probiotics administration. The release of bioactive compounds after degrada-
tion of proteins like milk protein possess a hypotensive impact that further affect the
renin-angiotensin system (RAAS). Thus, the protein degradation capability
of probiotics can help in lowering the blood pressure by stimulating the secretion
of ACE inhibitory peptides. The intake of probiotics also help in the induction of
multiplication of P-pancreatic cells for insulin secretion to contribute as an anti-
obesity compounds [52].

3.6.4.4 Improved Glycemic Control

The administration of probiotics in MetS suffering individuals has led to the
formation of a hypothesis by the researchers stating that the modulations of immune
response after probiotic administration has contributed for improved glycemic
control. A study reported the interaction between key anti-inflammatory and inflam-
matory cytokines such as resistin, TNF-a, IL-6, and adiponectin have a direct effect
on the development of insulin resistance and glycemic control to maintain glucose
homeostasis in the host [55].

3.6.4.5 Effect on Low-grade Inflammation

Prebiotics have an effect on the generation of glucagon-like peptide-2 (GLP-2)
endogenously. The high production of GLP-2 has an inverse effect of the metabolic
endotoxemia that further results in the reduction of low-grade inflammation. In
addition, the effect of intestinal microbe count on the disturbances of metabolic
processes and obesity has been reported [30]. The management of probiotics has
become as a non-pharmacological substitutes to prevent the obesity and metabolic
endotoxemia associated with the variations in the microbial gut composition. The
high production of Lipopolysaccharides (LPS) by the Gram-negative bacteria can
lead to inflammatory processes. Thus, the intake of different probiotic strains along
with the prebiotics can affect the MetS by reducing the count of Gram-negative
bacteria in the intestine. The decreased count of Gram-negative bacteria can prevent
the metabolic endotoxemia by reducing serum LPS levels to decrease the inflam-
matory process [56].

3.6.4.6 Effect on the Levels of Trimethylamine-N-oxide

Several reports are available on the use of probiotics and the various effects of
probiotics intake on the cardiovascular system related diseases. The application of
probiotics has been reported to affect the risk factors associated with the cardiovas-
cular disorders, probiotics has shown the manipulation of the count of beneficial
intestinal microbiota. Thus, a positive effect of the metabolism of gut microbiota due
to probiotics can be considered in metabolic syndromes (MetS). In this context,
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change in the composition of intestinal microbes due to probiotic administration also
causes reduction in the levels of trimethylamine-N-oxide (TMAO) and
trimethylamine (TMA) production in the host. This reduction in TMA and TMO
levels has grabbed the attention of numerous scientists. The production of TMAO as
a co-metabolite by the intestinal microbes has grabbed a lot attention due to its role
as a biomarker for CVD risk and as a promoter of atherothrombotic diseases. It has
maintained a specific link among the CVD and gut microbiota [57].

3.7 Introduction to Next Generation Probiotics

The development in the use of probiotics for several health benefits has been studied
extensively. As the study on microbiota proceed, the use of shotgun metagenomic
sequencing, 16S ribosomal RNA (rRNA) gene, and bioinformatics analysis have
been explored in human microbiome studies to further investigate new bacterial
species to improve disease conditions. The role of commensal microbes in severity
of several disease conditions has been reported. The evidences gathered from
different reports have stated that several uncharacterized bacterial strains of gut
have shown overlapping patterns with the new emerging therapeutics, or live
biotherapeutic products (LBP), these strains can be used as next generation
probiotics (NGP) [58]. These NGP are as well, known as bacteria established for
pharmaceutical use, may or may not be innocently developed as traditional
probiotics only in the form of dietary supplements.

3.7.1 Basic Regulations and Requirements of NGP

The use of NGP species in large scale set up in fermentation purpose has not been
carried out, so the chances of causing disease are still there. Thus, it is eminent to
characterize the new NGP strain for safety purpose. The various parameters for the
characterization of NGP strain involve genomic analysis, virulence study, antimi-
crobial resistance genes, and in vitro bacterial physiology, antimicrobial resistant
genes. The in vivo study of these NGP strains to check the toxicity levels in both
healthy and immunocompromised animal models is also eminent. Other than the
safety criteria, the study of targeted disease of NGP strains is also important. The
mode of action of the NGP strains in the disease host should be studied specifically.
The formation of different patterns of metabolic processes after the intake of NGP
strains gave valuable evidences that can further help in the formation of preventive
measures against chronic inflammation related diseases. The basic information on
the viability of NGP strains under different conditions, the interaction between NGP
and host, resistance to the low pH of gastrointestinal tract, tolerance against the bile
acids present in the intestine, and their colonization on the mucosal surfaces is also
important in this context [59].
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3.7.2 Development of NGPs

The effect of NGPs on improvement of specific diseases relies on exact bacterial
species and the amount given for treatment. It is not a recommended option to
evaluate the functions of NGP by only the terminology of identified bacterial
strains [60].

3.7.2.1 Akkermansia muciniphila

A. muciniphila shows symbiotic relationship with the mucus layers belonging to the
phylum Verrucomicrobia. The bacteria consume mucin as the only energy source,
carbon, and nitrogen. A. muciniphila as a probiotic have the potential to modulate the
immunity and metabolism of host. The effects of A. muciniphila on increasing
lifespan, enhancement in the efficacy of anticancer immunotherapy such as anti-
PD-1 treatment, and improvement of amyotrophic lateral sclerosis [61]. The pas-
teurized A. muciniphila showed an increased potential to avoid the increase of
obesity and insulin resistance in mice, as well, purified membrane protein
(Amuc_1100) only also presented the valuable impacts of the bacterium. Neverthe-
less, the abundance of A. muciniphila has been reported to cause auto-immune
diseases and metabolic syndromes. The A. muciniphila is likewise collected from a
clinical blood infection and need more clinical trials to be categorized under poten-
tial NGPs [62].

3.7.2.2 Bacteroides Species

Bacteroides strains are anaerobic bacteria categorized under the phylum
Bacteroidetes. The species of this phyla involved in clinical manifestations and
can also contribute as NGP. The strains of Bacteroides species may differ completely
in physiological and pathological characteristics. The B. fragilis strains (ETBF)
contain enterotoxin that can act as specific clinical pathogens and cause severe
clinical infections. On the other hand, B. fragilis strains which do not have the
enterotoxin gene are non-toxigenic. B. fragilis (NTBF), comprise the genes found in
synthesis of a capsular polysaccharides A (PSA) which involved in the control of
neuroinflammations and prevention of viral encephalitis. Additionally, the Ist
authorization of Bacteroides xylanisolvens in food by the European Commission
have grabbed the attention of researchers to further investigate the potential appli-
cations of this specific genera. Several investigations are currently undergoing to
discover other potential Bacteroide species (Bacteroides dorei, Bacteroides
thetaiotaomicron, Bacteroides ovatus), and explore their reaction mechanisms
with the host, and analysis of the prospective safety risks associated with the strains
during commercialization [60].
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3.7.2.3 Bifidobacterium spp.

Bifidobacterium spp. are mostly analyzed in colitis and cancer therapies as a
potential probiotic, categorized under Actinobacteria phylum. These species have
been reported to increase the CD8'T cell priming and accumulation, enhanced
activation of dendritic cells (DCs) in tumor conditions. Several pathogenic species
of Bifidobacterium have been reported to cause severe health implications. As well,
whether this is partial to precise Bifidobacterium species is still unclear and specific
standardized clinical trials are required to gather significant information and use of
these strains as NGPs [41].

3.7.2.4 Christensenella minuta

C. minuta is an anaerobic Gram-positive bacterium categorized under Firmicutes.
The effects of C. minuta on reducing metabolic syndromes like obesity have been
studied. The microbiota composition of > 1000 fecal trials were attained from the
UK twin pairs population, in which the family Christensenellaceae was originated to
make a cooccurrence network with other heritable bacteria. The latest studies have
displayed that C. minuta could be a potential pathogen in many cases consequently
its use as a potential NGPs have been limited and need more specific trials to check
the pathogenic potential [63].

3.7.2.5 Clostridium Species

Clostridium sp. categorized under the phylum Firmicutes, which are totally anaer-
obic spore-forming bacillus. The Clostridium bacteria can utilize various substrates
like cellulose and sugars. Clostridia bacteria such as Clostridium acetobutylicum,
C. ljungdahlii, C. beijerinckii, C. butyricum, C. thermocellum, and C. cellulolyticum
that can be used as potential NGPs. However, a lot of non-toxigenic Clostridium
species are recently used as probiotics, other species such as Clostridium perfringens
and Clostridium difficile are classified among the most pathogenic strains which can
led to enteric diseases in humans and animals and also cause the local intestinal
mucosa immunity [64]. C. butyricum has been found to reduce chemotherapy-
induced diarrhea in patients with lung cancer by decreasing the systemic inflamma-
tory response system and influencing the preservation of homeostasis. On the other
hand, various toxin genes have been recognized by genome sequencing in patho-
logical strains, and C. butyricum was testified more frequent in stool samples from
preterm neonates suffering from necrotizing enterocolitis. The factors involved in
the development of C. butyricum as a potential NGP for human health benefits must
be strain dependent and should undergo specific clinical trials [65].
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3.7.2.6 Eggerthellaceae Family

Eggerthellaceae family is categorized under phylum Actinobacteria. The urolithin
generating strains of this family related to Gordonibacter pamelaeae and
Gordonibacter urolithinfaciens obtained from human feces of a non-sick individual.
These bacteria have the capability to convert ellagic acid (present in strawberries,
pomegranates, and walnuts) into urolithins metabolites. Potential of those urolithin
making bacterial species as NGPs depends on the biological activity of
isourolithin A, urolithins A and B, that possess cardioprotective, a and S-inflamma-
tory, anti-carcinogenic, and neuroprotective properties that can improve human
health [66].

3.7.2.7 Streptococcus spp.

Streptococcus spp. are commensals of pathobionts categorized under phylum
Firmicutes. The probiotic effect of Streptococcus thermophilus has been studied,
an eminent modulation of uremic toxins in the patients’ gut diagnosed with chronic
kidney disease (CKD) was observed after the administration of the strain to prevent
the progression of CKD [67]. Another study on Streptococcus dentisani 7746 and
7747 showed an oral probiotic potential against tooth decay. This strain had the
ability to generate bacteriocins which can hinder the growth of major oral pathogens,
and also buffers acidic pH by an arginolytic pathway. The effects of various species
of Streptococcus genus in gastroenterology has not been extensively explored, thus
more clinical trials are required to provide significant data.

3.7.2.8 Enterococcus Species

Enterococcus classes are clustered under the phylum Firmicutes. The presence of
these species in the human feces and their determination in the environment, these
have been considered as an indicator of human fecal pollution in H,O. Enterococcus
species are characterized as valuable gut microbiota commensals that sources drug
resistant infections. The effect of Enterococcus hirae on simplifying
cyclophosphamide-induced therapeutic for immunomodulatory response has been
studied. The potential use of Enterococcus mundtii QAUEM2808 in milk fermen-
tation, and the protection of the model insect Tribolium castaneum against Bacillus
thuringiensis infection by an E. Mundtii isolate has been reported. On the other hand,
the Enterococcus in the human bloodstream, and multidrug-resistant Enterococcus
species, such as E. faecium with E. faecalis have emerged as leading causes of
nosocomial infections [68]. Thus, the existence of enterococci in the environment
and on hands might have significant direct health consequences.
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3.7.2.9 Faecalibacterium prausnitzii

The family Ruminococcaceae of phylum Firmicutes consists Gram-positive
F. prausnitzii that can ferment glucose to produce short chain fatty acids (SCFAs)
including butyrate, formic acid, and lactate. The production of butyrate by the
F. prausnitzii helps in the conservation of the functional integrity and homeostasis
in the intestine to maintain health. The effect of F. prausnitzii on immunomodulation
has been reported to stimulate the proliferation of regulatory T cells in case of
inflammatory bowel disease. The positive influence of genus on the efficacy of
immune checkpoint blockade (ICB) therapy have also been reported. The purposed
mechanism of immunomodulation by Faecalibacterium involves the enhanced
CDS8™T cell infiltration within the tumor environment, as well as the frequency of
effector CD4" and CD8" T cells in the peripher. In case of Crohn’s disease, no
beneficial effects of F. Prausnitzii have been reported [69]. On the basis of mode of
action and several studies more clinical trials are required to find the potential of
Faecalibacterium species in patients suffering from cancer.

3.7.2.10 Lactic Acid Bacteria (LAB)

The use of different species of phylum Firmicutes has grabbed attention of the
researchers and been extensively studied as probiotics. The Lactobacillus species
has been used as traditional probiotics, but the recent studies on probiotics has
revealed that many other species of Lactobacillus genera have the potential to act
as NGPs in specific diseases conditions [70]. In case of otitis media (OM) in children
due to the colonization of the pathogenic microbes like Streptococcus pneumoniae,
Haemophilus influenzae, and Moraxella catarrhalis, studies have shown the effect
of other LABs in maintaining a healthy individual. In addition, an antagonistic effect
of the use of Lactobacillus bacteremia in case of ICU patients treated with probiotics
has been studied [56]. The mechanism of these antagonistic effects is still not clear
and a standard high quality research need to be incorporated to validate whether this
is a public phenomenon or is restricted to definite Lactobacillus strains.

3.7.2.11 Parabacteroides goldsteinii

The use of probiotics in the treatment of obesity and various metabolic syndromes
has been widely studied. A study has reported the use of P. Goldsteinii as a novel
potential probiotic for the treatment of obesity. P. goldsteinii is a potential NGP due
its various effects on MetS such as anti-inflammatory, anti-obesity, and insulin-
sensitizing property. In addition to these effects P. Goldsteinii strains has also
identified to improve the chronic obstructive pulmonary disease (COPD) associated
with cigarette smoking and colorectal cancer. Isolation of P. goldsteinii from the
blood culture of abdominal sepsis patient has been reported [71].
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3.7.2.12 Pediococcus pentosaceus

The Firmicutes have been reported with several species carrying probiotic potential.
Pediococcus pentosaceus is an anaerobic Firmicutes, Gram-positive bacteria. The
morphological features include cocci shape with a non-spore forming and
non-motile features. Based on the various morphological and physiological charac-
teristics it is categorized as a “lactic acid bacteria.” As a LAB categorized bacteria its
metabolic end product is lactic acid. The ability of P. pentosaceus to produce
bacteriocins (an antimicrobial agent) has been studied in food preservation
[72]. Another study has reported the cholesterol-lowering activity of
P. pentosaceus strain LAB6 both in the presence and absence of bile salts
(14-69% in the presence and 19-59% in the absence of bile salts). An antagonist
effect of P. pentosaceus has been reported in which endocarditis and some infections
have been caused by the use of catheters associated with the bacteria. Thus, high
quality research and clinical trials are necessary to prove the potential benefits of
P. pentosaceus [73].

3.7.2.13 Prevotella copri

The potential of P. copri as a next generation probiotic has been studied to affect the
glucose metabolism. The bacteria of phylum Bacteroidetes play specific role in
intestinal gluconeogenesis process to maintain homeostasis in the glucose level.
Studies have also reported the role of P. copri in the elevation of glucose tolerance.
The enhancement in glucose tolerance can further lead to a decrease in insulin
resistance which prevent the chances of various metabolic syndromes like the
development category 2 diabetes and ischemic cardiovascular disease [73]. There-
fore, various P. Copri strains can further be analyzed for their different beneficial and
deleterious effects in order to use them as probiotic.

3.8 Conclusions

Probiotics have several health benefits such as restoration of normal gut microbiota,
modulation of immune response, adsorption and removal of heavy metals from the
human body. These benefits can be increased with the simultaneous intake of pre-
biotics to form a synbiotic association. Probiotics help in the maintenance of
optimum growth conditions for the normal flora and prevent the growth and invasion
of pathogens on the intestinal barriers. Several specific strains of genus Lactobacilli
and Bifidobacterium were reported to modulate the immune response but the clear
mechanism is still unknown. More standardized clinical trials are vital to find the
exact mechanism and pathways involved. The use of probiotics for a long duration
and the ultimate effects on both the immune health status and gut microbiota need to
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be emphasis for safety purpose. The study of next generation probiotics (NGPs) is
also eminent to find new potential disease specific strains for improved health
benefits. A more rigorous safety strategy for the formation GM probiotics is required
to prevent their dissemination into the environment.
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Chapter 4 )
Effects of the Bio-accumulative e
Environmental Pollutants on the Gut
Microbiota

Pengya Feng, Xingpeng Xiao, Tuoyu Zhou, and Xiangkai Li

4.1 Introduction

The gut microbiota (GM) has been currently known as an important “organ” within
the human body [1], which consists of approximately 1800 genera and 500-1000
varieties of bacteria species [2, 3]. 90% bacterial species of GM mainly belong to the
Bacteroidetes and Firmicutes phyla, followed by Proteobacteria, Actinobacteria,
and Fusobacteria [4]. The overall genome of GM possesses more than 3.3 million
genes, approximately 150 times more than human genome [3, 5]. The GM evolves
through several transitions in the first few years of life and thereafter remains
relatively stable if no obvious disturbance occurs [2]. GM also have substantial
inter-individual and intra-individual variation due to different genotypes, lifestyles,
ages, and geographic locations. GM differences even exist between monozygotic
twins [6, 7]. Furthermore, the GM are also highly dynamic, which can rapidly
respond to altered diet within a few hours [8].

It is well known that GM plays a crucial role in regulating host metabolism,
including mucus layer shaping [9], food digest, vitamins, and amino acids synthesize
[10]; storage and energy metabolism [11], immune system modulation [12],
neurodevelopment, and even behavior regulation [13, 14]. Therefore, the effects of
GM on host metabolism extend far beyond local effects in the intestine, and extend
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to various remote organ systems, including adipose, liver, muscle, brain, and so forth
[13, 15]. Qualitative, quantitative, or metabolic perturbation of the GM (called gut
dysbiosis) may mediate or link with the development of numerous diseases [16, 17],
such as obesity [18], diabetes [19], hypertension [20], allergy [21], cardiovascular
diseases [22], metabolic disorders [23], and others. For example, a metagenomic
study revealed that Bacteroidetes populations are less and Firmicutes populations
are more abundance in obese individuals than in normal individuals [24]. Likewise,
individuals with diabetes exhibit a remarkable increase in the opportunistic patho-
gens and a relative reduction in the beneficial butyrate-producing bacteria compared
with healthy individuals [25]. The GM are also highly sensitive to external factors
such as drug, bacterial infection, and even environmental pollutants.

Tremendous xenobiotic compounds were released into the environment resulting
from fast urbanization and industrialization [26], especially in developing countries
[27]. EPs are generally classified as non-biodegradable and biodegradable.
Non-degradable EP refers to those that are not degraded by microorganisms, e.g.,
some heavy metals (HMs), antibiotics, pesticides, persistent organic pollutants
(POPs), and several biological contaminants. Human populations’ exposure to
these EPs are mainly from a route of food ingestion, which directly interact with
GM and might be contributing to the development of health disorders. For example,
arsenic chemicals exposure has been linked with diabetes [28, 29] and an increased
incidence of perturbation of GM [30]. Besides, it has also been reported that
metabolic disturbance associated with alterations of the GM composition contribute
in a significant way to develop a variety of diseases [22, 31]. However, it is unclear
that the interaction between EPs and GM and whether the altered GM by EPs could
be relevant for (or a cause of) disease. Here, we aimed to comprehensively discuss
the GM-related metabolic alterations associated with the EPs-perturbed GM com-
munity, as well as the possibility that exposure to EPs lead to GM changes
(dysbiosis) as a mechanism by which environmental chemicals exert their detrimen-
tal effects on host health (Fig. 4.1).

4.2 The Gut Microbiota is Disturbed by a Variety
of Bio-accumulative Environmental Pollutants

4.2.1 Heavy Metals

HMSs are commonly considered an omnipresent toxic environmental pollutant asso-
ciated with health concerns. As the no-degradable nature of HMs, about 40-60% of
ingested metals are absorbed through intestinal barrier [32, 33], ultimately be
absorbed by host tissues [34]. Oxidative stress is one of the features of heavy metals
included redox-active (Cd, Pb, and Hg) and redox-inactive metals (Cr, Fe, Cu),
which result in oxidative tissue damage. Under oxidative stress, host usually dis-
plays a deplete in antioxidative enzyme and an increase in lipid peroxidation. HMs
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Environmental pollutants
(heavy metals, pesiticides,
PHAs, PCBs, cyanotoxins,

mycotoxins...)

Host health status Gut microbiota changes

(Immunity Function Lessening, \ (ComPOSlFlon and
gastrointestinal disease, growth...) metabolism)

Fig. 4.1 Relationship between environmental pollutants exposure, host health status, and
GM. Environmental pollutants-induced host health status changes may result in GM changes.
Environmental pollutants might also directly result in gut dysbiosis that could in turn affect the
host health

can also be accumulated and provide a consistent selective pressure on GM [35],
including alterations in the composition and function of the GM along with various
health hazards (Table 4.1).

4.2.1.1 Cadmium (Cd)

Cd was one of the most widely studied heavy metals, involved in a series of
environmental pollution, such as batteries, paint, electroplating, fertilizers, and
plastics [44]. Dietary intake of Cd is the common route to contact with populations
of developing nations such as Nigeria, Bangladesh, and China [45]. Cd exposure
causes oxidative stress, hepatic toxicity, renal dysfunction, cardiovascular diseases,
osteoporosis, hypoimmunity, and tumorigenesis [46—48]. Low-dose cadmium
exposed to mouse was found to fat accumulation in adult male mice rather than
female mice by profiling hepatic genes.

Fazeli et al. [49] observed a sharp decrease in all bacterial species in biopsy
samples and fluid contents derived from all intestinal regions of C57BL/6 mice by
using Cd chloride exposure (23-50 mg/kg) for 45 days. The toxic profile in the small
intestine was greater than in the colorectum under the same Cd stress, suggesting a
regional preference in the gut. Bacilluscereus and Enterococcus spp. that belonging
to gram (+) bacteria were more sensitive to Escherichiacoloi and Klebsiella spp. that
belonging to gram (—) bacteria, which can be possibly explained by the varied metal
ion uptake ability [50].

In a previous study [49], oral gavage of Cd (20 and 100 mg/kg) was administered
to BALB/c mice for 3 weeks. Cd exposure has resulted in a significantly decrease in
both the overall growth rate and abundance of GM. The ratio of Bacteroidetes and
Firmicute significantly increased, and Bifidobacteria and Lactobacilli members
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were suppressed in response to Cd exposure. In addition, alterations in gut barrier
disturbance, TNF-a, SCFAs were also noted in the colon, possibly due to
Cd-mediated gut dysbiosis leading to the suppression of commensal bacteria.

In a previous study, the effect of C57BL / 6 mice on GM composition after
10 weeks of exposure to subchronic low-dose Cd (10 mg/L) was examined [51]. 16S
rRNA gene amplicon sequencing analysis and quantitative PCR of cecum and feces
revealed that Cd treatment mediated the composition of gut microbiota, with the
abundance of Bacteroidetes (Bacteroidaceae and Paraprevotellaceae) elevated, and
with the abundance of Firmicutes (Ruminococcaceae, Lachnospiraceae,
Streptococcaceae, and Clotridiaceae), and y-Proteobacteria diminished. Addition-
ally, Bifidobacterium longum was detected to dramatically increase in response to
Cd treatment. The above of the changes in microbial composition could be correlated
with an increased LPS production, which may result in developing chronic liver
disease, such as cirrhosis [52].

In another study, C56BL/6J mice received 100 nM of Cd (low dose) in early life
showed the long-term effects on GM and host metabolism [38]. Gender differences
of early Cd treatment (12—16 weeks) on adiposity enhancement and hepatic lipid
metabolism dysfunction (increase in levels of free fatty acids, hepatic TG, and serum
TG) were observed, which were more obvious in male than female mice. After
8 weeks of exposure Cd to mice, a decrease in Firmicutes populations,
Bifidobacterium, and Prevotella was detected. Together with the results above, the
male intestinal microbiome is more sensitive to early cadmium exposure, which may
be related to fat accumulation and metabolic disorders later in life [53, 54]. Fecal
microflora transplant in germ-free mice has also confirmed gender differences in GM
when exposed to chromium

4.2.1.2 Lead (Pb)

Pb is a ubiquitous toxic pollutant in the environment. Humans are primarily exposed
to lead by ingesting it from marine products (e.g., fish). Pb exposure is linked with
obesity, inflammation, liver toxicity, nervous system disorders, and gut microbiome
dysbiosis.

Orally exposure Pb to Avy-mice for 40 weeks has been reported to significantly
shift the relative abundance of Firmicutes and Bacteroidetes during gestation and
lactation periods [55]. The increase in populations of Desulfovibrionaceae,
Barnesiella, and Clostridium cluster XIVb, and the decrease in populations of
Enterorhabdus, Lactococcus, and Caulobacterales were detected in maternal Pb
exposure. At the genus level, Desulfovibrio members that produce trimethylamine
and leads to influence obesity, cardiovascular diseases, inflammation, and even
colorectal cancer were elevated, whereas Akkermansia spp. members that hold the
homeostasis of intestinal mucus layer were diminished [56-58]. Additionally, the
alterations in GM composition were also associated with sex-dependent shifts in
body weights [55].
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In another study, Gao et al. [41] analyzed C57BL/6 mice fecal microbiota after
10 ppm Pb exposure for 4 and 13 weeks [30]. Compared to controls, Pb treatment
lead to the decrease in phylogenetic diversity of GM, with diminished abundance of
Ruminococcaceae, Clostridiales, Ruminococcus spp., Blautia spp., Oscillospira
spp., and Lachnospiraceae. This resulted in changes in the GM metabolism, with
the synthesis of cholesterol, vitamin E, and bile acids reduced, whereas with nitric
oxidative stress induction, oxide generation, activation of defensive microbial mech-
anisms, and energy deprivation enhanced.

Xia et al. [59] treated ICR mice to Pb by orally treatment, consisting of 0.01, 0.03,
or 0.1 mg/L for 15 weeks, and investigated the effects on the structure, abundance,
and diversity of cecal and fecal microbiota. The results demonstrated an increase in
Proteobacteria and Bacteroidetes, whereas a decrease in Firmicutes under Pb stress.
Parabacteroides considered as known opportunistic pathogens were also increased.
On the other hand, Bacteroides, Oscillospira, and Ruminococcus that belonging to
SCFA-producing bacteria were also detected decreased. Elevated triglyceride and
pyruvate levels in the liver, and changes in isobutyrate, glutamate, glycine, alanine,
and among others in the intestine, demonstrate a disorder of hepatic and gut
metabolic as a result of Pb exposure.

4.2.1.3 Hexavalent Chromium (Cr(VI))

Cr(VI) is another inorganic heavy metal, and mainly exists in hexavalent (VI) and
trivalent (III) forms [60]. Cr (VI) is more toxic than Cr(III). The World Health
Organization (WHO) has considered the concentration of 50 pg/L in drinking water
as the minimum hazardous level of Cr(VI) [61]. Cr(VI) exposure causes liver
toxicity, kidney damage, inflammation, and gut microbiome dysbiosis [62]. So far,
the impact of Cr(VI) on GM has been very limited to study.

Yao et al. [42] exposed Bufo gargarizans to chronic Cr(VI) (0, 13, 104, and
416 pg Cr(VD L™ 1 Cr(V1) for a total of 70 days. The Shannon’s index was found to
be dramatically declined in Cr(VI) exposed groups, suggesting a decrease in the
diversity of GM. The loss of GM diversity has been reported to have potential risk
factors for animal diseases [16, 63]. Significant changes in the Bacteroidetes and
Firmicutes phyla were also observed. Both of their abundant in Cr(VI) group lower
than that in the control group, while Proteobacteria was significantly increased in
13 pg Cr(VI) L™ exposure groups and Saccharibacteria and TM6_Dependentiae
were also dramatically enhanced under 416 pg Cr(VI) L™' exposure groups relative
to untreated groups. Saccharibacteria in previous studies have been considered as an
opportunistic pathogen and associated with inflammatory bowel disease [64] and
mucosal carcinoma [65] in humans. Moreover, since Saccharibacteria as well as
TM_Dependentiae lack of all essential amino acid and vitamins biosynthesis path-
ways [65, 66], leading to their dependence on symbionts to synthesize essential
nutrients such as host tissues and other symbionts [67, 68]. At the genera level, Cr
(VI) exposure was associated with diminished populations of other 13 genera.
Moreover, based on 16S rRNA analysis, the alterations in the structure of GM
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caused by Cr(VI) ultimately affected the metabolism of GM, with an increase in
cancers, infectious diseases, and immune system diseases. Together, exposure to Cr
(VD) induced dysbiosis of GM with both composition and metabolism, therefore
affected the host’s health.

In a recent study by Wu and Xiao et al. [69], female Kunming mice were treated
with potassium dichromate (1 mM) through drinking water and fecal samples were
collected for analysis after 4 weeks’ post-exposure. Although the diversity of GM
was found no changes in mice treated with Cr(VI) compared to controls, it was
showed that Cr(VI) exposure dramatically decreased the abundances of Firmicutes
and increased the abundances of Bacteroidetes. The alterations in GM also observed
at family levels, with an increase in Paraprevotellaceae (Prevotella, Clostridiales)
and S24-7, whereas with a decrease in Lachnospiraceae, Prevotella, and
Clostridiales, which have been reported to involve in various function disturbance
including the transferable and colitogenic activity, hepatic metabolic activity,
immune function, and short chain fatty acids production [70-73]. Lachnospiraceae
as a butyrate-producing bacteria plays an important role in intestinal health by
supplying energy and promoting intestinal epithelial cells development [74]. All of
the above results suggested that oral exposure of Cr(VI) have potential to weaken the
health of hosts by regulating GM community.

4.2.1.4 Mercury (Hg)

Hg is considered one of the most toxic heavy metals. It is discharged in the
atmosphere during the progressive processing of industrial chemicals or waste
electrical products. All forms of mercury can have adverse effects on health at
high doses, such as gingivitis, gastrointestinal dysfunctions, and acute hepatotoxicity
[75, 76]. Minamata disease is the typical consequence of consuming
Hg-contaminated fish [77].

Ruan et al. [78] reported mice exposed to Hg (2 mg/kg body weight) through
dietary for 90 days, resulting in significant bodyweight loss, cecal tissues damage,
and GM changes. For the GM, only phylum Tenericutes were changed after Hg
treatment, with significant increased. At the genus level, Butyricimonas, Bilophila,
Coprococcus, Dehalobacterium, and Oscillospira were significantly elevated,
whereas Acinetobacter, Jeotgalicoccus, Sporosarcina, and Staphylococcus were
markedly diminished in the Hg exposure mice compared to the untreated mice.
The result also revealed that the presence of Hg decreased the bacteria relevant to
oxygen and increased anaerobic bacteria.

4.2.1.5 Nickel (Ni)

A previous study [43] that broilers exposed to NiCI2 (from 300 to 900 mg/kg)
through diet for 42 days. Plate counting and PCR-DGGE analysis of ileal and cecal
content substantiated that NiCl, exposure and reduced the abundance and diversity
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of the intestinal microbiome, with Bifidobacterium spp. and Lactobacillus decreased
and Escherichia coli and Enterococcus spp. increased. It has been reported that
Bifidobacterium spp. and Lactobacillus spp. as commensal resident of the GM that
contribute to maintain GM balance, and increase mucin synthesis and secretion
[79]. E. coli and Enterococcus spp. are both a part of normal bacteria of the GM
but an important pathogen in humans and animals [80] that possibly harmful to the
animals.

4.2.1.6 Mixtures

Humans are more exposure to the combined heavy metals than the single one in
daily life. Nevertheless, the possible impacts of heavy metals mixture on the GM
have not been tested. Despite that, a number of studies have focused on the
differences in the effects of various heavy metals alone on the GM during the
same period of experiment.

In a previous study, BALB/c mice were orally supplemented with Cd (20 or
100 ppm) or Pb (100 or 500 ppm) for 8 weeks [37]. The heavy metals significantly
diminished Lachnospiraceae members, whereas elevated Erysipelotrichaceacae
(especially Turicibacter spp.) and Lactobacillaceae when compared with control.
Lachnospiraceae reduction and high abundance of Turicibacter have been corre-
lated with gut inflammation [81, 82]. The finding suggests that heavy metals
exposure promotes gut inflammation by bidirectional GM response.

Richardson et al. [83] exposure rats with different kinds and doses of As
(NaAsO,, 15, 22, 31 mg/kg/day), Cd (CdCl,, 35, 54, 85 mg/kg/day), Co (CoCl,,
27, 47, 82 mg/kg/day), Ni (NiCl,, 177, 232, 300 mg/kg/day), and Cr (Na,Cr,0,
44, 62, 88 mg/kg/day) for 5 days. The study showed the alterations in GM commu-
nity using 16S rRNA analysis, with significant changes observed in Ni, As, and Cd
post-exposure samples, while with no significant changes in Co and Cr post-
exposure samples. This study emphasized the specific changes in the composition
of GM is not always similar with other studies previous reported. Specifically, the
relative abundance of phylum Bacteroidetes relative to Firmicutes, which generally
reported to increase after Cd exposure [74], but no difference in their study. In
addition, the phylum TM7 nearly absent in base line of control samples, whereas
exhibit a significant decrease post-exposure to Cd.

In a more recent study, either Cu (1 g/L), or Al (1.8 g/L), or Pb (1.83 g/L), or Cd
(100 mg/L) were orally treated with C57BL/6 mice for 8 weeks disturbed the GM in
a metal-specific manner [84]. No changes in gut microbial diversity were observed in
different heavy metals exposed groups except Cu, which displayed a significant
decline in that of mice. Exposure to any metal significantly caused alterations in GM
with specificity at phylum, family, or genus levels.
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4.2.1.7 Heavy Metals Induce the Generation of Antibiotic Resistance
Genes (ARGS)

HMs exposure can induce the co-selection of ARGs in GM. HMs such as Zn, Cd,
and Cr alone remarkably increased the diversity and abundance of ARGs in collem-
bolan guts. As the no-degradable nature of HMs, they can be accumulated and
produce a consistent selective pressure on the GM [35]. The gastrointestinal tract
provides a unique habitat for a variety of microorganisms.

In summary, exposure to any heavy metals disturbed the GM, which leads to:
(1) decline in diversity, (2) decrease in F/B ratio, (3) disturb the GM in a metal-
specific manner at either phylum, family, or genus levels, (4) change the trends of the
GM structure with not always similarity either exposed to different type heavy
metals exposure and even the same heavy metal, (5) change the GM populations
not only at the abundance and composition level, but also concurrently disturb its
metabolism and function level, (6) promote gut inflammation by bidirectional GM
response. Together, the perturbations of the GM and its function have been regarded
as a potential mechanism that heavy metals lead to or exacerbate host diseases,
although many studies are still underway to determine the relationship between
heavy metal exposure-induced GM changes and relevant physical health.

4.3 Antibiotics

Antibiotics are widely applied in veterinary medicine, animal husbandry, and human
medicine [85, 86]. Some antibiotics in animals and humans can enter the environ-
ment through feces or urine [87]. A large number of antibiotics have been detected in
the ecosystem [88—90]. Therefore, humans are also vulnerable to passive exposure to
antibiotic contamination. The overuse of antibiotics negatively affects the human
organs, potentially resulting in metabolic deficiences such as diarrhea, allergy, and
the gut microbiota dysbiosis [91].

Over the past decades, ABs has become a solid cornerstone of public health
knowledge in the past few decades, but they also had a profound impact on the GM
including the alterations in the taxonomic, genomic as well as functional capacity.
The effects of ABs on the GM are profound with rapid and sometimes persistent.
Moreover, these effects have two sides. Some cases demonstrated the intervention of
antibiotics on GM can improve the insulin and glucose tolerance, which was
beneficial for disease therapy. But on the other hand, the destruction of GM by
antibiotics in healthy hosts is often associated with higher occurrence rates of
diseases (Table 4.2). Here, we review recent studies that investigated the effects of
ABs on the animals and human GM, highlighting the profound implications for
lateral transfer of resistance genes.
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4.3.1 Antibiotics Improve Disease by Affecting
the Composition and Metabolism of Gut Microbiota

Some studies had showed antibiotics treatment could be beneficial for improving
diseases by modulating GM, such as the improvement of insulin and glucose
tolerance. A previous study reported that exposed high-fat fed mice to 8 weeks
treatment with antibiotics (ampicillin, neomycin, and metronidazole) improved
insulin signaling by modulation of GM [98]. Based on the analysis of metagenomic
sequencing from feces, the total bacterial count was found to be reduced, and
concurrent with decreased Bacteroidetes and Firmicutes following antibiotics treat-
ment. Alteration of GM by antibiotics treatment decreased the levels of circulating
LPS, consequently downregulating the TLR4 signaling pathway in HFD-fed mice.
In the gut, LPS from gram-negative bacteria is a ligand for TLR4, and the activation
of TLR4 leads to the expression TNF-a. LPS has been commonly considered to play
a significant role in developing the insulin resistance [99]. Moreover, antibiotics
treatment also found to increase insulin-induced insulin receptor, Akt, and
IRS-1phosphorylation and reduce inflammation, which thus improves insulin sig-
naling. The inhibition of macrophage infiltration in adipose and liver tissue using
histology and immunohistochemistry is another obvious evidence to corroborate the
beneficial for antibiotics usage. Membrez et al. has reported [94] that modulation of
GM by a combination of ampicillin and norfloxacin after 2 weeks significantly
improved fasting oral and glycemia glucose tolerance in male ob/ob mice. The
total bacterial in cecum including both the aerobic and anaerobic bacteria were
observed to be significantly suppressed at the end of antibiotics treatment period
using culture-based microbial analysis. Mice treated with antibiotics had lower liver
triglycerides and higher liver glycogen compared with the untreated mice, which are
correlated with enhanced glucose tolerance. The effect of antibiotics treatment was
further supported by the reduction in plasma LPS and the increase in adiponectin.

4.3.2 Antibiotics Regulated Changes in Gut Microbiota are
Linked to Various Diseases

Antibiotics treatment more often caused side effects at GM level, however, it is
considerable limited to understand that at GM level. Oral intake of antibiotics leads
to dysbiosis of composition and more importantly the metabolism of GM, which
might be closely correlated with a multitude of diseases [100]. Antibiotics associated
Clostridium difficile infections and diarrhea can be the most common symptom
following antibiotics treatment [101, 102]. A previous study shown that mice
exposed to ampicillin, streptomycin, and clindamycin dramatically reduced the
microbial diversity in the large and cecal intestine contents of mice. The
Bacteroidetes was drastically decreased and the two dominant genus, Xanthomonas
and Stenotrophomonas were significant elevated [103]. The genus
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Stenotrophomonas is known to be as potential emerging opportunistic pathogen and
highly antibiotic resistant bacterium and [104]. The patients undergoing clindamycin
and ampicillin therapy were susceptible to Clostridium difficile infection and lead to
a decrease in the count of Clostridium scindens, which as a secondary modulator
during the processing of bile acid metabolism [105]. Numerous studies recently
revealed that the phylum Proteobacteria in GM was remarkably increased as a result
of antibiotic treatment [106—108]. Proteobacteria encompass various pathogens,
such as Yersinia, Escherichia, Helicobacter, Salmonella, and others [109]. Among
some species of genus Escherichia has been known to be implicated in human
diseases, for example, E. coli belonging to Escherichia is responsible for most of the
Escherichia-related pathogenesis [110, 111]. Salmonella is a known intracellular
pathogen and certain serotypes cause disease [112]. Another study in piglets treated
with a combination of metronidazole, metronidazole, and gentamicin also altered the
GM composition, with notable decreased Lactobacillus and Bifidobacterium and
increased in Escherichia both in ileum and feces, which was associated with
decreased SCFAs metabolism, neurotransmitter expression in hypothalamus, and
increased aromatic amino acids metabolism [113].

Frohlich et al. [93] investigated the influence of a mixture of antibiotics (bacitra-
cin, neomycin, ampicillin, meropenem, and vancomycin) exposure to adult male
C57BL/6N mice by oral gavage for 11 days on GM. The result suggested both the
microbial composition and metabolism in the colon are strongly disrupted following
the antibiotics treatment, with the diversity of bacteria and the levels of SCFAs
(acetate, butyrate, propionate), uracil, adenine, and trimethylamine significantly
decreased. Furthermore, compared to vehicle-treated mice, antibiotics treatment
also impacted the production of circulating plasma metabolites. Specifically, the
levels of corticosterone, sphingomyelin, phosphatidylinositol, and phosphatidylcho-
line were significantly increased, whereas the levels of p-cresyl sulfate and
lysophosphatidylcholine were decreased. As a result of antibiotics treatment, it is
observed that the recognition memory was impaired and the expression of tight
junction protein (CLDNS5, TJP1, OCLN) was differentially altered in the amygdala
and hippocampus as a result of antibiotics treatment. The compositional and meta-
bolic effect of f-lactam on GM has been investigated with multi-omics approaches
usage, including 16s rRNA, 16S rDNA, metagenome, metatranscriptome,
metametabolome, and metaproteome [92]. The biodiversity of both the total and
active GM was decreased during antibiotic treatment. At the phylum level, it was
observed that the abundance of Firmicutes was significantly elevated and the
abundance of Bacteriodetes was reduced. Moreover, the protein and gene expression
of GM appeared to corroborate the metabolic disturbance of GM during antibiotic
treatment. It is noted that the genes belonging to the “mobile and extrachromosomal
element functions” category were declined as a consequence of antibiotic therapy
and were correlated with clustered regulatory interspaced short palindromic repeats,
which functioned as a type of bacterial adaptive “immune” response [114]. Con-
cretely speaking, the CRISPR / Cas system are involved in protecting cells from
foreign DNA (viruses and plasmids) through a process similar to RNA interference
[115]. Therefore, reduced expression of these genes may make it easier for bacteria
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to obtain foreign DNA. This may be advantageous in an antibiotic-containing
environment because it increases the possibility of obtaining resistance genes
through horizontal gene transfer. Together with these findings, the altered structure
of GM is correlated with the pathogenesis of diseases.

4.3.3 Antibiotics Cause the Loss of Colonization Resistance

Antibiotics can cause the loss of colonization resistance in the gut, which may be one
of the majority features as a result of antibiotics [116, 117]. This conclusion has been
verified by several studies, including cefoperazone [118], tigecycline [101],
clindamycin [102]. These results are basically consistent with those of human
studies [119, 120]. The opportunistic pathogens Salmonella can be easily colonized
in the gut following antibiotics treatment, and therefore result in relevant diseases
through multiple routes including direct interference competition and indirect
resource competition. Another recent study in mice has been reported that antibiotics
cause an increase in host-derived free sialic acid level in the gut, which can be used
by opportunistic pathogens such as Clostridium difficile and Salmonella
typhimurium to enhance their growth [121].

4.3.4 Antibiotic Cause ARGs Generation

As modern abuse of antibiotics with high dose, the coevolution of antibiotic resistant
bacteria or genes is often a common concern in recent years. It is particularly paid
attention to human GM from a host ecological perspective. In the laboratory,
bacterial populations treated with antibiotics selected and enriched for resistant
strains and species [122, 123], similar findings have been observed in vivo as a
result of using antibiotics. Jakobsson et al. [124] studied patients received a mixture
of clarithromycin-containing antibiotic for H. pylori-associated peptic ulcers, the
ermB resistance gene immediately increased 1000-fold following the course of
antibiotics treatment, which encodes the macrolide target-modifying RNA methyl-
ase. Four years later, the antibiotics resistance genes still exist in the GM with
comparable levels, although patients without additional antibiotics therapy in this
course of study. Subtherapeutic antibiotics doses also appear to develop resistance
genes. For example, in swine feed a cocktail of chlortetracycline, sulfamethazine,
and penicillin following only 3 days of treatment, multiple resistance genes were
also significantly enriched [125]. It is noted that genes resistant to drugs, such as
aminoglycoside, that not present in the feed source were also enriched, which
provide evidence for antibiotics to promote the enrichment of resistance genes to
unused drugs in commensal GM.
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4.3.5 Antibiotics Cause a Persistent Effect on the Gut
Microbiota

Antibiotics can affect GM with persistent term. Various researches based on 16S
rDNA analysis have demonstrated that important differences in baseline bacterial
composition recovery after AB treatment depend on the individual and ABs (type
and dose) used [124, 126, 127]. In general, the effects of antibiotics on gut microbial
composition have found to be disturbed by varying factors, leading to a decrease in
microbial diversity, with different degree diminishes and increases in certain taxa
populations. There was some degree of recovery in most individuals but were
persistent effects in others, like individual host-specific and antibiotic effects. The
distal gut bacterial communities before and after treatment with ciprofloxacin
(500 mg twice a day) for 5 days has been investigated using deep 16S rRNA
sequencing, showing a declined diversity of GM, with about 30% of the bacterial
taxa influenced. Despite this pervasive disturbance of GM has been largely recov-
ered to the before treatment state within 4 weeks, several taxa failed to return within
6 months [126]. Seven days of metronidazole, omeprazole, and clarithromycin
exposure on the fecal and pharyngeal taxonomic composition discovered broad
taxonomic compositional effects with rapid but only partial recovery in some
cases and persistent effects at least 4 years after exposure [124]. Fouhy et al. [106]
studied the short-term recovery of the GM after parenteral gentamicin and ampicillin
exposure for infant within 48 h of birth and found the number of Bifidobacterium
species was reduced and the Proteobacteria abundance remained significantly high
and in the infants after 8§ weeks of exposure with ABs. Therefore, it is clear that the
certain ABs can dramatically affect the evolution of infant GM. Another study
investigates short- and long-term effects of macrolides on 2-7 years old children
and found depletion of abundance of Actinobacteria, increased macrolide resistance
and populations of Proteobacteria as well as Bacteroidetes [107]. A study in mice
showed that Bacteroidetes was significantly reduced following treatment with the
antibiotic mixture of clindamycin, ampicillin, and streptomycin and never fully
recovered after cessation of ABs exposure [103]. In addition, there are still a
numerous studies suggested that treatment with clindamycin have significantly
caused the long-term effects on GM composition [128—130].

4.3.6 Antibiotic Increase the Risk of Being Overweight

Antibiotics exposure are associated with later risk of overweight by altered GM. For
example, during early exposed to children (<6 months of age) of normal weight
mothers with antibiotics, the risk of overweight was increased at age 7 years (95%
confidence interval: 0.95-1.47). This result indicates that the usage of antibiotics,
rather than the genetic background induced the risk of overweight among children
[131]. In a previous study [96], metagenomic analysis in mice treated with early life
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therapeutic-dose pulsed tylosin indicated that the cumulative weight gain was
achieved, with increased total and lean mass, as well as bones growth, which
might be correlated with the decrease in tRNA biosynthesis, gluconeogenesis,
and hepatic glycolysis and the increase in amino acid biosynthesis, nucleoside,
and hepatic citric acid cycle. Meanwhile, the diversity of GM including richness
and Shannon evenness were observed to be decreased. The bloom of
Lachnospiraceae in antibiotics exposed mice altered regulation of hepatic metabo-
lism of fatty acids and lipids, as well as increased the copies of critical genes
involved in SCFAs synthesis in cecal and fecal samples. Together with the results
discussed, the study revealed the mechanisms of the effect of low-dose antibiotics on
adiposity in detail. The tendency for weight gain following antibiotics treatment was
also substantiated among children who received macrolides in their early life [107].

4.4 Pesticides

Pesticides were easily found in our ordinary life, no matter where you live.
According to the World Health Organization (WHO) (2017), pesticides defined as
chemical compounds that are used to kill pests, including rodents, fungi, insects, and
unwanted plants (weeds) [132]. The use of pesticides significantly increased the
yield of crops and improved the quality of people’s life. Therefore, pesticide use
increased dramatically between the 1960s and 1990s and the speed goes slowly this
century. From statistics of Environmental Protection Agency of U.S., nearly 6 billion
pounds pesticides were produced annually in the world in both 2011 and 2012
[133]. After these decades, pesticides have aroused wide attention that they have
caused serious environmental problems due to their abuse, high toxicity, and low
degradation, which have affected people’s life and health. The term “pesticides” is a
general name which includes a variety of substances. According to target pests,
pesticides can be classified as herbicides, insecticides, rodenticides, fungicides,
bactericides, miticides, and so on [134]. According to chemical structure, they can
also be categorized into four main groups: organophosphorus, organochlorines,
carbamates, and pyrethrin and pyrethroids [135].

Nowadays, a large number of pesticides have been detected in food ingredients,
soil, and water, which are the main exposure sources for us. Another one important
exposure pathway is indoor pesticides for vector control and elimination of nuisance
pests, such as mosquitos, black beetles, acarids, and rodents.

Between 2008 and 2012, herbicides accounted for the largest portion of global
usage (approximately 50% annually in all years), followed by insecticides, fungi-
cides, and fumigants, respectively [133]. There are some common herbicides such as
paraquat, diquat, and 2.4-dichlorophenoxyacetic acid (2,4-D), especially the first
two chemical agents or their mixtures. Paraquat and diquat are bipyridyl herbicides
because they both have the structure of two pyridine rings. The former is usually
manufactured as a salt with chloride ion, while the latter with bromide. Paraquat and
diquat are highly poisonous to crops and weeds. Paraquat is easily absorbed through
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the respiratory tracts gastrointestinal (GI) and skin, so it has high risks for farmer
when they spray in the farmland. On the contrary, diquat is less toxic and poorly
absorbed through intact skin. Most cases of toxicity result from ingestion
[136]. They would induce free radicals in the body and then result in a serious
damage. 2,4-D is chlorophenoxy derivatives and is also very toxic for skin, eyes, and
respiratory and GI tracts.

Organophosphates (OPs) are a kind of insecticides containing phosphorous
derived from phosphoric acid, which were used predominately last century because
of the most toxic of all pesticides to vertebrate animals. OPs and carbamates inhibit
the function of carboxylic ester hydrolases, such as chymotrypsin, plasma or
butyrilcholinesterase (BuChE), plasma and hepatic carboxylesterases (aliesterases),
paraoxonases (asterases), acetylcholinesterase (AChE), and other nonspecific ester-
ases within the body. It is reported that OPs can be detected in sewage sludge, river
water, waste water, and even in rain and snow with high concentrations. Some
experts said that they have evidence to be global occurrence in the atmosphere,
because they were also found in soils that had no history of sewage sludge applica-
tion or irrigation [137]. Chlorpyrifos (CPF) is an organophosphate insecticide
usually applied to treat vegetable crops, vineyards, and fruits [138]. CPF can be
metabolized by cytochrome P450 enzymes in the liver and gut [139]. Perinatal CPF
exposure can reduce the weight and length of rat pups and inhibit their intestinal
development. In addition, CPF induced an increase of Clostridium, Clostridium,
Enterococcus and a decrease of Bifidobacterium spp. and Lactobacillus spp. in rat
intestines. CPF-induced microbiome malnutrition damages the mucosal barrier,
increases bacterial translocation, and stimulates the innate immune system
[140]. CPF was also reported that it can result in significantly decreased Firmicutes
and increased Bacteroidetes and bring imbalance of gut ecosystem [141].

Organochlorines are insecticides containing element hydrogen, chlorine, and
carbon. They are divided into distinct groups, including DDT
(dichlorodiphenyltrichloroethane) and related analogs, cyclodienes,
hexachlorocyclohexane, and related compounds. They are lipid soluble and stored
in fatty tissues, so a long-time exposure with even low concentrations also can result
in accumulation and eventual clinical toxicity. Pentachlorophenol (PCP) is a widely
used pesticide worldwide [142]. PCP exposure resulted in genetic and reproductive
toxicity in aquatic animals even at very low concentrations [143]. PCP can accu-
mulate in the intestinal tract and liver of fish and inhibit fish growth and cause
histopathological damage and hepatic oxidative. Moreover, in goldfish, PCP expo-
sure (100 mg/L) for 28 days also altered the composition of gut microbiome by
decreasing the ratio of Bacteroidetes/Firmicutes. At the genus level, relative abun-
dance of Bacteroides increased and relative abundance of Microbacterium,
Arthrobacter, Chryseobacterium, and Legionella decreased [144].

Pyrethroids are popular insecticides in public areas because they have high
toxicity to a wide range of insects and low toxicity to birds and mammals, and
rapid biodegradability. Pyrethroids exert their effects through delaying closure of the
inward sodium channel of the nerve membrane. Permethrin (PEM), one of the most
representative  pyrethroid compounds, can decrease the proportion of
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Porphyromonas Bacteroides and Prevotella and increase the abundance of Lacto-
bacillus and Enterobacteriaceae at low-doses exposure in rats [145]. These shifts of
gut microbiota may contribute to its neurotoxicity [146].

Propamocarb (PM) is a systemic carbamated fungicide, which widely used in the
growth and yield of fruit trees, because it can control fungal diseases caused by
Oomycetes in roots, leaves, and soil. PM residues can accumulate on fruits and
subsequently people ingest them containing its residues. Wu et al. have studied the
acute and chronic effect of PM exposure on mice, respectively [147, 148]. 300
mg/mL PM exposure-induced acute inflammatory reactions such as obvious changes
of overall microbial structure and fecal metabolites. They found that up to 32.2% of
OTUs were changed and the proportion of Proteobacteria and Firmicutes decreased
while the proportion of Acidobacteria, Bacteroidetes, and Chloroflexi increased in
the highest dose group. In the study of chronic exposure, they found that hepatic bile
acids (BAs) were significantly increased in the PM treated group, in addition,
atherosclerosis-promoting molecule trimethylamine was markedly increased in
feces. Genes related to BA synthesis and transportation and hepatic energy metab-
olism were also significantly altered. And in gut microbiota, they obtained similar
results to the acute study in the alteration of Firmicutes and Bacteroidetes in feces
and cecal contents. Apart from PM, there are many other broad-spectrum fungicides,
such as imazalil (IMZ), epoxiconazole (EPO), and carbendazim (CBZ). They have
been assessed their toxicity on rats or mice and they all can cause inflammations and
damages and structural alterations of gut microbes [149—-151].

Multiple pesticides are usually combined to use in the farmland, warehouse, and
house, as it is, so we are actually faced with a high-risk and complicated problem in
our daily life. Several single chemicals have already been studied about their toxic
effects on gut microbiota and body organs, and they are summarized in Table 4.3.
However, studies on multiple pesticides or pesticides mixtures are very rare and very
necessary.

4.5 Persistent Organic Pollutants

Persistent organic pollutants (POPs) are a class of synthetic chemical compounds
that can persist in the environment for long periods of time and are difficult to
degrade, so they can accumulate in organisms, including humans, through the food
chain. They include polychlorinated biphenyls (PCBs), polycyclic aromatic hydro-
carbons (PAHs), organochlorine pesticides, and polybrominated diphenyl ethers.
They are gained much attention in recent years because they are closely associated
with the rising global rates of diabetes, autoimmune diseases, obesity, and some
developmental disorders [154, 155]. Ingestion of water and food are considered as
the main POP exposure routes, and the gut is the largest immune organ via forming a
physical barrier against potentially harmful substances. Thus, it is necessary for us to
comprehend the effects on animals or human GM.
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PCBs, a large group of chemicals with unique electrochemical properties, are
easily found in many industrial products, e.g., capacitors, transformers, hydraulic
fluid, cooling liquids, and lubricants and its exposure is mainly due to its improper
disposal. PCBs are initially metabolized in the liver and then mostly bind to the aryl
hydrocarbon receptor (AhR) to elicit their toxicity. There is some evidence that gut
microbiome involve in PCB metabolism [156]. A study showed that PCBs can
markely alter the composition of GM in mice within 2 days [157]. Low-dose PCB
exposure significantly increased the abundance of Enterococcus, Bacteroides,
Bifidobacterium, Akkermansia muciniphila, and Clostridium scidens in C57BL/6
mice. These changes in microbiota composition were associated with variation of
bile acid metabolism [158].

PAHs, a ubiquitous group of several hundred related chemical compounds with
various structures, are generated by the incomplete combustion of carbon-containing
fuels of vehicles and smoke of tobacco and charcoal. Some PAHs have oestrogenic
or carcinogenic properties in humans and the main exposure route is inhalation and
food or water ingestion. Benzo[a]pyrene (B[a]P), one compound of the PAH group
which is well described, ranks class 1 of human carcinogen. Administration of B[a]P
with a dosage 50 mg/kg BW on murine model dramatically perturbed the
populations of the mucosal and fecal gut microbiome, increasing pro-inflammatory
bacteria of the families Turicibacter, Bacteroidaceae, Alcaligenaceae,
Erysipelotrichaceae, Porphyromonadaceae, and Alcaligenaceae. Contrarily, abun-
dance of beneficial bacteria including Verrucomicrobiaceae, Ruminococcaceae
Mucispirillum, Lactobacillaceae, and Lachnospiraceae were reduced [159].

A summary of studies on effects of POPs on gut microbiota and host health is
given in Table 4.4.

4.6 Biological Contaminants

Heavy metals, antibiotics, pesticides, and persistent organic pollutants can bring out
chemical pollution if we abuse them without any restrictions or in an improper way,
which are closely associated with people’s life and then constitute the main potential
threats. Other than these chemicals, there are also some biological contaminants, and
they come from organisms such as plants, microorganisms, and algae.

Cyanotoxins are toxins generated by bacteria Cyanobacteria which are also blue-
green algae. This type of algae is very common in many ponds and lakes, and in the
ocean. Under high concentration of phosphorus conditions, they grow exponentially
to form blooms and produce cyanotoxins in a certain concentration which can poison
and even kill other organisms. Cyanotoxins are bio-active secondary metabolites of
Cyanobacteria and can remain and bioaccumulate into the environment. Ingestion of
contaminated water is the main route of exposure to cyanotoxins for animals and
humans. Sébastien Duperron et al. have studied the effect of pure microcystins
which belongs to cyanotoxins, and crude extracts of metabolites from Microcystis
aeruginosa on gut microbiota of Medaka fishes (Oryzias latipes) [163]. They found
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that crude extracts, rather than pure microcystins, have an important influence on gut
microbiota composition of Medaka fish. Relative abundances of pathogen-related
bacteria Mycobacterium spp. and Nocardia spp. increased markedly after exposure
to one extract. Two bacterial orders Sphingomonadales and Saprospirales displayed
significantly higher abundances in another extract treatment group. These alterations
of gut microbiota would have severe influences on associated functions of fish.

Mycotoxins are also a secondary metabolite produced by organisms fungus,
mainly Aspergillus, Fusarium, and Penicillium. They are very toxic for humans
and animals and usually cause disease and death. These metabolites frequently occur
in natural food contaminants and misidentified mushrooms. The major mycotoxins
include deoxynivalenol, zearalenone, ochratoxin, fumonisins, aflatoxin, and patulin.
Hervé Robert et al. have summarized these major mycotoxins, predominant con-
taminated crops, major producing fungi, adverse effects, and health-based guidance
values [164]. These adverse effects includes gastrointestinal alteration,
immunotoxicity, and neurotoxicity. According to the United Nations Food and
Agriculture Organization and the World Health Organization, it has been reported
that 25% of the world’s crops are contaminated by molds and fungi [165]. Due to
frequent food poisoning cases, mycotoxins have been drawing more and more
people’s attention. Gut microbiota are very important for the host and are the first
to be exposed to contaminated food, so it is very essential to know their interactions.

Deoxynivalenol (DON) is one of the most prevalent mycotoxins present in cereal
crops worldwide which is produced by Fusarium species. It is very common, toxic,
and stable, so it induces a health risk for both animals and humans. Manuel J. Saint-
Cyr and his colleagues investigated the effect of a chronic exposure of DON on rats
and analyzed the changes of the composition of gut microbiota [166]. They found a
significant increase of species from Prevotella/Bacteroides group in rats during the
first 3 weeks of administration at the dose of 100 pg/kg DON. The relative level of
Escherichia coli decreased at day 27 and this decrease remains stable to the end.

Mingzhang Guo et al. evaluated the interactions between gut microbiota and
ochratoxin A (OTA) by traditional and metagenomic methods [167]. Male F344 rats
were treated by 0, 70, and 210 pg/kg body weight of ochratoxin A via oral gavage,
respectively. OTA exposure decreased the diversity of GM and increased the
abundance of genus Lactobacillus considerably. Furthermore, they isolated Lacto-
bacillus species from fecal samples and researched the effects of Lactobacillus
species on OTA in vitro. They found OTA could be absorbed by the strains rather
than be degraded by them.

Similar to DON, aflatoxin is also a common contaminant of foods and is
considered as an unavoidable food contaminant by the US Food and Drug Admin-
istration (FDA). Food and Agriculture Organization of the United Nations (FAO)
indicated that approximately 4.5 billion people from developing countries lived in a
zone at risk of chronic aflatoxin exposure [168]. Aflatoxin is produced by a fungus
species Aspergillus and can occur in all periods of crops production, harvest, storage,
and food processing. Wang et al. designed an experiment to know the impacts of
Aflatoxin B1 (AFB1) on the gut microbiota in a rat model [169]. Their discovery
declared that AFB1 could shift the GM in a dose-dependent manner. Accompanied
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with increasing dose of AFBI, the diversity of microbial community decreased,
while evenness of community composition increased. Clustered analysis showed
some lactic acid bacteria were significantly reduced by AFB1.

However, current studies about the interactions between xenobiotic toxins and
gut microbiota and their in vivo metabolisms in humans and animals are very few
and unclear. More and more studies are very necessary and important for people to
have further insights into the effects of these toxins and to propose some alternative
protective strategies. At the same time, particularly, multiple mycotoxins frequently
exist in the contaminated food. Target to these multiple contaminations including
chemical sources and biological sources, we have a long way to go.

4.7 Conclusions and Future Perspectives

In summary, EPs exposure induces a significant structural perturbation in the GM,
which in turn substantially alters the GM metabolism, as evidenced by alterations of
diverse GM-related metabolites. The changes in GM can possibly result in immune
diseases and several inflammatory. Although the alterations trends of GM sometimes
observed similar among different studies, many discrepancies still clearly exist. Of
note, GM disturbance may be a secondary consequence of EPs on body health
systems, which may be not a causative of EPs on health disorders but further
exacerbate the disease conditions. (1) Various environmental pollutants are ubiqui-
tous, and humans are more vulnerable to comprehensive pollution than a single
chemical substance. Thus, combined effects of mixtures should also be studied.
(2) Most of the researches conventionally focused only the impacts of EP on the
composition or metabolism of GM rather than the comprehensive analysis. (3) Since
the 16S rRNA sequencing is not capable of reflecting the true conditions of GM,
future research should make more use of a combination of sequencing techniques
such as metabonomics, metatranscriptomics, and metagenomics and, to a better
understanding of host-GM interactions and the causal relationship between
GM-associated symptoms and GM. (4) Almost all current studies on the GM and
contaminants solely rely on stool microbiota, which is part of the GM and may yield
limited conclusions [170]. Hence gut mucosal sampling should also be considered in
future studies. (5) Although most studies were performed with causing prominent
toxic effects, they are not representative of real-life exposures scenario.

Further studies should focus on explaining the chronic toxicity of EPs on human
health by exposing laboratory animals to human relevant doses for a long term.
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Chapter 5 )
Environmental Pollutants That Can Be e
Metabolized by the Host (Gut Microbiota)

Marwa M. El-Dalatony and Xiangkai Li

5.1 Introduction

The rise in the level of environmental pollutants is a major concern that possess
hazardous effects on human health. Several studies have demonstrated an intense
relationship between the human health and gut microbial composition [1]. Human
gut microbes are the living microorganisms residing the human GI tract and play
vital role in human health. In humans, the gut flora is established in the first one to
two years of life. It develops in conjunction with the intestinal epithelium in a
manner that also provides a barrier to pathogenic microorganism [2]. Most of the
pathologies are linked with alteration of the structural composition of gut microbiota,
which is also known as dysbiosis, like IBD [3], and other digestive disorders, which
include autoimmune disorders, diabetes, obesity, and neurological disturbances
[4]. Since decades, human gut microbiota is reported in biotransformation of xeno-
biotics [5]. Number of drugs substrates have been reported for the gut microbes,
showing the potential of gut microbes to execute diverse chemical conversions on
drugs and other environmental chemicals [6]. Xenobiotic compounds mainly enter
the human body through GI tract and influenced the metabolism of microbiota by the
number of compounds reaching the distal gut. After ingestion various environmental
chemicals poorly absorbed in the body and then further transported and metabolized
in the distal part of small intestine, caecum, and large intestine [5]. Probiotics are
used for gut remediation, may treat diet pollutants such as PAHs, pesticides, and
nitrotoluenes.

The microbes which are utilized as probiotics are of various categories including
bacteria, yeast or mold and the most common species of these types are |—Bacteria:
(1) Lactobacillus: acidophilus, brevis sporogenes, fermentum rhamnosum, lactus,
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plantarum, reuteri, delbrueck cellobiosus, casei, gasseri, farciminis, paracasei, and
crispatus; (2) Bifidobacterium: adolescentis, animalis, bifidum, breve, infantis,
lactis, longum, and thermophilum; (3) Streptococcus: alivarius, cremoris lactis,
diacetylactis, intermedius, and thermophilis; (4) Leuconostoc mesenteroides;
(5) Bacillus; (6) Propionibacterium; (7) Pediococcus; (8) Enterococcus faecium
[7] 2—Molds and yeast like: Saccharomyces cerevisiae, S. bourlardii, Aspergillus
niger, A.s oryzue, and Candida pintolopesii [8]. The use of these types of the
microorganisms as probiotics has enlarged owing to the rise in the study related
with the discovery of new potential strains [9]. The questions that are most com-
monly asked by the public is why must we use probiotics? The suitable answer for
this question is the exposure of humans with different microbes during its life, these
microbes can deteriorate human health. Antibiotic treatment can be a real tactic to
prevent the growth of pathogens but it can also destroy the normal healthy flora of
gut [10]. In order to prevent these normal flora of gut it is essential to take some
supplements that can beneficially affect the gut microbes. Probiotic supplements in
the diet is the best possible cheapest way to improve human health by recovering the
composition of gut microbes. The evidences of use of probiotics in food by olden
civilization are also reported [11].

5.1.1 Heavy Metals

Heavy metals are high density metallic elements [12] that can be considered as a
potential contaminant if present in high concentration and possess negative impact
on human health. These are comprised of various transition metals, lanthanides,
metalloids, and actinides [13]. The sources of these heavy metals are rapid industri-
alization, agricultural residue, geogenic sources, atmosphere and domestic effluents.
The essential heavy metals are required by the body for diverse biochemical and
physiological functions, the deficiency of these metals can cause various short-term
or chronic disorders. These metals include copper, chromium, iron, molybdenum,
magnesium, cobalt, nickel, zinc, and selenium [14]. The natural distribution of these
metals in the environment include spring waters, volcanic eruptions, erosion, bacte-
rial activities. Heavy metals can also spread by anthropogenic activities such as
combustion of fossil fuels, industrialization, and agricultural activities [15]. The
accumulation of these heavy metals in living organisms can cause negative effects
on human health (Table 5.1). After transportation of these heavy metals inside the
human body, they are stored in different compartment of cells and tissues of body.
Binding of these compounds to cellular proteins and nucleic acid can destroy the
macromolecules and cell functioning. Heavy metals can exert various complications
on the human body. These complications include effects on the central nervous
function (mental disorders), damage to the blood constituents, lungs, kidneys, liver,
and other important organs [21]. The toxicity and carcinogenic activity of heavy
metals employ various mechanisms.
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Table 5.1 Negative effect related with heavy metals (HMs) exposure and toxicity
Metal Acute toxicity Chronic toxicity References
Arsenic Blood in urine, discomfort in GI, Skin lesions, Blackfoot dis- [16]
vomiting, headaches, convulsions, ease; organ destruction; blis-
coma, diarrhea, and death ters or failure;
Mutagenic characteristics;
risk of cancer with diabetes
Cadmium | Hepatic toxicity, pulmonary injury, Renal injury osteoporosis; [17]
and testicular injury Carcinoma associated with
kidney and prostrate;
Toxic effect on other organs
Chromium | Vomiting with diarrhea; hemorrhage | Necrosis (renal or hepatic); [18]
with blood loss in GI tract skin and nasal ulcers,
“chrome
Holes,” puncture of the nasal
septum; nasal,
Pharyngeal, and gastrointes-
tinal
Carcinomas, irrigative
dermatitis
Lead Mild fatigue, headache, vomiting, Antisocial actions; impaired | [19]
nausea, neurobehavioral problems hemoglobin
like short attention span and impul- Synthesis; impaired renal
sivity distractibility, function;
Deafness, blindness, retarda-
tion; reduced
1Q, memory loss; decreased
libido, fatigue
Mercury Weakened neurodevelopment; injury | Impaired synthesis of hemo- | [20]

of IQ; reduction in memory, care,
language, and visual-spatial percep-
tion tests; associations with autism
plus amyotrophic lateral sclerosis

globin; neurodevelopment;
loss of 1Q;

decrease in memory, atten-
tion, language, and visual-
spatial perception tests;
associations with autism
besides amyotrophic lateral
sclerosis

Chromium (Cr) occurs naturally in the
oxidation states from chromium (II) to chromium (VI) [22]. The main sources of
chromium are chromium steel, fertilizers, petroleum oil well drilling and coal,,
pigment oxidants, catalyst, and metal plating tanneries. It has wide use in industries
such as electroplating, wood preservation, making of paints and pigments, metal-
lurgy, chemicals industry, tanning, and pulp and paper industry. These industries are
the major source of chromium pollution in the environment that can adversely affect
the ecological species [21]. In addition, the various anthropogenic activities like
repeated use of fertilizers and improper disposal of sewage can also contribute in
chromium pollution [21]. The most toxic from of chromium is its hexavalent form,
whereas less toxicity of Chromium (III) compounds has been studied. Chromium

earth’s crust, with a variation in its
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(VI) can cause various allergic reactions like irritation and ulcers in the lining of the
nose, anemia ulcers in the GI tract. The low concentrations of chromium
(VD) compounds can cause respiratory, cardiovascular, hematological, renal, neuro-
logical and hepatic effects in humans which may lead to death [23]. DNA damage
has been reported under various in vivo and in vitro studies, that caused chromo-
somal aberrations and effect the DNA transcription [24].

5.1.1.1 The Effect of Cr (VI) on Gut Microbiota

Heavy metals can cause remarkable changes in the framework of gut microbes. A
reduction in the count of gut microbes has been observed after the exposure of heavy
metals [25]. Exposure of HMs has increased the ratio of Bacteroidetes to Firmicutes,
linked with weight loss [26]. Another study on Cr(VI)-treated mice has resulted in
increased count of Tenericutes and Bacteroidetes, whereas a decline in the count of
Firmicutes [27]. A decrease in the relative abundance of Lachnospiraceae was also
observed in Cr(VI) exposed mice [28].

Gut microbes play an eminent function in maintaining important physiological
function in the host [29] and influence the immunity and metabolism of host [30]. A
study on earthworm exposed with chromium revealed the increase of
Enterobacteriaceae of Burkholderiaceae (13.1%), and Microscillaceae sp., whereas
a decrease in the Aeromonadaceae (5.6%). The study provided the understanding of
toxic effects of chromium in soil and the effect of chromium on the organisms
present in soil. This data can be used to further investigate the pathways involved in
toxic effects of chromium in earthworm and relate the information on the basis of the
genomics and proteomics [31].

Alterations in the structure of intestinal tissues have been reported when 0.416 mg
Cr® L™ is given to the tadpoles. A significant reduction was observed in the body
wet weight, total body length, besides length of intestine length and wet of
B. gargarizans tadpoles. The information of 16S rRNA gene sequencing showed
alteration in the structural composition of intestinal microbes after exposure to
chromium in tadpoles. A significant change was observed in the composition of
gut microbes as the Fusobacteria phylum changes in all chromium cured tadpole
groups. The groups exposed to a high concentration of chromium showed the
presence of TM6_Dependentiae and Saccharibacteria which were not reported in
other groups. Aeromonas genus followed a decline trend in Cr(VI) treated groups.
The exposure of Cr(VI) induced metabolic syndromes associated with the alterations
of structural composition of gut microbes. On a cumulative account the study has
demonstrated various effects of Cr(VI) applied on B. gargarizans tadpoles, causing
fluctuations in the intestinal histology and microbiota composition [32]. Although,
the clear mechanism of heavy metal toxicity and changes in gut microbial compo-
sition are still not clear.
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5.1.1.2 Potential Roles of Probiotics and Gut Microbiota in Cr
(VI) Remediation

The study of heavy metal remediation has been in practice from last several years,
including various chemical, physical, and biological techniques (microbial and
phytoremediation). The use of living organism in removal of heavy metals is one
of the most powerful approaches [33]. The use of microbes serves various advan-
tages like low cost, minimal site disruption, and high acceptance by the public. The
binding of lactobacilli sp. with heavy metals for their removal is reported
[20]. Research carried out in mice has established that the intestinal microbiota is
the first line of defense in the body and alters extra toxic. The conversion of Cr(VI) to
slight toxic Cr(III) by intestinal microbes working as first line of defense in rats was
reported. This study indicates the resistance of bacteria against chromium Cr
(VI) [34]. The main route of exposure of gut microbes to chromium is the consump-
tion of contaminated food and water. In potable water the concentration of chromium
from 1 to 10 ppm is generally safe because the microbes of the gut can strongly
reduce Cr(VI) to Cr(III) [35].

Streptomyces werraensis LD22 isolated from feces can tolerate heavy metals like
NiCl,, K,Cr,07, ZnCl,, CuSO,4, and PbNO;3 in humans and animals [36]. A long
exposure of Lactobacillus to chromium can generate resistance in the strains
[37]. Shrivastava et al. [35] has reported the transformation of highly toxic forms
of chromium to less toxic forms, changes in immune response by Lactobacillus and
other gut associated microbes, and the presence of sequestering elements in the
human fecal material. The use of Lactobacillus spp. in food items and as probiotics
is safe as it has a long history. The use of Lactobacillus in food industry is associated
with its presence as a member of normal gut flora, and it can be used as an adjunct to
remove the toxicity of heavy metals. The resistance mechanisms of microbes are
effective in preventing cell damage and are related with the removal of heavy metals
by binding or sequestering them and their further release through defecation
[38]. These microbes can also reduce the oxidative stress initiated via heavy metals
toxicity and other food toxins, reported by in vitro and in vivo investigations
[39]. The antioxidant properties of Lactobacillus casei strain 17 can prevent the
liver and kidney from oxidative stress induced by potassium dichromate (Fig. 5.1).
The subcutaneous administration of Cr(VI) in the formula of potassium dichromate
showed important alterations in kidney and liver, alanine transaminase, functional
enzyme markers in the serum, total protein content, creatinine, and urea.

The preeminent histopathological modifications were congestion of vascular
region of liver, several degenerative changes, the deterioration of tubular epithelial
cells of kidneys showed by the infiltration of mononuclear cells and dilation of
sinusoids, and the cystic dilation of tubules plus hyaline. Lb. casei strain 17 has
overturned the alteration caused by Cr(VI) when co-administered in the body
[40]. The effect of oral intake of increasing doses of potassium dichromate more
than 3 months was studied (0, 0.12, 0.24, and 0.36 g kg_1 diet), which showed a
reduction in the performance and changes in the glycemic, renal, lipidic, and hepatic
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Fig. 5.1 Planned defensive
mechanisms of probiotics on
heavy metals (HMs)
removal in vivo
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profiles. The incorporation of 0.2% of probiotic (Lactobacillus acidophilus,
2.22 x 109 colony-forming units (CFU); Streptococcus faecium, 2.22 x 109
CFU; Bifidobacterium thermophilum, 2.22 x 109 CFU; Bifidobacterium longum,
2.22 x 109 CFU) in the diet can remarkably reduce the toxic and histopathological
effects of chromium on above mentioned organ profiles [41]. A study reported the
defensive effects of L. plantarum TW1-1, against Cr toxicity in mice revealed that
TWI1-1 has the potential to diminish Cr toxicity. The effectiveness of “gut remedi-
ation,” was analyzed, which involves both direct and indirect remediation of heavy
metal pollution by L. plantarum. Almost 60% removal of 0.5 mM Cr(VI) was
observed by Strain TWI1-1 within 48 h of incubation. Oral administration of
Lactobacillus plantarum TW1-1 to Kunming rat for 49 days with 1 mM K,Cr,0,
in drinking water was done to find out the mechanism and remediation potential of
the strain. A reduction in Cr gathering in tissues and high excretion of Cr in feces
was observed. Significant changes in the histopathology and oxidative stress and
histopathological were also observed. A double effect on the activity of fecal
bacteria to remove chromium was observed after administration of TW1-1. The
altered microbial gut population after chromium exposure was restored by TW1-1
and revealed by the MiSeq sequencing of fecal bacterial 16S rRNA genes TW1-1
which has reversed the count of 49 of the 79 operational taxonomic units that were
changed by Cr. Based on these observations, TW1-1 was proposed as a working
model against Cr as it can effectively eliminate Cr from the host and also regulate the
gut microbiota, which helps in chromate decrease and offer defense against Cr [42].
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5.1.2 Pesticides

Pesticides are defined as the natural or chemically synthesized compounds used to
prevent the growth of undesired plants and kill animal pests. Pesticides are amal-
gamation of compounds predominantly utilized in agriculture related public health
protection plans to provide protection against pests, weeds or diseases, and vector-
borne diseases infecting humans like schistosomiasis, malaria, and dengue fever.
The typical examples of pesticides contain insecticides, herbicides, rodenticides and
insecticides, fungicides, and some plant growth promoters classified on the basis of
their specific roles [43, 44].

The contribution of pesticides in health deuteration and environmental problems
is a major concern [45]. The main routes of exposure include skin contact, incidental
oral consumption, and inhalation. The prominent health determining factors associ-
ated with the exposure of pesticides are the route of pesticides, duration, and type of
pesticides. Pesticides have been reported to be metabolized, and accumulated inside
body fat in humans [46]. The diverse negative health effects associated with the use
of chemical pesticides such as gastrointestinal effects dermatological, neurological,
respiratory, carcinogenic, endocrine, and reproductive effects [47, 48]. The exposure
of pesticides to the crops is the primary source of transportation of pesticidal residues
in the GI tract of humans. The use of highly toxic pesticides in low concentration can
lead to prolonged inauspicious effects on endocrine system, skin, and nervous
system by stimulating the production of free radicals that could cause destruction
of DNA, lipid peroxidation, carcinogenic effects, and cell death [49, 50].

Pesticide residues are persistent in the environment and cause significant envi-
ronmental issues. These residues are present in in different water sources, soil, foods,
beverages, instance prepared meals, animal feedstuffs, fruit juices [S1]. Recently,
tremendous development in the field of health concerns in context to the effects of
pesticides exposure on animals have done [52]. Several pesticides carry antimicro-
bial properties that can influence the composition of microbes present in the gut of
animals and humans, leading to symptomatic changes [53]. Traces of pesticides have
been found in human breast milk samples, thus more concern is required about
prenatal exposure and health of children [46].

5.1.2.1 Carbamate

Carbamate pesticides are the chemical pesticides associated with endocrine-
disrupting activity in insects, [48]. The commercial forms of carbamates are
carbofuran, ziram, and aldicarb, responsible for reproductive disorders, effects on
mitochondrial function, and cellular metabolism in insects [54]. Aldicarb is a
potential oxime carbamate insecticide against early season nematodes and insects
to protect both nonfood crops and food crops [55]. Aldicarb is highly toxic which
has been categorized and labeled in the United States under “restricted use pesticide”
due to its high toxicity. The use of aldicarb has been reported to cause various food
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poisonings associated outbreaks [56]. The in vitro study conducted on hamster
ovarian cells have shown the genotoxic and cytotoxic effects of carbamates, whereas
effects on induction of necrosis and apoptosis in natural killer cells, apoptosis in T
lymphocytes are also reported [57, 58]. A study on carbaryl has reported the function
of carbaryl in dioxin toxicity by acting as a ligand for the hepatic aryl hydrocarbon
receptor (a transcription factor) [59]. The neurobehavioral effects of carbamates
[60], non-Hodgkin’s lymphoma and increased risk for dementia have been discussed
by researchers [61].

5.1.2.2 Pyrethroids

Pyrethroids are extensively used broad-spectrum insecticides that differentiates
among each other due to the presence of chiral carbon. The natural source of
pyrethroids is Chrysanthemum cinerariaefolium flower, the first synthetic pyre-
throids was formed in 1949 and named as allethrin [62, 63]. These can be classified
into two categories, category I pyrethroids (with cyclopropane carboxylic group) and
category II pyrethroids (with cyano group) [64]. The category II pyrethroids are
more effective against insects as compared to category I pyrethroids due to the
presence of cyano group, pyrethroids have been reported to account for minimum
four stereoisomeric forms assigned with different biological activities. These pyre-
throids are marketed either as single chemical isomer or a racemic mixture of
stereoisomers. The use of Piperonyl butoxide as synergist has been given in com-
mercial formulation of pyrethroids to inhibit the degradation of active compounds
metabolically [65].

The use of Deltamethrin to control the spread of malaria-spreading mosquitoes in
different countries has been reported. Pyrethroids target the chloride and sodium
channels in insects and are 2250 times comparatively more toxic to insect than
mammals [66]. The inhibition of gamma amino butyric acid (GABA) gated chloride
ion channel is reported due to high use of pyrethroids [62]. The application of
pyrethroids is mainly against insect pests of horticulture and agriculture, and house-
hold insects. The use of pyrethroids is comparatively safe but the extensive use of
these pesticides after a certain concentration has been considered hazardous to both
animal and humans [67]. The deleterious effects of pyrethroids on non-target species
such as aquatic animals have been well reported [68]. The toxicity biomarkers of
pyrethroid in fish are also reported [69]. The repeated use of pyrethroids in agricul-
ture can also affect human health and cause symptoms such as antiandrogenic
activity contaminated urine and low serum quality. A study has provided informa-
tion on the bioabsorption of pyrethroids by analyzing the urine sample of outdoor
workers in California [70]. In rats bifenthrin neurotoxicity was reported as mixed
type (category I/IT) [62], whereas in zebrafish neurotoxicity has been detected [71].
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5.1.2.3 The Effect of Pesticides on Gut Microbiota

Researchers have illustrated the crucial function performed by gut microbes in the
metabolism and removal of pesticidal residues in host. The enzymes produced by
GM have also reported to metabolize some pesticides. Biological conversion of
chlorpyrifos into 3,5,6-trichloro-2-pyridinol a more toxic form via GM has been
reported and consequently forming toxic effects on host health (Fig. 5.2). On the
other hand, L. lactis, Pseudomonas spp. (ATCC700113), E. coli, and L. fermentum
present in GIT, have been reported to use 3,5,6-trichloro-2-pyridinol as their sole
energy source [85, 86]. Thus, the prolonged exposure of pesticides can also affect the
count and function of GM and cause various immune and metabolic diseases
[87]. The use of PEM in agriculture, residential pest control, and public health
objectives and agriculture [88, 89] has reported the exposure of gut microbes to
PEM possibly by contaminated food [90]. Previous studies provided data on the
reduction of Bacteroides, Porphyromonas, and Prevotella sp., and increment in the
count of Lactobacillus and Enterobacteriaceae, after exposure of PEM for 4 months
[76]. Bacteroides species are capable of producing SCFAs to prevent inflammation
of gut [91]. Inhibition of Bifidobacterium and Lactobacillus paracasei, Staphylo-
coccus aureus, and Escherichia coli by PEM is reported in an in vitro study [76]. In
rats’ low dose postnatal exposure of PEM reduces the count of microbes, these
alterations can be considered as a significant factor determining the development of
diseases, so additional studies to find crucial evidences are required (Table 5.2).
PM is a universal fungicide utilized to prevent Oomycetes associated diseases in
roots, leaves, and soil [92]. Accumulation of PM residues at high concentrations in
fruits can affect humans [93]. The exposure of the PM can potentially disturb
metabolism by altering the composition of gut microbial metabolites. A study
reported the effect of exposure of 0.3 g¢ L™' PM for 28 days on gut microbiota.

4
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Fig. 5.2 Influences of various types of environmental contaminants on gut microbiota and their
consequent results
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Table 5.2 Impact of a variety of pesticides on gut microbiota

Pesticide

Classes

Model

Gut microbiota dysbiosis

References

Insecticides

Organophosphates

Mice

Unknown

[72]

Mice

Firmicutes |
Bacteroidetes |
Lactobacillaceae |
Bacteroidaceae |

[73]

Mice

Lachnospiraceae |

[74]

Organochlorines

Mice

Lactobacillus|

[75]

Permethrin (PEM)

Rat pups

Bacteroides |
Prevotella |
Enterobacteriaceael
Lactobacillus|

[76]

Neonicotinoids

D. melanogaster

Acetobacter |
Lactobacillus|

(771

Herbicides

Glyphosate

Green turtles
Apis mellifera

Pantoea)

Proteus|

Shigella|
Staphylococcus|

Species diversity plus
richness of gut microbiota
were changed

(78]
(791

Pentachlorophenol
(PCP)

Goldfish

Bacteroidetes |

[52, 80]

Fungicides

Carbendazim
(CBZ)

Mice

Bacteroidetes|
Firmicutes |
Proteobacteria |
Actinobacteria |

[52]

Imazalil (IMZ)

Mice
Zebrafish

Bifidobacterium]
Lactobacillus |
Deltaproteobacteria |
Desulfovibrio |
Proteobacteria|
Bacteroidetes |
Fusobacterial
Firmicutes |

(81]
(82]

Propamocarb (PM)

Mice

Oscillospira|
Parabacteroides |
Desulfovibrio |
Ruminococcus |
Bacteroides |
Dehalobacterium |
Butyricimonas |

(83]

Epoxiconazole

Rat

Firmicutes|
Bacteroidetes|
Proteobacterial
Lachnospiraceae’
Enterobacteriaceae

[84]
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The results showed changes in the composition of microbes and fecal metabolites
(20 different kinds of metabolites) such as SCFAs, bile acids, succinate, and
trimethylamine (TMA), that can deteriorate human health [83]. TMA production
after metabolism of dietary fiber was further metabolized to TMAO (involving the
oxidation of flavin mono-oxygenase 3 (FMO3) mediated by the foresaid X receptor).
The enhanced level of TMAO can further lead to atherosclerosis [94, 95]. The
compositional changes of the gut microbiome were observed after exposing rats to
small dosages of PM. Significant alterations in the metabolites of fecal matter and
energy metabolism were observed. An increase in the concentration of TMA in feces
associated with atherosclerosis was observed. Significant disturbances in the cardiac
NO/NOS pathway and improvement of the NF-kB transcriptional levels were also
reported. The long-term exposure of PM can induce disorders in enterohepatic
metabolism and potentially increase the risk of CVD [83].

5.1.2.4 Potential Roles of Probiotics and Gut Microbiota in Pesticides
Remediation

To prevent the damages caused by the exposure of pesticides several drugs and
therapies have been employed [96]. To suppress the negative impact of pesticides
more economically feasible practices are required. Effect of Lactobacilli on down-
stream cellular damage and oxidative stress induced by pesticides has been studied.
L. plantarum BJ0021 has shown reduction in MDA concentration and oxidative
stress level in liver and kidney, when exposed to endosulfan [97]. L. casei ATCC334
administration in rats exposed to carcinogen 1,2-dimethylhydrazine have shown
reduction in DNA damage [98]. The role of probiotics in maintaining the integrity
of intestinal barrier and reduced absorption of pesticides has been reported. The
positive effect of t L. plantarum MB452 on the expression of tight junction proteins
occludin, ZO-2, ZO-1, and cingulin in the Caco-2 intestinal cell-line was
reported [99].

Reduced absorption of parathion or CP in a Caco-2 transwell model after
administration of L. rhamnosus strain GG (LGG) and LGR-1 was studied
[100]. Recently, effects of Lactobacillus isolated from dairy products and wheat
on degradation of OCP enzymatically with phosphohydrolase was studied
[101]. Lactobacilli administration motivate host’s immunity and detoxification
mechanisms to prevent invasion of pesticides and pathogens. Stimulation of
phase-II detoxification system was observed in insects administered with L. casei
and physiological improvements in Caenorhabditis elegans in malathion stimulated
effects [101]. A positive effect on immunity, reduction in the count of pathogens
(Serratia marcescens) was observed after consumption of L. plantarum
ATCC14917 in fruit flies subjected to imidacloprid [77].
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5.1.3 Polycyclic Aromatic Hydrocarbons and Nitrated
Polycyclic Aromatic Hydrocarbons (PAHs &
Nitro-PAHs)

These are the groups of toxic organic compounds which have been made during by
the partial combustion of organic matter. USEPA (United States Environmental
Protection Agency) and EEA (European Environment Agency) have been declared
the PAHs as pre-dominant environmental pollutants [102]. In urban and metropol-
itan cities, the highest and major source of PAHs comes from the combustion of
fossil fuels [103]. For the development of industries and their higher energy demand
the assessment of coal and its residues should be done in eco-friendly manner
[104]. PAHs characterization is important and necessary by the management coal
and its combustion residues because their emission are very high and main sources
included processing of coal and by the partial combustion of organic substances
[105]. Polycyclic hydrocarbons comprise of fused aromatic ring compounds and
these are formed by the partial combustion of petroleum and fossil fuels. PAHs have
relationship to non-cancerous (neurobehavioral effects, adverse birth outcomes,
decreased fertility) and cancerous effects (lung, breast, and colon cancers)
[106]. 16 of these compounds are known as main pollutants because of their toxic,
mutagenic carcinogenic properties, 7 of them are potentially human
carcinogens [102].

Rapid industrialization progressively leads to the worsening and contamination of
ecosystem due to the environmental pollution and it will be reach to its higher
disturbing levels in the coming years. PAHs have been the major concern for public
due to their deleterious effects on health as PAHs are capable of inducing toxicity,
teratogenicity, and carcinogenicity [107]. Benzo[a]pyrene (BaP) has the highest
carcinogenic potential among all the various PAHs [108] and it is variously spread
in the ecosystem with potential toxicity, mutagenicity, and carcinogenicity
[109]. There are seven PAHs compounds which are human carcinogen: Benz[a]
anthracene, Benzo[a]pyrene, Benzo[k]fluoranthene, indeno(1,2,3-cd) pyrene, Benzo
[blfluoranthene, Dibenz[a,h]anthracene, and chrysene [110]. Through sewage
sludge PAHs may enter in agricultural soil and produce an environmental risk to
the organisms present in soil, as well, the crops grown in that soil and eaten by
humans may cause various kind of disease in humans [111]. Pharmaceuticals,
petrochemical, fertilizers, and other disinfectants generate organic and inorganic
compounds and mainly composed of PAHs [112].

Lung cancer is a disease mainly caused by smoking and so many other factors but
high exposure of PAHs also cause lung cancer and it is the highest mortality disease
in the USA [113]. PAHs have so many negative effects on environment and human
health which include organ system effect, carcinogenesis respiratory problems,
neurotoxic, and developmental effect [114]. Exposure of PAHs can directly affect
the liver and may be responsible for lung cancer and any other carcinogens
[115]. Childhood hospitalization in the developing countries is increased day by
day because PAHs in the air cause asthma in children [116]. PAHs are considered as
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the toxic, dangerous, and important pollutant [117], and it may cause the serious
health problems also affect the habitat of flora and fauna [118].

It is reported that due the excess emissions of polycyclic aromatic hydrocarbons
over 27,000 tons yeaFl have a direct effect on the environment of China [119]. Ulti-
mately, human health is affected due the uptake of PAHs contaminated water and
food, polluted air, and through direct skin contact. Furthermore, the serious risk level
of urban residents is higher than rural residents, which may be the result of
developed industries [120].

Nitro-PAHs are PAHs derivatives with minimum one nitro-functional group
linked with the aromatic benzene ring [121]. PAHs and nitro-PAHs release in the
environment in the same way or some nitro-PAHs often release after the transfor-
mation of PAHs. These compounds have been categorized as potential carcinogens
by International Agency for Research on Cancer [122]. Toxicological studies have
identified the nitro-PAHs as mutagens like 1,6-dinitropyrene, 3,9-
dinitrofluoranthene 3,6-dinitrobenzo[e]pyrene, 1,3-dinitropypene,
1,8-dinitropyrene, 1,3,6-trinitropyrene, and their toxic properties are much higher
than their related PAHs [121]. Nitro-PAHs adversely affect the DNA which include
DNA damage, adduction in DNA, changes in protein and gene level expression, aryl
hydrocarbon receptor activation, pro inflammation, alter cell cycles, and increased
levels of ROS [123].

5.1.3.1 The Effect of PAHs on Gut Microbiota

It is reported that the estrogenicity of 4-PAHs (phenanthrene, pyrene, Benzo[a]
pyrene, and naphthalene) before and after digestion by a typical human microbiota
in vitro [124]. The determination of risk assessments of cancer for environmental
PAH mixtures the U.S. Environmental Protection Agency (EPA) utilized Benzo[a]
pyrene as the reference compound. Recently, EPA changed the oral B[a]P cancer
risk slope factor from 1 to 7.3 mg kg~ day~' on the basis of daily contact of
270-750 ng (adults in the USA, non-smoking), would correspond to a 3.9 x 10 °—
1.1 x 1077 lifetime excess risk for developing cancer [125]. Naturally contaminated
food products and charcoal-grilled, roasted or smoked food may be the most
common route of B[a]P exposure in humans [126]. The literature studies and clinical
trials showed that the toxic B[a]P compounds can potentially cause adenomas by
targeting various organs of the human body, where the location of tumors was
identified by route of its exposure. Oral administration and inhalation of B[a]P
toxic compounds can cause cancers and tumors in lungs, liver, breast, and in
gastrointestinal tract. However, B[a]P contaminated air reached the GIT via
mucociliary clearance mechanism which subcequently enter and metabolized in
intestinal enterocytes and liver hepatocytes by cytochrome P450-dependent
monooxygenases and finally form diol-epoxide compounds which eventually
bound to DNA and initiated carcinogenesis [4].

For other factors involved in B[a]P toxicity, uridine diphosphate (UDP), gluta-
thione transferase (GNT), glucuronosyl transferase, methyl transferase, and epoxide
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hydrolase contribute to detoxification of PAHs which may be activated by prosta-
glandin synthase, lipoxygenase, or one-electron oxidation [127]. However, gut
microbiota of human and rat could regenerate from its hepatic conjugate by detox-
ification process [5].

Recently various studies have been showing interest on the influence of B[a]P in
gut microbiota. Administration of B[a]P in a dose-dependent manner showed alter-
ations in the volatile matter framework and transcriptome of beneficial microbes of
gut in an in vitro studies [4]. Another research showed that exposure to particulate
matter, a potential mechanism to alter the gut microbiota through GIT and also
explain the induced inflammation in GIT [128]. 7-hydroxybenzo[a]pyrene reported
as a B[a]P derivative and also literature studies showed that human gut microbiota
have ability to change B[a]P into estrogenic metabolites [4]. Gut remediation maybe
a promising method using probiotics to alteration the composition and metabolism
of the gut microbiota, upregulate B[a]P degradation, and downregulate B[a]P
regeneration [4].

A study showed that PAHs removal depends on the pH of media, species and type
of bacteria, and finally on the concentration of PAHs. Not only live but inactivated
form of strains may also remove PAHSs. Lactic acid bacteria (LABs) remove four
polycyclic aromatic hydrocarbons (PAHs) namely, benzo(a)pyrene (B[a]P), benz(a)
anthracene (B[a]A), chrysene (Chr) plus benzo(b), and Lactobacillus acidophilus
LA-5 fluoranthene (BbF) from contaminated phosphate buffer saline (PBS) with a
highest binding ability compare to Bifidobacterium lactis BB-12 which had the
lowest rate [129].

5.1.3.2 The Effect of Nitro-PAHs on Gut Microbiota

Nitro-PAH comes from direct contact of humans with animals by oral, inhalation,
ingestion and by dermal contact [130]. Oral ingestion is a significant route of human.
Nitro-PAHs have been identified in foods such as fruits, vegetables, meat, tea leaves,
plus in water (Table 5.3). It is reported in a study that the intake rate of 1-nitropyrene
is about 9.7 x 1077 mg kg~ ' day'. Laboratory toxicity test showed that there is
100% development of hepatocellular carcinomas in the rats after the oral adminis-
tration of 2-nitrofluorene in diet (at 2.37 mmol kg{l diet) to rats [121].

The main nitro-PAHs in the environment are 2-nitrofluorene (NF) that can be
used further as a model compound for nitro-PAHs. A study revealed the removal of
NF when it is incubated with human feces in an in vitro experiment [141]. The
reduction of NF to 2-aminofluorene has been reported in an in vivo study when NF is
given to conventional rats. The reduction process is carried out by the intestinal
bacteria, the formed compound was then further acetylated besides hydroxylated in
the liver. The metabolic process is quantitatively the most eminent process which
produce hydroxylated 2-acetylaminofluorene. The formation of hydroxylated
nitrofluorenes by alternative metabolic pathways can directly cause
mutagenicity [142].
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Table 5.3 Adverse effect and aids of nitrate (NO3) and nitrite (NO,) in drinking water plus food on
human health

Effects
Adverse effect List References
Chronic effect Gastrointestinal tract tumors [131]
(carcinogenic Non-Hodgkin’s lymphoma (NHL) [132]
Effect of NO; and Urinary tract tumors [133]
(NO, Brain tumors [134]
Pancreas tumors [135]
Acute toxicity Methaemoglobinaemia [136]
Mellitus diabetes [137]
Effect on the thyroid gland [136]
Positive effect Protective effects on the cardiovascular system [138]
Regulation of blood pressure plus maintain homeostasis of [139]
vessel
NO; and NO, are existing in breast milk so offer nutritional [140]
with immunological aids to infants, however the source of NO5
and NO, is unidentified in breast milk.
NO; and NO, as preservatives are used to stabilize the color, | [133]
fragrant, create, control food spoilage
NO; as a factor that inhabits the growth of other micro [139]
organisms

5.1.4 Nitrite

Nitrite (NO,) exist in various sources such as air, water, soil, and plants [143]. The
conversion of nitrate to nitrite endogenously accounts for about 80-85% of com-
posite systemic nitrite [144]. The overall consumption of nitrite by an individual is
1.2-3.0 mg per day [145] in which almost 93% is the converted form of nitrate
[146]. The intake of high nitrogen containing nutritional sources and oxidation of
NO inside the body are the other sources of nitrite in the body [147]. Nitrate is
naturally existing in plants and prevalent in root and leafy vegetables (86%) like beet
and lettuce, respectively. The prevalent sources of nitrite intake are vegetables
(16%), cereals and baked products (34%), cured meats (39%) [138]. The high
level of nitrate in drinking water is a major source. The main purpose of addition
of nitrate and nitrite salts in cured meats like hot dogs, ham, and bacon, is to enhance
the flavor, add color, and avert the avert spore-forming bacterium [133]. The nitrite
taken from exogenous sources can undergo complete absorption in the duodenum
and jejunum. Majority of the nitrite circulating systematically in the body
transformed to NO and considered as a stable reservoir of NO [148].

In mammals the endogenous sources of NO; are mainly derived from the
following: (1) oxidation of endogenous NO, (2) reduction of salivary nitrate reduc-
tion by commensals of the mouth and GI tract, (3) nutritional supplements like
vegetables, meat, and potable water [131, 149]. The standard concentration of nitrate
is highly regulated inside the body; however, the concentration can vary depending
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on the scavenging activity of NO by the various tissues (Fig. 5.3). In human plasma
the accepted standard concentration of nitrite is 150-600 nM [150] and it can
increase after consumption of nitrate rich products The enterosalivary circulation
(almost 25%) of nitrate and its reduction to nitrate by the commensals of oral
digestive system is the main route cause of increment of nitrate in the body [151].

Salivary glands are responsible for the reuse of dietary nitrate and sialin
which play a vital role in the concentration and active transportation of nitrate. In
salivary glands commensal oral bacteria converted nitrate into nitrite and later
absorption takes place in stomach and intestine. Around 25% of nitrate reabsorbed
by the salivary glands and rest of it excreted by the kidneys. Nitric oxide (NO™),
nitrite (NO, "), and nitrate (NO3; ™).

5.1.4.1 The Effect of Nitrite on Gut Microbiota

The bacteria of oral digestive system and the associated salivary gland plays an
eminent role in process of nitrate conversion (NO3;—NO,—NO) and its circulation.
The absorption of nitrate in the stomach and intestine depends on its bio-availability.
Almost 75% of it is excreted out in urine, whereas the rest nitrate content undergoes
reabsorption by the salivary and biliary glands in the kidneys [152, 153]. The
salivary glands account for the 25% of nitrate recycled under normal conditions
which is almost 10 times more than the concentration of plasma [154]. The study
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conducted on salivary glands in 2012, discovered a nitrate transporter sialin in the
membranes of mammalian cells. The discovery of sialin provides a framework to
explore the metabolic effects of nitrate on human body [155, 156]. The facultative
commensals of oral cavity situated in the posterior deep crypts of the tongue
transform almost 5-7% of dietary nitrate to [157]. Afterward the formed nitrite in
the stomach further transform to nitric oxide and systematically absorbed.

5.2 Conclusion

This chapter presents the various bidirectional interaction between environmental
contaminants and gastrointestinal tract microbiota. The xenobiotic and environmen-
tal pollutants like pesticides, heavy metals, and PAHs significantly cause harmful
effect on status of human and animal health. GI tract bacteria plays major role and
have broad-spectrum enzymatic capabilities in remediation of these environmental
pollutants. The metabolic activity of gut microbiota and contaminants-induced
toxicity both affects the host organs by tissue damaging and other dysbiosis diseases.
An unevenness of gut microbial community can lead to numerous diseases. Dietetic
supplementation along with probiotics is an encouraging complement for effica-
ciously lowering the destruction made by environmental pollutants and by
maintaining the gut microbiota of animals and humans. Further metagenomics
studies should be accomplished for understanding the relationship between the
composition of gut microbes and probiotics species under different nutrients and
diet conditions. Moreover, the development of new probiotics and mixture of
probiotics based on individual microbial composition would be an effective way
for future studies for overall human health status.
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Metabolized by the Host, but Would Be
Harmful to Humans (e.g., Causing Cancers,
etc.)

Marwa M. El-Dalatony, Mostafa El-Sheekh, and Xiangkai Li

6.1 Introduction

Environmental pollutants are gradually increased and the term xenobiotics are
commonly used in context of environmental pollution because they are synthetic
compounds produced from industries and agriculture [1]. Human body has number
of microorganisms commonly called as human microbiota [2, 3]. The diversity and
functioning of this community depend upon body size, shape, and different envi-
ronmental conditions (e.g., pH, oxygen, substrate availability, humidity, and tem-
perature) at different sites [3]. Site-specific microbiome which associate with skin,
respiratory tract, and gut are the first to encounter xenobiotics and mediate a pass to
internal organ system [4]. Besides, most interaction between human microbiota and
xenobiotics occurs in human gut [4, 5]. The anaerobic environment of the gut is well-
suited for a hydrolytic and reductive metabolism. And this will generate low
molecular weight non-polar products that can easily absorbed by host cells. In
comparison, the absorbed non-polar xenobiotics are metabolized and transported
in liver by a rich collection of conjugative enzymes and these hepatic metabolisms
may generate high molecular weight polar metabolites. The latter reach to the gut,
secreted via bile and in gut they can be re-metabolized by hydrolytic and reductive
enzymes [5, 6]. Hence, xenobiotics are metabolized by gut microbiota and can exert
an intense influence on the bioavailability and toxicity of xenobiotics entering in gut
from different routes.
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6.1.1 Probiotics and Gut Microbiota

Food and Agricultural Organization (FAO) of the United Nations and the World
Health Organization (WHO) states that probiotics are supplements of feed and have
so many benefits for human and affect the host by improving the microbial balance
with immune system. Nobel laureate Elie Metchnikoff in 1907 introduced the
concept of probiotics to the world of science. In his studies he reported that the
longevity and viability of Bulgarians and lactobacilli with consumption of
fermented milk products, which can be used as probiotics [7]. This study suggested
that some microorganisms are beneficial for human health. From that onwards,
probiotics had been widely consumed and marketed as functional food, Mechanisms
of proboscis include stimulation of epithelial cells, immunomodulation, include
manipulation of intestinal microbial communities, fortification of intestinal barriers,
and differentiation [8]. Mostly probiotics are developed these days made from
Bifidobacteria, Lactobacilli, and lactic acid bacteria, like streptococci and
Lactococci. Other probiotic strains include microbial strains like Bacillus,
Escherichia, and Propionibacterium and some yeast genera, mainly
Saccharomyces [9].

From birth to adulthood there are many factors that may influence the gut
microbiota which include diet during infancy that is the presence of antibiotics in
food, exposure of antibiotics, from environmental conditions and mode of delivery
[10]. The gut microbiota plays an essential role in shaping the intestinal mucus layer
[11], which helps us to digest fibers and synthesize amino-acids and vitamins
[12]. Such benifits help in immune system modulation, energy metabolism and
storage, neurodevelopment and even regulate growth & behavior [13]. There are
many diseases associated with the alteration of gut microbiota [14]. Gut microbiota
dysbiosis is the major cause of obesity [15]. Although, gut microbiota is very
sensitive toward the diet, drugs and environmental pollutants.

6.1.2 Classification of Probiotics

Most of the microorganisms can be used as probiotics [16]. Genus name (for
example, Lactobacillus) is the first name given to the bacterial strains based on
physical characteristics, metabolic needs, similarity of qualities and metabolic end
products. Species is the second name of bacteria like acidophilus, based on the
common characteristics and that will distinguish them from other species. Strain is
the much more specific classification of bacterium which divide members of same
species into subgroups and it is based on the properties that these bacteria have in
common and distinct it from other species (e.g., strain LAS5) [16, 17] (Table 6.1).
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Table 6.1 Commonly used probiotic bacteria [16, 17].

Lactobacillus spp.

Bifidobacterium spp.

Others

L. casei (rhamnosus) B. longum Escherichia coli

L. bulgaricus B. breve Saccharomyces cerevisiae
L. plantarum B. infantis Enterococcus faecalis

L. reuteri B. bifidum Bacillus cereus

L. acidophilus

B. adolescentis

Streptococcus thermophilus

6.1.2.1 Lactobacillus

It involves various Gram-positive facultative anoxic or microaerophilic bacteria.
These are the essential part of the lactic acid bacteria group (including Enterococcus,
Pediococcus, Lactobacillus, Lactococcus, Gonococcus, Streptococcus, and
Leuconostoc species) that can convert hexose sugars to lactic acid and produce an
acid in the environment which can inhibit the growth of harmful species [18]. In
humans, Lactobacilli are present in the GIT and vagina with Bifidobacterium which
is one of the first bacteria colonized the infant gut after delivery [19].

6.1.2.2 Bifidobacterium

Bifidobacterium includes Gram-positive non-motile anoxic bacteria. They are endo-
symbiotic inhabitants of the vagina and gastrointestinal tract of humans [20]. Strains
of the genus Bifidobacterium are also used as probiotics because they have resistance
mechanism to bile salt and many beneficial effects on other probiotic bacteria, which
are generated in the presence of biological fluid [21].

6.1.2.3 Saccharomyces

Saccharomyces contains several yeasts including: Saccharomyces cerevisiae used
for making bread plus beer, Saccharomyces bayanus which is used for making wine,
and Saccharomyces boulardii used in medicine as a probiotic [22].

6.1.2.4 Bacillus

Bacillus sp. are Gram positive, aerobes or facultative aerobes capable of spore
formation. Various species of Bacillus have been reported to have potential such
as B. subtilis, B. cereus, and B. coagulans [23]. The use of B. coagulans as a
therapeutic like other probiotics strains such as lactobacillus and Bifidobacterium
sp. has been reported, whereas presence of B. coagulans in the composition of
normal gut microbes has not been reported [24].
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6.1.2.5 Escherichia

Escherichia sp. comprises of Gram-negative bacteria belonging to
Enterobacteriaceae family, mostly reported with virulent serotypes (E. coli O157:
H7). Escherichia coli is commonly found in lower intestine as a normal microbe of
gut microflora with a known probiotic strain: Escherichia coli Nissle 1917 (EcN). A
study revealed the effect of Escherichia coli Nissle 1917 amalgamated with other
probiotics strains on the treatment of constipation [25]. The effects of this strain on
gastrointestinal disorder, Crohn’s disease [26], ulcerative colitis, IBD, and colon
cancer have been studied [27].

6.1.2.6 Streptococcus and Enterococcus

Streptococcus and Enterococcus genera belong to the category of lactic acid pro-
ducing bacteria and are reported to have various species that can cause heath
implications such as Streptococcus pneumoniae, Streptococcus pyogenes, and
vancomycin-resistant Enterococcus faecium [28]. Some species of Enterococcus
like Enterococcus faecium PC4.1 show commensal relationship with skin, mouth,
and intestine [29]. The potential probiotic strains are Streptococcus thermophilus,
Enterococcus durans, and Lactobacillus delbrueckii subsp. bulgaricus [30, 31]. The
use of Enterococcus faecium as probiotics has a long history, and proved
its effectivness against antibiotic-associated diarrhea [32], the opportunistic strains
of the genus serve as a reservoir of virulence and antibiotic resistance in animal study
models (animal study). The use of opportunistic strains of these genera is not
categorized under (GRAS) for humans consumption, but can be used as probiotics
for animals [33, 34].

6.1.2.7 Lactococcus

Lactococcus genus consists of Gram-positive, lactic acid producing bacteria used to
produce fermented products in the dairy industry. The acidification property of these
bacteria is helpful in preventing the spoilage of milk by inhibiting the growth of
spoilage microorganisms. The other properties of some species like Lactococcus
lactis subsp. lactis as a probiotic of niacin production and adhesion to vaginal
epithelial cells have been studied. A study on the use of Lactococcus lactis subsp.
lactis CV56 in combination with other probiotics to treat antibiotic-associated
diarrhea has been given [35-37].
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6.2 Function Mechanism of Probiotics

6.2.1 Gut Barrier Function

The gut barrier defense system consists of the secretory IgA, antimicrobial peptides,
mucous layer, and the epithelial junctional adhesion complex [38]. The location of
epithelial cells in the center stage of the barrier effect has been reported, these cells
receive molecular signals from the lumen of gut and exchange them with the
underlying cells of immune system. These cells can communicate with the whole
organism by the circulation of signaling molecules. Gut barrier defense plays an
eminent function in the pathogenesis of various diseases associated with the GI tract
like irritable bowel syndrome (IBS), inflammatory bowel disease (IBD), infectious
enterocolitis plus coeliac disease [39].

Studies conducted on the use of L. rhamnosus GG (LGG) and probiotic mix
VSL#3 on mice and Caco-2 intestinal cells have shown the influence of the strain on
epithelial cells of intestine to maintain the coherence of the epithelial barrier. The
persistence of LGG in the GI tract was connected with its in vivo expression of pili
containing a mucus-binding domain [40]. An in vitro study on LGG and its soluble
factors (p75 and p40) has revealed the prevention of apoptosis in epithelial cells by
activating anti-apoptotic Akt and suppressing NF-kB. In addition, an increase in the
secretion of mucin by epithelial cells was observed [41].

The effect of L. plantarum, L. casei, L. rhamnosus, and L. acidophilus, on the
stimulation of distinct pathways of gene-regulatory networks in the human mucosa
has been reported. These regulations involve upregulation of an activator of NF-kB
signaling cascade known as IL-1b, involved in the transcription of genes responsible
for the maturation of B-cell and lymphogenesis, thus supporting the barrier
function [42].

The effect of Lactobacillus, Bifidobacterium, and Streptococcus as probiotics on
post-infectious irritable bowel syndrome (PI-IBS) caused by Trichinella spiralis
showed positive results in a mouse model. Bifidobacterium or Lactobacillus treat-
ment on PI-IBS mice showed reduction in the abdominal contractile response and
withdrawal reflex score, D-lactate level, and reduced plasma diamine oxidase (DAO)
concentration. The suppression of proinflammatory cytokine IL-17 and IL-6 has
been reported after probiotic administration and enhancement in the expression of
occludin and claudin proteins of tight junction of cells [43].

6.2.2 Production of Inhibitory Compounds by Probiotics

The antibacterial property of probiotics against Gram-negative and Gram-positive
bacterial pathogens involves the production of various antibacterial substances.
These substances include production of organic acids, bacteriocins, diacetyl, etha-
nol, hydrogen peroxide, and carbon dioxide [44, 45]. The mechanisms of action of
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bacteriocins to inhibit the growth of pathogens include the pore formation in the cell
walls of targeted cells and inhibition of synthesis of cell wall. Nisin an antimicrobial
compound associated with the formation of a complexes with the precursors of cell
wall and lipid II, to inhibit the synthesis of cell walls, and also prevent pore
formation in the membranes by removing complex aggregates and incorporates
peptides. Bacteriocin production potential offers various advantages to the strains
in complex microbial environments as they have antimicrobial properties and can
inhibit the pathogens of GI tract [46, 47].

Lactobacillus acidophilus can produce various antimicrobial compounds such as
acidolin. acidophillin, and lactocidin and Lactobacillus planatarum can produce
another antimicrobial compound “lactolin” [48]. The effect of bacteriocin producing
Lactobacillus salivarius UCC118 strain on Listeria monocytogenes infected mice
have shown protective results. The effect of bacteriocin Abpl118 on stimulating
antimicrobial response was confirmed by this study, where Lb. salivarius showed
antagonistic relationship with the pathogen [49]. The inhibition of Helicobacter
pylori, E. coli, Listeria monocytogenes, Rotavirus, and Salmonella by Lactobacilli
and bifidobacteria have been reported [50].

Several strains of Bifidobacterium (B. bifidum NCFB 1454) have shown the
production of a unique bacteriocin (bifidocin B), effective against Gram-positive
bacteria. A high inhibition rate of E. coli C1845 and Salmonella enterica ser.
Typhimurium SL1344 by two Bifidobacterium strains has been studied [50]. Inhibi-
tion of Yersinia enterocolitica an entero pathogen by twenty strains of Lactobacillus
has been reported in addition with the inhibition of Listeria monocytogenes by
Lactobacillus plantarum C4 and Salmonella enterica serovar Typhimurium by
Lactobacillus casei. The main mechanism of inhibition involves the elevation of
pH mainly from dextrose fermentation by Lactobacillus [51] (Table 6.2).

6.2.3 Adhesion Mechanism of Probiotics

Attachment to intestinal mucosa, an important characteristic for probiotics, is
required for its colonization in intestine along with antagonism towards pathogens
and variation of immune system. Various Lactobacillus proteins accompanied by
saccharide moieties and lipoteichoic acids can improve the adhesion to mucous and
bacterial surface adhesions that facilitate adhesion to the mucous layer [50, 65]. Bac-
terial adhesins, mucus-binding protein (MUB), from Lactobacillus reuteri are
reported [66]. Probiotics, such as L. plantarum, can prevent the attachment of
enteropathogenic E. coli by induction of MUC2 and MUC3 mucins. Therefore,
protection against pathogens is provided by glycocalyx overlying and increased
mucous layers. Moreover, due to the attachment of probiotic organisms gut epithelial
surfaces, the adhesion sites are blocked for pathogen colonization [67]. Upon the
ingestion of lactobacilli, it competes for the binding sites due to which few sites are
available for pathogenic bacteria. Attachment is facilitated by Mannose specific
adhesion proteins, that also attaches to cell surface and are important for pathogens
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Table 6.2 Example of different inhibitory compounds produced by probiotic strains [51].

Compound

Example

Strain

Spectrum

References

Bacteriocins

Pediocin
PA-1

Ped. acidilactici

Broad spectrum: Gram-
positive bacteria

[52]

Nisin

Lc. lactis subsp. lactis

Broad spectrum: Gram-
positive bacteria without
nisinase

[53]

Enterocin
AS48

Ent. Faecalis

Gram-positive bacteria,
Salmonella enterica,
Bacillus subtilis, E. coli,
B. cereus, B. circulans,
Enterococcus faecalis,

C. bovis, Micrococcus
lysodeikticus, S. aureus,
Ent. faecium,
Enterobacter cloacae,
Klebsiella pneumoniae,
Salmonella typhimurium,
Pseudomonas fluorescens,
P. aeruginosa, Coryne-
bacterium glutamicum,
Nocardia corallina,
Mycobacterium phlei,
Micrococcus luteus, Pro-
teus incontans, shigella
sonnei.

[54, 55]

Enterolysin
A

Ent. Faecalis

Lb. sakei, Lb. brevis,

Lb. curvatus, Lc. cremoris,
Lb. lactis, Ped.
pentosaceus, Ped.
acidilactici, Ent. faecium,
Ent. faecalis, L. innocua,
L. ivanovii, Bacillus
subtilis, B. cereus,

S. carnosus,
Propionibacterium
Jjensenii

[56]

Bacteriocin-
like inhibi-
tory sub-
stance
(BLIS)

Lc. lactis subsp. lactis
CECT-4434

Staphylococcus aureus

(571

Ped. acidilactici Kp10

L. monocytogenes

(58]

Leuc. mesenteroides
406

L. monocytogenes

[59]

Antibiotic

Reuterin

Lb. reuteri DSM
20016

Gram-positive (Clostrid-
ium and Staphylococcus)
and Gram-negative
(Escherichia, Salmonella,
Shigella) bacteria, against
the yeast, Saccharomyces
cerevisiae, and against the

[60]

(continued)
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Compound | Example Strain Spectrum References
protozoan, Trypanosoma
cruzi
Reutericyclin | Lb. reuteri Gram-positive bacteria [61, 62]
(Lactobacillus, Bacillus,
Enterococcus, Staphylo-
coccus, and Listeria)
Organic Lactic acid, LAB Broad spectrum: Bacteria | [63]
acids Acetic acid affected by pH
Hydrogen Ped. acidilacti, Leuc. | Broad spectrum: Catalase | [63]
peroxide mesenteroides, negative bacteria
Lb. brevis,
Lb. plantarum,
Lb. casei
Others Ethanol Bifidobacterium Broad spectrum: Bacteria | [64]
longum affected by membrane
Ent. Faecalis, Dissociations
Lb. acidophilus,
Lb. fermentum,
Lb. plantarum,
Weissella confuse
Diacetyl Lb. plantarum, E. coli, Listeria, Yersinia, |[62]
Lb. helveticus, Salmonella, Aeromanas
Lb. bulgaricus, Ent.
Faecalis, Leuc.
mesenteroides
CO, Heterofermentative Broad spectrum: Aerobic | [62]
LAB bacteria

binding in gut, facilitates the attachment of L. plantarum Lp6 onto rat mucus
preventing pathogen colonization [68]. Acid resistant strains from Bifidobacterium
longum and B. catenulatum are reported to have effective attachment properties to
human intestinal mucus in comparison to acid-sensitive [69]. In Bifidobacteria, acid
resistance improves functionality through enhancing stability plus improving surface
properties.

Combination of probiotics with VSL#3 improves the mucins synthesis and
facilitate expression of mucin gene, therefore, enhancing the bacterial attachment
to the epithelium of intestine [70]. Keratinocyte cell death, due to Staphylococcus
aureus, in undifferentiated and differentiated keratinocytes is reduced by potential
probiotics, Lactobacillus reuteri ATCC 55730 and Lactobacillus rhamnosus
AC413. Probiotic efficiency was higher for Keratinocyte survival when they were
applied before or simultaneously with S. aureus infection. S. aureus needs a5p1
integrin for attachment to keratinocytes, protective effect like probiotic was observed
by blocking of a5f1 integrin. The competition for the binding site between patho-
gens and L. reuteri might be the protection mechanism for keratinocytes. Therefore,



6 Environmental Pollutants that Can Be Metabolized by the Host, but Would. . . 177

inhibition of S. aureus colonization and infection prevention can be achieved by
application of topical probiotic prophylactically [71].

6.3 Probiotics and Nutrients Competition

One of the mechanisms for inhibiting pathogens form colonization in human gut
might be the nutrient competition. There are two different ways for such competi-
tion; firstly, preventing the nutrient and energy source uptake by pathogen which is
required for growth and proliferation in human gut. Secondly, production of metab-
olites like short chain fatty acids (SCFAs) and organic acids through fermentation
and metabolism which lowers the gut pH making it unfavorable for most of the
pathogens, e.g. E. coli and Salmonella [50]. Bifidobacterium adolescentis S2-1
prevents the growth of Porphyromonas gingivalis by outcompeting it for vitamin
K and other growth factors [72]. After the exposure to probiotic (Lactobacillus
paracasei or Lactobacillus rhamnosus), changes in pathways such as short chain
fatty acids (SCFA), amino acid, and methylamines metabolism were observed in
mice (germ free) colonized with microbiota of human baby [73].

Probiotics, for example, L. delbrueckii and L. acidophilus, prevent the availability
of ferric hydroxide to pathogens by binding them to its cell surface [74]. Probiotic
strains and exert inhibitory effects on Biofilm formation of pathogenic Listeria
monocytogenes and Salmonella typhimurium are inhibited by L. rhamnosus and
L. paracasei probiotic through different mechanisms including competition, dis-
placement, and exclusion. A decrease of more than three log cycles biofilm cells was
observed for L. monocytogenes [75].

6.4 Probiotics and Immune System

Immune system is affected by various reported pathways due to potential application
of probiotics [76, 77]. Stimulating specific and nonspecific immunity is one of the
possible mechanisms through which probiotics helps to prevent the intestinal disease
in host. LAB products have immunomodulatory action through Toll like Receptors
(TLRs) expression regulation, inflammatory responses inhibition, Dendritic cells
(DCs) activation, and Natural Killer (NK) cells, among innate immunity; lympho-
cytes propagation, balancing the response of T-helper (Th1/Th2) cells, specific IgA
secretion, in further ways [78]. Bacillus subtilis B10 and Saccharomyces boulardii
targets specific TLRs and associated factors, hence, having a major role in control-
ling immunological functions of chicken bone marrow DCs. Probiotics get attached
to surface of DCs. Upregulation in expression level of MHC-II, CD40, CDS80, and
CD86 genes was observed. Additionally, the expression of TLR1, TLR2, TLR4, and
TLR15 (chicken specific) was enhanced and increased in levels of downstream
related factors TRAF6, MyD88, NFk- B mRNA, and TAB1was observed [79].
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Accumulation and growth of healthy microorganisms in gut result in maturation
of the several immune mechanisms, especially, for the IgA and IgM secreting cells
circulation. After preparing, Memory B besides T cells move towards the effector
sites, actively proliferate, then local stimulation of various cytokines and secretory
IgA generation. Probiotic stimulates the IgA production upon entering the gut.
Studies in mice (kept germ free) evidenced the IgA production in immune system
[80]. Several studies suggested that improvement of innate and adaptive immunity
along with alleviate allergies, prevention of gastric mucosal lesion development, and
put up defense against intestinal pathogen infection was observed due to lactic acid
bacteria (LAB) such as Bifidobacterium and Lactobacillus and also due to their
fermented products [78].

Feeding to 1.4 years old rats resulted in enhanced immunosenescence associated
Th1/Th2 imbalance, higher resistance to E. coli infection of aged mice, and
increased antioxidant capacity were observed as a result of feeding Lactobacillus
rhamnosus to mice (16 months old). Increase in levels of IFN-y and decrease in
levels of IL-4 and IL-10 production, increase in phagocytosis and neutrophil respi-
ratory burst enzymes with no aggravation in plasma levels of MCP-1 and TNF-a was
observed in the mice feed with probiotic. IgE levels and IgG1/IgG2a ratio decreased
along with increase in activities of antioxidant enzymes were found in the probiotic
fed mice, E. coli translocation to the organs of the mice were also reduced
significantly [81].

6.4.1 Degradation of Toxins Receptors through Probiotics

Enzymatic modification of toxin receptor is done by probiotics; host is protected
from intestinal disease of Clostridium difficile due to modification in toxin receptor
in intestinal mucosa by Saccharomyces boulardii. Various other reported mecha-
nisms are decreasing toxin production, lowering gut pH and decrease of virulence
[50]. Probiotics could change receptors for toxins as well as prevent against pathol-
ogy caused by toxins. Saccharomyces boulardii have the ability to degrade toxin
receptors for Clostridium difficile in ileum of rabbit and by polyamines production, it
can prevent cholera-prompted secretion in jejunum of rat. Impact of a multi-strain
probiotic plus synbiotic formulation (Lactobacillus paracasei F8, L. plantarum F44,
Bifidobacterium lactis 8:8, B. breve 46, resistant starch, isomaltooligosaccharides,
and galacto-oligosaccharides) was studied in Clostridium difficile NAP1/027
infected C57BL/6 mice. Upon the formulation feeding, lactobacilli and
bifidobacteria counts increased without detecting any caecal toxins. C. difficile
DNA copies were found in significantly decreased after the qPCR of caecal [82].
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6.4.2 Probiotics Roles in Anti-Proliferative

Due to the reduction in putrefactive bacteria including Bacteroides, Clostridium, and
coliforms species and increase in lactobacilli and bifidobacteria that facilitate in
reducing risk for colorectal cancer, probiotics are supposed to have anti-cancer
activity. Probiotic, Lactobacillus salivarius ssp. Salivarius, reduced prevalence of
adenocarcinoma in colon of IL-10 knockout rats [83]. Probiotic, Streptococcus
thermophilus strain TH-4 have an anti-inflammatory activity along with the ability
of high folate production which is important in epithelial cells for DNA repair
[84, 85].

6.5 Gut Microbiota Modulation

Human gut microbes always have been immersed in the regulation of various
biological functions, varying from cognitive processes and energy regulation to
improving host immunity against harmful microorganisms and also neutralization
of toxins. The potential application of probiotics and prebiotics always involves in
the maintaining of host ideal gut health, treating/preventing host recurring inflam-
matory, and immune system linked diseases [86]. Probiotics have a wide range of
application in prevention and treatment of several diseases which are induced or
associated with the dysbiosis of gut microbiota such as acute infectious diarrhea and
antibiotic-associated diarrhea, and also other GI tract diseases like colic’s or irritable
bowel syndrome. At the time of treatment the gut microbial community makeup
stays more steady and that it positively relates with recovery of disease
symptoms [87].

6.6 Probiotics and Health

Probiotics enhance the nutritive and microbial balance of host gastrointestinal tract.
Probiotics work as a carrier that transport their beneficial functional components to
different target locations in the gastrointestinal tract. Ingestion of live probiotic
strains has more effective results which varies from strain to strain [88]. Whereas,
it is not always essential to accomplish profits [89].
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6.6.1 Probiotics Role in the Treatment of Gastrointestinal
Disorders

6.6.1.1 Antibiotic-Associated Diarrhea (AAD)

A systemic review study on treating of antibiotic-associated diarrhea (AAD) by
usage of probiotics in aged patients (more than 65 years) and in adults (18 to
64 years) evaluated 30 random managed tests that fit in the previously developed
inclusion measures. The clinical studies proposed that probiotic act as an adjuvant
for antibodies which lower down the chances of antibiotic-associated diarrhea
(AAD) in adults, but not in aged persons [90]. PROSPERO study proved that a
number of probiotic strains such as S.boulardii and lactobacillus rhamnosus GG
have involved in the prevention of antibiotic-associated diarrhea but other strains
such as Lactobacillus bulgaricus, L. delbrueckii, and S.salivarius are not capable of
preventing ADD [91-93].

6.6.1.2 TIrritable Bowel Syndrome (IBS)

Several physiological, epidemiological, and clinical studied data have indicated that
gut microbiota involves in the pathogenesis of irritable bowel syndrome, however,
IBS pathophysiology still undiscovered [94, 95].

A functional study showed that altering the host gut microbes in conjugation with
probiotics can influence some host intestinal functions, like sensitivity and motility,
which seems to be related to the irritable bowel syndrome pathogenesis I [96]. A
clinical experiment showed that the group of patients (35,624) that have intake of B.
infantis significantly improved their disease symptoms in comparison to placebo.
Moreover, the serum IL-10/IL12 ratio normalized, indicating that probiotic can helps
in remission of proinflammatory state associated with irritable bowel syndrome
[97, 98]. In addition, L. plantarum is better than placebo in remission of few
symptoms in IBS patients. Specifically, the DSM 9843 strain radically decreased
flatulence, and the 299 V and LPO1 strains appreciably lowered the intestinal pain
[99-101].

6.6.1.3 Ulcerative Colitis

A clinical experiment showed that the mesalamine treatment with strain Lactobacil-
lus GG might be more efficient than standard treatment for preventing the relapsing
time of disease [102]. E. coli strain Nissle 1917 showed similar effective results as of
5-aminosalicyclates in averting the relapsing of ulcerative colitis in adults [103].
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6.6.1.4 Crohn’s Disease

Clinical experiments performed with E-coli strain Nissle 1917 and with distinct
strains of Lactobacillus had not shown any higher effect than placebo in averting the
occurrence of Crohn’s disease [104, 105]. A studied proved that daily intake of 3 g
mesalamine alone was less effective than 2 g daily intake of mesalamine along with
S. boulardii in lowering the relapsing of Crohn’s disease in patients. But later on a
clinical study did not verify these results [106, 107].

6.6.1.5 Pouchitis

Pouchitis is an inflammatory condition of the ileal reservoir in patients with acute
and chronic refractory ulcerative colitis experienced restorative proctocolectomy
with ileal pouchanal anastomosis (IPAA) [108]. Several clinical trials with
probiotics have been conducted that have shown their safety and effectiveness in
sustaining the reduction of pouch inflammation, also antibiotic treatment attained
subsequent, like S-aminosalicyclic acid also helps in relapsing of chronic pouchitis
and prevention of acute pouchitis [109, 110]. A systematic review from the
Cochrane Collaboration showed that VSL#3 was very efficient in sustaining the
reduction of chronic pouchitis and also in averting the onset of pouchitis than
placebo [111].

6.6.2 Probiotics for Depression and Anxiety

Depression and anxiety are two most common human mental health conditions, with
lifetime prevalence rates worldwide. Gut and brain interact with each other through a
particular pathway called gut-brain axis pathway that includes immune, endocrine,
and neural systems. Administration of probiotic mixture containing Bifidobacterium
longum BLO4, L. plantrum LP, Lactobacillus fermentum LF16, and L. rhamnosus
LRO6 was given to examine the effect of probiotics on depression and anxiety was
reported. The study did not provide any positive effect on sleep quality and depres-
sive mood state [112]. Thus more significant clinical trials are needed to explore the
effect of probiotics on depression and anxiety.

6.6.3 Human Gut Microbial Community

Human gut microbiota is the microorganisms that live in the human gut. It is
complex community of microbes—estimated to contain 200 trillion cells and
containing greater than 1000 diverse microbial species Fig. 6.1. Human gut
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Stomach
Duodenum 10'-10° cfu/mL

10'-10° cfu/mL

Jejunum/ileum
Colon 10-107 cfu/mL

10"-1022 ¢fu/mL

Fig. 6.1 Microbial density in the gut [114]

microbiota is composed of a wide range of bacteria, fungi, archaea, and viruses
[113]. Gut microbiota—biome of microorganisms that live in the digestive tract of
human beings whether on the intestinal mucosal surface or within the gut lumen.

Individual has their own stable fecal microbiota for lifetime and harbors different
characteristic pattern of gut microbial flora. Around 90% of human gut microbiota
are made up of Bacteroidetes and Firmicutes.

6.6.3.1 Function of Gut Microbiota

Intact microbiome is essential for the development of the GIT in many ways
including—immune tolerance, the mucosa associated immune system, motility and
vascularity, epithelial and barrier function. The microbiota which exhibiting com-
mensalism in host provide homeostatic functions like immunomodulation, pathogen
exclusion, upregulation of cytoprotective genes, regulation prevention of apoptosis,
and maintenance of barrier function.

6.6.3.2 Metabolic Functions

N-digestible dietary residue fermentation e.g. cellulose, starch by aerobic bacteria,
and short chain fatty acids (SCFAs), are the source for energy of both host and
resident bacteria Gut Bacteroides involves in the breakdown of complex N-glycan
with the help of enzymatic apparatus which is encoded by multiple co-regulated
genetic loci [115]. Putrefaction of exogenous and endogenous protein (like sloughed
epithelium and lysed bacteria) has been done by anaerobic bacteria, SCFAs as well
as toxic substances like ammonia and amines [116].



6 Environmental Pollutants that Can Be Metabolized by the Host, but Would. . . 183

6.6.3.3 Trophic Functions

Short chain fatty acids induce the differentiation and proliferation of epithelial cell.
Moreover, butyrate promotes cells reversion from neoplastic to non-neoplastic
phenotype (Fig. 6.2).

6.7 Development and Homeostasis of Immune System

Specialized epithelial cells (M cells), sample luminal antigens as well as the micro-
flora transport them to the lymphoid follicles to develop tolerating anti-inflammatory
response (Th2 response) through the production of IL 10 and TGFB. Due to the
pertinacious interactions between the host and its bacteria the immunity of host
constantly changed. Host microorganisms try to change the immune response by
changing its surface antigenicity, so that organism can avoid detection by
immunosurveillance and maintain predominance of ecological niche in intestinal
tract. Bacteria commensalism have play an essential role in sustaining the intestinal
epithelial homeostasis and these gut bacteria are recognized under normal steady-
state conditions by TLRs. TLRs activation through commensal microflora is impor-
tant for protection from gut injury and associated mortality [118].

Complex polysaccharides ( starches and fiber)

l Gut
microbiota

Short chain fatty acids (SCFA) |

Transport across colonic
epithelium (SLC5A8)

Bloodstream
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Fig. 6.2 Microbiota derived SCFAs and atherosclerosis [117]
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Animal’s colonization with major gut microbes, Bacteroides fragilis, physical and
cellular maturation during immune system development is directed by a bacterial
polysaccharide (PSA). During the colonization of B. fragilis, main activities of PSA
are directing lymphoid organogenesis, correcting systemic T cell deficiencies and T
(H)1/T(H)2 imbalances [119]. Communication between the host immune system
and symbiotic microbiota facilitate by the bacterial metabolites and also affecting the
balance between pro- and anti-inflammatory mechanisms [120]. Short chain fatty
acids (SCFA), microbial metabolites regulate colonic Treg cell homeostasis [121].

6.7.1 Protective Function (Barrier Effect)

In barrier protective function microorganisms compete and attach to the brush border
of host intestinal epithelial layer. Beneficial microorganisms compete for accessible
nutrients and secrete antimicrobial (bacteriocins) [122].

6.7.2 Colonization Mechanism

Inflammation host responses change in microbiota composition and growth suppres-
sion induced by Salmonella enterica subspecies 1 serovar Typhimurium (S. Tm).
Avirulent invGsseD mutant failed to trigger the colitis which was surpass by the gut
microbiota in compare to wild type S. Tm. Inflammation can cause colonization
resistance. Host immune defense system can alter the equilibrium between the
pathogen and defensive microbiota in favor of the harmful microorganism [123].

6.7.3 Function of Uncultured Bacteria

The human gut microbial composition is associated with diseases and health of the
host environment, but the awareness of different host microbial community is still
needed for identifying the vast biological roles of the gut microbiota. The whole
composition of human gut microbiota remains unknown. A study reported the
identification of 1952 uncultured candidate bacterial species from 11,850 human
gut microbiomes via reconstructing 92,143 metagenome-assembled genomes
(Fig. 6.3). The identification of these species can help in understanding the interac-
tion between probiotics and their beneficial effects [124].
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6.8 The Gut Microbiota and Cancers

Colorectal cancer increases in human beings having age less than 50 years and it is
related with human diet factors and daily eating habits which eventually affect the
gut microbiota and CRC is the third most widespread cancer worldwide. In vitro
experiments proliferation of CRC cells promoted by F. nucleatum. in mice, it is
derived from the patient cells by CRC xenografts. Enterotoxigenic Bacteroides
fragilis is the most long-studied human bacterial pathogen which causes diarrhea
and inflammation in gastrointestinal tract of human beings. Enterotoxigenic
Bacteroides fragilis (ETBF) increases colorectal cancer formation in mice. Cur-
rently, it was found in precancerous colonic lesions and biofilms coating human
CRCs called adenomas (Fig. 6.4). Escherichia coli improve tumorigenesis in pre-
clinical CRC experimental models by expressing the genomic island polyketide
synthase (pks+) and are enriched in human colorectal cancer (CRC) tissues.
Pks + E. coli secrete the genotoxin colibactin which caused alkylation in DNA,
resulting in DNA adducts in colonic epithelial cells [126].

6.9 Gut Microbiota and Malabsorption Syndrome

Malabsorption syndrome is not exceptional, and it refers to the number of intestinal
disorders which mimic the functional GI tract disorders. It is mainly due to the poor
absorption of dietary carbohydrates, like fructose, lactose, etc. Occurrence and
degree of malabsorption due to dietary lactose are widely diverse in the world
with distinct population but most common in Asia than in America and Europe
[127]. Number of host factors involves in the development of malabsorption such as
degree of visceral hypersensitivity, host functional issues, cognitive dysfunction,
colonic transit, host gut microbiota and also on the subtypes of microorganisms;
bacteria such as Methanobrevibacter smithii effects on the intestinal transit due
constipation and excess production of methane, however, hydrogen sulfide (H,S)
consider as a diarrhea biomarker [128].

6.10 Gut Microbiota and IBD

Irritable bowel disease related with the metabolic and compositional changes in the
host intestinal microbiota. A study showed the effect on different microbial species
of IBD suffering host, comprising decrease in Dialister invisus, Bifidobacterium
adolescentis, Faecalibacterium prausnitzii and an increase in Ruminococcus gnavus
and an unidentified member of Clostridium cluster XIVa [129]. A study revealed the
wide range of data report about the host and microbial responses in 132 IBD patients,
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showing the host immune factors, molecular functional profile, and gut microbiome
in relation of metabolome [130].

6.11 Gut Microbiota and FBD

Functional bowel disorders are known as “irritable bowel syndrome” and they are
very similar to the number of GI tract diseases without any clear pathogenesis. A
profound sequencing of the microbiome (150-times fold as related to the human
genome and bacterial genes regulating functions) has supported that the irritable
bowel syndrome gut microbes are aberrant in count and has diverse number of
bacterial families [113, 131]. This report presented that the Firmicutes and
Bacteroides ratio might act as an indicator of microbial imbalance in irritable
bowel syndrome [132].

6.12 Gut Microbiota and CDI

Clostridium difficile is a potential pathogen associated mostly with diarrhea caused
by the frequent intake of antibiotics. The infections caused by C. difficile possess
major health issues and are known as Clostridium difficile infections (CDI). The role
of gut microbes in pathogenesis of CDI grabs the attention of researchers [133]. The
patients suffering from reoccurring CDI have shown alterations in gut microbial
composition, also associated with frequent intake of antibiotics. A study conducted
on CDI patients who have undergone fecal microbiota transplantation (FMT),
reduction in Firmicutes and Bacteroidetes population, and increment in
Proteobacteria was observed in pre-FMT fecal samples [134]. Another study on
CDI patients showed decrease in lactate producing phylotypes and opportunistic
pathogens associated with endotoxin production (Fig. 6.5). An increment in the
butyrate-producing anaerobic bacteria was also reported when compared to healthy
control groups [135].

6.13 Gut Microbiota and Health

The microbes of human gut can affect the physiology of host in various dimensions
and their interaction built a beneficial relationship for both host and gut microbes.
Mutually beneficial bacteria help in providing vital nutrients, metabolize the com-
plex compounds, produce inhibitory compounds against pathogens, and help in the
formation of intestinal architecture [137] (Table 6.3).
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6.13.1 Immune Regulation

Gut microbes can stimulate the normal development of host humoral and cellular
mucosal immunity. Hematopoietic and non-hematopoietic cells of innate immunity
can recognized the metabolites and signals of microbes and converted into physio-
logical functions [151]. Clinical studies reported that the GF mice have showed
defects in the formation of antibodies and gut-associated lymphoid tissues as
comparison to normal mice [152]. A study has showed that the tolerogenic responses
produced by gut microbes affect the gut dendritic cells and ceased the anti-
inflammatory pathway of Th17 helper cells [153].

6.13.2 Drug Metabolism by Gut Microbiota

Microbiome-encoded enzymes elucidate the drug-metabolizing activities of host gut
microbes and different communities on the basis of their genomic structural content
and significantly affect the intestinal and systemic drug metabolism of mice [154].
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Table 6.3 Gut microbiota, their metabolites and function [137].

Bacteria Metabolites Functions References
Lactobacilli, Vitamins: vit. B, K, bio- | Cofactor: Enzymatic reac- | [138, 139]
Bifidobacterium tin, riboflavin, folate, tions, regulate cell prolifer-
thiamine ation, enhance immune
function.
Clostridium, Acylglycerols, conju- Improve intestinal perme- | [140]
Bifidobacterium, Lacto- | gated fatty acids, cho- ability, decrease host fat
bacillus, Enterobacter, lesterol, sphingomyelin, | mass and body weight, bile
Roseburia phosphatidylcholine, acid and production.
triglycerides
Clostridium, Bile acids: glycocholate, | Maintenance of intestinal [141-143]
Bifidobacterium, Lacto- cholate, etc. barrier functions enhance
bacillus, Enterobacter, lipid absorption, bile acid
Bacteroids accumulation by some
Bifidobacteria.
Clostridium, SCFAs: acetate, Lower the colonic pH, [143, 144]
Bifidobacterium sp, hexanoate, butyrate, lower the level of choles-
coprococcus, roseburia propionate, isobutyrate | terol, pathogen inhibition,
stimulate Na and H,O
absorption
Lactobacillus, Phenyl derivatives, ben- | Chronic diabetes and [145]
Bifidobacterium, Clos- zoyl, phenol hepatities, asthma indica-
tridium difficile, tion (urinary 3-
F. prausnitzii Nitrotyrosine and 3-Nitro-
4-hydroxyphenylacetic
acid), obesity and hyper-
tension biomarkers in
humans.
Firmicutes, Choline metabolites: Neurotransmission, methyl | [146]
Actinobacteria, betaine, transfer, cell membrane
Proteobacteria, dimethylglycine, methy- | functioning
Bifidobacterium, lene, dimethyline,
Faecalibacterium trimethyline
prausnitzii
Clostridium sporogenes, | Indole derivatives Protection against stress- [147]
E-coli induced GI epithelial
damage
Lactobacillus acidophi- Polysaccharide A and B, | Ceases cytokines levels, [148]
lus, Bacteroids fragilis Exopolysaccharides decreased neutrophil infil-
tration, host immune
modulation.
Clostridium Polyamines: cadaverine, | Cell growth, apoptosis, [149]
saccharolyticum, Cam- spermine, spermidine, increased calcium ion
pylobacter jejuni putrescine accumulation in
mitochondria
Lactobacillus paracasei, | Gamma aminobutyric Inhibits CNS functions, [150]

Lactobacillus brevis

acid (GABA)

decreases weight loss, pro-
motes diuresis and
hypotension
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6.13.3 Bacterial Metabolite Enhances Athletic Performance

Veillonella strain enhance the mice treadmill run time and also increases the specific
run time of marathon athletes. V. atypica improves the athlete’s performance during
physical activities (running) by metabolic conversion of lactate into propionate,
hence consider as a natural microbiome-encoded enzymatic process [155].

6.13.4 Alleviation of Food Allergy (FA)

In food allergic infants dysbiotic fecal microbiota developed with in time but
unsuccessful in mice. Therapy with Clostridiales strains, either as a monotherapy
with Subdoligranulum variable or consortium, suppressed food allergy in mice.
However, immunomodulatory bacteroidales consortium bacteriotherapy induced
expression by regulator T (Treg) cells of the transcription factor ROR yt in a My
D88-dependent manner, which was less in food allergic mice plus infants and
futilely persuaded by their microbiota [156].

6.14 Conclusions

Industrial, agricultural, and domestic use of synthetic compounds produce large
amount of environmental pollutants. From past several decades’ environmental
pollutants cause various health hazards and these pollutants can alter the functioning
of gut microbiota. Use of probiotics will protect against the toxicity caused by these
pollutants. There are number of bacterial, yeast, and fungal species which are used as
probiotics. Various types of inhibitory compounds produced by probiotics shows
antagonistic effect against pathogenic strains. It has been stated that probiotics
produce extensive range of different bacteriocins such as nicin which constitute
the major mechanism of antimicrobial act. Lactobacilli and bifidobacteria genera
have been informed to produce bacteriosins, lactolin, acidophillin acidolin, and
lactocidin, protection against infection with the foodborne pathogens. The identifi-
cation of these species may help in understanding the interaction between probiotics
and benefits with probiotics. Probiotics may increase the microbiological and nutri-
tional balance of the gastrointestinal tract and used for the treatment of various
gastrointestinal disorders like irritable bowel syndrome, Crohn’s disease, pouchitis,
antibiotic-associated diarrhea. Probiotics also used for enhancing the immune sys-
tem by improving gut microbiota. It is concluded that the probiotics are essential for
immune regulation, improve gut microbiota and for the treatment of gastrointestinal
disorders.
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Zhenmin Ling, Yiming Jiang, and Xiangkai Li

7.1 Healthy Risk to Humans from Environmental Pollution

Nowadays, global environmental contamination of pollutants is a serious problem
[1]. The reasons are that the increasing types and concentrations of pollutants
typically derive from booming anthropogenic activities, industrialization, and urban-
ization [2]. The primary sorts of environmental pollutants vary, such as pesticide
residual, agricultural chemicals, antibiotics residual, refractory organic pollutants,
heavy metals. Based on the niche, environmental pollutants can be divided into air
pollutants, water pollutants, and soil pollutants. The sources of one pollutant in the
natural environment are complexed. More seriously, the pollutants do not only
appear alone but also transfer and influence among them. For example, heavy metals
in the cropland derive from mining activities, irrigation, solid-waste disposal, pes-
ticides, fertilizers, and atmospheric deposition [3].

Additionally, heavy metals in the natural environment, especially in soil and
water, are difficult to be removed with current remediation methods. Even worse, the
crops grew or exposed to the contaminated soils or water will be influenced.
Consequently, they will be consumed directly or indirectly by humans that may
cause health problems. The various environmental pollutants are threatening human
beings’ survival and health, food safety, and ecological balance dramatically. The
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hazards of environmental contaminants to human health are mainly manifested in
three aspects:

1. Specific damage. It manifests mostly in the following types: (i) Acute and
subacute poisoning; (ii) Chronic poisoning, which was mainly caused by long-
term effects of environmental pollutants after entering the environment for
several years; (iii) Carcinogenicity: 90% of them are related to chemical factors,
5% to physical factors, and 5% to biological factors (fungi, viruses, parasites);
(iv) Teratogenicity; (v) Mutagenicity; and (vi) Sensitization.

2. Non-specific damage. The main manifestations are the increasing incidence of
common diseases, decreased body resistance, and reduced labor capacity.

3. Complex diseases caused by environmental pollution. For example, (i) Infectious
diseases such as typhoid, cholera, dysentery; (ii) public hazards such as
"Minamata disease" and "Pain disease"; (iii) Occupational diseases such as
silicosis and lead poisoning; and (iv) Food-borne diseases such as bacterial,
chemical food poisoning, puffer and mushroom poisoning, and infectious and
poisoning caused by various pathogenic factors of food pollution.

A classic example of the health effects was the itai-itai disease that happened in
Japan in the 20th century, caused by the consumption of crops, e.g., rice and soybean
grown in areas polluted with heavy metals cadmium (Cd) [4].

7.2 Intestinal Microbiota and Microbiota Targeted
Therapies

Only 10% of us are human [5], while the rest 90% are microbial cells, including
bacteria, fungi, archaea, and single-celled eukaryotes, or micro-living entities such
as viruses [6]. The microorganisms parasitize on the human body, such as skin,
genitourinary tract, gastrointestinal tract, and respiratory tract. After a long period of
natural selection, the microorganisms parasitize on the human body have formed a
symbiotic relationship with the host, interrelated, and interacted with each other.
Meanwhile, these microorganisms also interact with each other, building a commu-
nity and ecosystem, occupying different niches, creating a very stable microbial
environment together [7].

Medical clinical data showed that around 60% of fecal solids of the fecal mass
consist of microorganisms from the human large intestine. With the deepening of
research, more and more researchers have recognized that the three main functions of
gut microorganisms, the metabolic function, nutritional function, and protective
function [8, 9]. It is debatable how many microbial species in intestinal. Typically,
there are 500-1000 species of intestinal bacteria considered in animals, while among
them, 300-500 different species for humans [10]. However, some published papers
use a multidisciplinary approach to conclude that the gut contains more than 35000
bacterial species [11]. Regardless of the difference of numbers, it is consensus that
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the quantity of microorganisms in the stomach and small intestine is low. However,
to be compared, there are a tremendous amount of microorganisms existed in the
colorectal tract, and in where they constitute a complex and dynamic microbial
ecosystem that mainly carries out the performance of decomposing nutrients and
help our absorption [§].

Many species of bacteria have evolved and adapted to live and grow in the human
intestine, such as strict anaerobes, facultative anaerobes, and aerobes. Among them,
the strictly anaerobic bacteria are 2-3 orders of magnitude more than the facultatively
anaerobic bacteria and aerobic bacteria[12]. Up to now, more than 50 phyla have
been found in viscera, among which Bacteroides and Firmicutes are dominant, while
Proteobacteria, Verrucomibia, Actinobacteria, Fusobacteria, and cyanobacteria
are next.

The health of the gut is determined by the balance of all microbes that inhabit
there. That is, when the intestinal microbial community is in disorder, exogenous
pathogens can “take the opportunity to enter” and colonize and multiply in the
intestinal tract of the body, causing inflammation [13]. Many diseases are accom-
panied by similar inflammation, and patients are usually given antibiotics in clinical
practice. Later, studies found that antibiotics would cause some damage to the
patient's body, and some patients showed resistance to antibiotics. Therefore, the
method of “microbiota targeted therapies” has been proposed. At present, there are
two methods: one is fecal bacteria transplantation, while another is probiotic
treatment.

7.2.1 Fecal Bacteria Transplantation

The way of fecal bacteria transplantation traced to the 4th century, when Ge Hong, a
famous Chinese pharmacist, used feces as medicine to treat patients with food
poisoning or severe diarrhea. In the 16th century, Li Shizhen, a renowned medical
scientist in Ming Dynasty, described in detail the manufacturing method of the fecal
medicaments and named it “Yellow Dragon Decoction,” which was used for the
treatment of diarrhea, abdominal pain, vomiting, and constipation [10]. It was not
until modern times this therapy began to attract people's attention when people
started to call it “fecal bacteria transplantation,” “fecal bacteria treatment,” or
“intestinal microbial transplantation.” It is defined that infusing a healthy
individual's intestinal microorganisms into a patient's intestine to treat a specific
disease. In the treatment, a healthy person is a donor while a patient is a subject.
More and more clinical trials reported that the stool microorganisms from the healthy
human could become assistants in the treatment and recovery of some diseases, such
as immunoregulation, microbial regulation, and metabolic regulation [14]. Moun-
tains of studies reported that fecal transplantation could repair the intestinal micro-
bial disorder and pseudomembranous colitis caused by the infection of Clostridium
difficile [9]. Therefore, fecal bacteria transplantation is an efficient treatment for
certain diseases related to gut disorder with a low treatment cost.
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7.2.2  Gut Probiotics Therapy

Along with the long-term biological evolution, the microbial variation and taxo-
nomic diversity among mammalian gut microbiomes showed convergence. How-
ever, the same rates of microbiome divergence without dietary transitions [15]. That
means the gut microorganisms showed their stability and dependence on the specific
mammal host, especially for the human being. Moreover, more in-depth studies have
demonstrated that gut microorganisms have some amortization function for the
hazards expose and risk. Notably, the gut probiotics not only can reduce risk but
also can regulate the bacterial community, which will assist the human gut health for
the alimentation [14, 16]. Probiotics are known to have a role in the prevention or
treatment of some diseases [17]. Thus, it is easy to understand that probiotic therapy
is to take probiotics to regulate the intestinal flora, inhibit the growth and reproduc-
tion of harmful bacteria, and then achieve the purpose of treatment.

7.3 Gut Remediation and Its Application

7.3.1 Enlightenment Age of Gut Remediation

It is not only important to monitor the pollutants, but also essential to degrade them
or remediate them for their potential ecological risk. Microbial remediation, which
initially refers to the process of removing contaminants from soil and water or
making them harmless through the action of microorganisms, has been widely
used in the prevention of pollutants in a natural environment. Generally, it includes
pollutant degradation or detoxification under natural or human-made control condi-
tions. As the microbial biotechnology developed to solve the environmental con-
tamination, such as the refractory pollutants, e.g., Polycyclic aromatic hydrocarbons;
antibiotic residue; and heavy metals, e.g., cadmium (Cd), chromium (Cr), arsenic
(As), lead (Pb), nickel (Ni), mercury (Hg), and their derivatives, e.g., methylmercury
(MeHg) [18-27]. Traditional physical and chemical remediation methods can effec-
tively alleviate environmental pollution, however, they also release secondary con-
taminants to the environment and increase the cost of use [28]. In contrast,
bioremediation is more natural to use because of its low economic cost, high
efficiency, and less environmental pollution [29]. Thus, microbial remediation is
becoming increasingly important in bioremediation and ecological safety.

With the development of the omics technology and DNA sequencing technology,
the more precious evolution principle of mammal gut microorganisms and more
accurate succession rules of the gut community have been determined. Meanwhile,
more and more functional gut microorganisms and novel genes are detected, iso-
lated, and applied in the prevention and treatment of environmental contamination.
Jayanta Kumar Biswas et al. implied that the bacteria Bacillus licheniformis, which
was isolated from the gut of earthworm (Metaphire posthuma), synthesized
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extracellular polymeric substance for remediation of Cu(Il) and Zn(Il). Besides, the
strain showed a maximum tolerance of 8 and 6 mM for Cu(Il) and Zn(Il), respec-
tively. It removed 34.5 % of Cu(Il) and 54.4 % of Zn(II) at 25 mg L-1 after 72 and
96 h incubation, respectively [30]. Cai et al. have reported that fly larvae gut
microorganisms play a vital role in the degradation of organic contaminants, and
some bacteria can degrade the tetracycline in vitro [31, 32]. In consequence, the
successful application of functional microbial strains isolated from the intestinal tract
in natural pollution remediation provides new ideas for microbial remediation
in vivo.

7.3.2 Gut Remediation

Long-term exposure to the hazards would finally affect the final receptor—the
human being. To this purpose, it is vital to building a robust and solidus line of
defense for environmental contamination. People have been trying to reduce the
level of toxins in the diet. However, it is often not very successful. Therefore, it is
necessary to study a new method for host reducing pollutants.

The gut remediation is precisely the ecological safety novel method for the
recovery of environmental pollutants in vivo. It derived from the microbial remedi-
ation, which refers to the process of removing contaminants or making them
harmless through the action of microorganisms in vivo.

Many studies have shown that there is a close interaction between microbial
degradation of pollutants, host, and intestinal microbiota [33]. The intestinal
microbiota is a definite health asset that crucially influences the healthy structural
and functional development of the mucosal immune system. Only when the intes-
tinal microbial ecosystem is relatively stable can it perform normal physiological
functions. Generally, the human body is stimulated by various internal and external
stimuli every day. The intestinal microbial ecosystem has a particular capacity of
reducing stimulation and regulation, which keeps the dynamic balance of the system,
which is also the need for the body to maintain routine work. Here taking the
environmental risk pollutant PAHs as an example, there are millions of microbial
decomposers in earthworm gut have the function of PAHs degradation [34]. Some of
these microorganisms, such as Pseudomonas, Alcaligenes, and Acidobacterium,
participate in degrading hydrocarbons. Moreover, some fungi, such as Penicillium,
Aspergillus, and Mucor, are found in the gut of earthworm, and they are known to
degrade hydrocarbons [35].

7.3.3 Probiotics in Gut Remediation

The gut remediation is one method to establish a protective barrier towards the risk
of environmental contaminants in the human body. This technology depends on the
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gut probiotics functions, which include the adsorption of the pollutants, protection,
and remission from the contamination, and the regulation of the gut microbial
community. The adsorption contains the cell wall adsorption, extracellular poly-
meric substances adsorption, S-layer adsorption. The peptidoglycans and
phosphoteichoic acid polymers on the cell walls of Lactobacillus rhamnosus and
some Bifidobacterium longum have a strong ability to adsorb metal cations
[36, 37]. Many S-layer proteins (S-layer) on the surface of lactobacilli can bind
heavy metals with a large number of negatively charged functional groups such as
COO- [38]. The ability of the S-layer protein of Lactobacillus can adsorb cadmium
on the cell surface [39]. Additionally, it is a considerable improvement to search for
the food-grade microorganisms that can be delivered to the gastrointestinal tract, and
that can sequester toxins [40]. Thus, the probiotics are the best choice for gut
remediation and will be the core of great potential.

Furthermore, the mechanisms of probiotics in gut remediation were demon-
strated, including the following aspects:

1. Protection and remission

The protection and remission mainly refer to that the probiotics protect cell
function. Some probiotics, such as Lactobacillus reuteri, are involved in the regu-
lation of intestinal flora metabolism, and increase the production of short-chain fatty
acids and other organic acids [41]. These organic acids help to increase the solubility
of divalent mineral elements such as Ca (II), Mg (II), and Fe (II) and form a
competitive relationship between metal ions, thus reducing the absorption of diva-
lent heavy metal ions in the small intestine [42]. Moreover, some Lactobacillus
plantarum can maintain the intestinal barrier function and lessen the accumulation of
heavy metals in the intestinal tract in various ways. For example, they can reduce the
apoptosis induced by heavy metals, alleviate the toxicity induced by heavy metals,
alleviate oxidative stress and inflammatory reaction, reverse the damage of tight
junction, and reduce the permeability of intestinal epithelial cells to [43, 44].

2. Regulation

The regulation means the probiotics will regulate the gut microbial function. As
the first line of defense to control environmental pollutants entering the body, the
integrity of the intestinal barrier depends on the interaction between intestinal
microorganisms and host. Wu et al. have found that the chromium caused specific
changes in the overall structure of intestinal microflora in mice. In meanwhile,
Lactobacillus plantarum twl-1 restored 49 of 79 OTUs with relative abundance
changes. It enhanced the reduction ability of intestinal microflora to chromium (VI),
and this research conclusion also suggested that the regulatory mechanism of
probiotics on intestinal microbiota [45].

The biotechnology (e, meta-omics, including metagenomic,
metatranscriptomic, and metabonomic) developed and bioremediation demanded.
The new technology will be further used to build our understanding of host—gut
probiotics interaction, as well as to provide meaningful insights into the mechanism
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of gut probiotics and clarify the causal relationship between gut probiotics and the
related symptoms more deeply [46].

7.4 Gut remediation for various pollutant treatment

7.4.1 Gut remediation for heavy metals

In recent years, more and more attention has been paid to the effects of heavy metals
exposure in the gut. [43, 47]. The intestinal microorganisms can inhibit heavy metals
absorption by other ways besides heavy metals binding, with a focus on the
protection of the gut barrier. Therefore, it is important to protect the gut barrier
against heavy metals toxicity and to inhibit intestinal heavy metals absorption. The
adsorption of heavy metals through the intestinal microorganism was cost-effective,
and the adsorption efficiency was very high. Also, gut remediation has provided a
new design method for the decrease of heavy metals. Therefore, using intestinal
microbes to reduce the accumulation of heavy metals in the body is a useful
technique.

7.4.1.1 Gut remediation for cadmium (Cd)

Cd is a kind of environmental pollutant, which is harmful to human and animal
health. One study demonstrates that oral administration probiotics can avoid Cd
absorption by intestinal Cd sequestration and protecting the gut barrier [43]. There-
fore, a probiotic strain with Cd-binding ability is possibly used as an additive for the
prevention of Cd absorption in the gut. Lactobacillus plantarum is one of the
probiotics in the animal intestine. In the in vitro assay, the L. plantarum could
alleviate the cytotoxicity of Cd in the human intestinal cell line HT-29.
L. plantarum CCFM8610 that can bind Cd according to a previous study, which
also prevented Cd absorption in mice [43]. In a mouse model, L. plantarum
CCFMS8610 increased Cd levels in feces and reduced Cd accumulation in the organs
and tissues of Cd-exposed mice. Cd absorption is inhibited by L. plantarum in the
intestines of mice, and the main reason is the strain possessing the Cd-binding ability
[43, 48]. Zhai et al. demonstrated that probiotics could significantly inhibit and
control Cd absorption in the gut by protecting the intestinal barrier. Also, the
protection associated with the alleviation of oxidative stress caused by Cd
[43]. Therefore, gut remediation is a promising biotechnology for reducing Cd.

7.4.1.2 Gut remediation for mercury (Hg)

Hg contamination attracts worldwide attention, which poses a threat to humans and
aquatic organisms. [49]. Environmental Hg contamination is an urgent global
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Fig 7.1 Surface-engineered E. coli reduced the Hg(II) accumulation in fish. Reference: [52]

problem. Hg in the food chain is mainly present in inorganic methylmercury (MeHg)
or mercury ions (Hg(II)) form [50]. The main sources of Hg exposure in nature are
fishes due to the rapid biomagnification of Hg in the aquatic environment; therefore,
the gut of fish is the first organ to be contaminated with Hg. Escherichia coli is one of
the animal intestinal microorganisms, and it has a significant proportion [51]. A
study shows that Hg-binding peptide was displayed on the cell surfaces of E. coli,
forming surface-engineered E. coli, which promoted adsorption of Hg(I) [52]. The
surface-engineered E. coli were fed to fish Carassius auratus, and the E. coli
colonized in the fish intestine (Fig. 7.1). The engineered bacteria-fed fish decreased
about 51.1% accumulation of Hg(II) compared to the fish without the intake of the
surface-engineered E. coli [52]. It indicates that the engineered bacteria bound to Hg
(II) in the fish intestines were excreted in the fish feces. That is, the engineered E. coli
significantly alleviated the toxicity of Hg(II) to fish by adsorbing Hg
(IT) [52]. Furthermore, the changes of microbial diversity in the intestine caused by
Hg(I) exposure were mitigated by Hg-binding bacteria, thereby protecting the
microbial community structure of the intestine. The engineered strain in fish intes-
tines accelerated the Hg(I) excretion and reduced the Hg(Il) level in the muscle
tissue. Thus, Hg(II) contamination in fish was controlled by the engineered bacteria,
which prevented the Hg(II) toxicity in fish. The strategy using engineered bacteria is
an interesting approach for limiting Hg(II) pollution in fish.

Previous work explored that the lactic acid bacteria reduced Hg(II) after emulated
gastrointestinal digestion [40]. The lactic acid bacteria with good Hg(Il)-binding
ability and Hg(II) were mixed to gastrointestinal digestion (Jaddn-Piedra, Alcantara
et al. 2017). The lactic acid bacteria decreased the Hg(Il) more than 72% under
emulated gastrointestinal digestion conditions [40]. Besides, one study shows that
people who regularly consume fish after intake of yogurt with L. rhamnosus strain
were investigated, and their blood levels of Hg were determined [47]. It was found
that a low significant decrease in Hg levels obtained in these people (Bisanz et al.,
2014). The work shows that lactic acid bacteria are capable of binding Hg(II) under
gastrointestinal digestion. Therefore, the bacteria could be sufficient to inhibit the
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absorption of Hg(II) when it is ingested [40]. These successful research cases
suggest that the intestinal microorganisms are a promising approach for reducing
HgD).

7.4.1.3 Gut remediation for MeHg

Some anaerobic bacteria produce MeHg, and it is one of the most toxic forms of Hg
and it can damage the nervous system of animals [53, 54]. The fish exposure to
MeHg has been widely concerned due to its rapid biomagnification [47]. One study
showed that human exposure to the MeHg main is due to fish and seafood con-
sumption [55]. MeHg can continue to accumulate in fish in surrounding waters
[56, 57]. People who consume fish polluted with MeHg are prone to Minamata
disease [58]. The human exposure to MeHg is due to the ingestion of MeHg polluted
fish [59]. A novel MeHg-binding peptide was displayed on the cell surfaces of
E. coli W-1, which was isolated from healthy fish feces [60]. The cell-surfaced
displayed cells efficiently removed MeHg, and the adsorption of MeHg in the
engineered E. coli strain was fourfold higher than that in the unmodified E. coli
strain [60]. Fish C. auratus as a model was fed with surface-engineered E. coli. The
result showed that MeHg concentration was decreased by about 36.3 % in muscle
tissue of fish, whereas MeHg concentration was increased in the fish feces compared
with the control group [60]. The surface-engineered strain in the intestine adsorbed
MeHg and avoided its absorption by muscles, and these bacteria binding MeHg were
excreted in the fish feces [60]. The engineered E. coli with MeHg-binding ability
prevented fish against MeHg toxicity, which can reduce MeHg accumulation in fish.

The intestinal ecology of animals is significantly affected by chronic oral expo-
sure to heavy metals [43]. About 98% of the oral administration MeHg is absorbed
into the intestine of an animal when MeHg enters the food chain [61]. MeHg always
caused Shewanella to overgrow, which is harmful to the experimental fish and
changes the composition of microbial communities [60]. Engineered E. coli inhibits
fish intestinal absorption of MeHg and alleviates MeHg toxici