THE HONG KONG
Q POLYTECHNIC UNIVERSITY
& Fenian

Pao Yue-kong Library
BEREEE

Copyright Undertaking

This thesis is protected by copyright, with all rights reserved.
By reading and using the thesis, the reader understands and agrees to the following terms:

1. The reader will abide by the rules and legal ordinances governing copyright regarding the
use of the thesis.

2. The reader will use the thesis for the purpose of research or private study only and not for
distribution or further reproduction or any other purpose.

3. The reader agrees to indemnify and hold the University harmless from and against any loss,
damage, cost, liability or expenses arising from copyright infringement or unauthorized
usage.

IMPORTANT

If you have reasons to believe that any materials in this thesis are deemed not suitable to be
distributed in this form, or a copyright owner having difficulty with the material being included in
our database, please contact lbsys@polyu.edu.hk providing details. The Library will look into
your claim and consider taking remedial action upon receipt of the written requests.

Pao Yue-kong Library, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong

http://www.lib.polyu.edu.hk




EVALUATION OF PROBIOTICS AND FOOD
CONTAMINANTS ON THE
GASTROINTESTINAL TRACT INTEGRITY
AND IMMUNE HOMEOSTASIS VIA
ALTERATION OF GUT MICROBIOME

SHUM TIM FAT

PhD

The Hong Kong Polytechnic University
2022



The Hong Kong Polytechnic University
Department of Applied Biology and Chemical Technology

Evaluation of Probiotics and Food Contaminants on the
Gastrointestinal Tract Integrity and Immune Homeostasis via

Alteration of Gut Microbiome

Shum Tim Fat

A thesis submitted in partial fulfillment of the requirements for
the degree of Doctor of Philosophy
May 2022



CERTIFICATE OF ORIGINALITY

I hereby declare that this thesis is my own work and that, to the best of
my knowledge and belief, it reproduces no material previously published
or written, nor material that has been accepted for the award of any
other degree or diploma, except where due acknowledgment has been

made in the text.

Signature:

Name of Student: Shum Tim Fat







Abstract

Gut microbiota is considered as a “forgotten organ” which plays important roles on the health and
disease status of human. The composition of microbiota could be affected by various factors such as
probiotics, antibiotics, diet, and personal living style. This study aims to determine (1) the beneficial effect
of in-house probiotic isolates on the gut integrity and immune homeostasis; and (2) the potential impact

of food contaminants on the intestinal epithelium and its subsequent influence on the immune response.

Probiotics have been known to modulate the gut microbiota and involve in promoting barrier function
and immunomodulation of gastrointestinal (GI) tract. The first part of this study aims to characterize the
ability of GI colonization of probiotics isolated in our laboratory, demonstrate the protective effects on
the Gl epithelial integrity and ability of immunomodulation from intestinal to systemic regions by the
selected novel probiotic isolates. With full length 16S rDNA sequence matching with Lactobacillus
rhamnosus, S1 was selected for the mentioned investigation using Simulator of Human Intestinal
Microbial Ecosystem (SHIME) and Sprague Dawley (SD) rat model. 16S rDNA analyses showed that, S1
treatment to both SHIME and SD rats promoted the relative abundance of commensal genus Bacteroides.
Several taxa that have been reported associated with inflammatory diseases were reduced by S1 treatment.
Megasphaera spp. was reduced in distal colon of SHIME, whereas an unclassified genus under family
Prevotellaceae (f__Prevotellaceae), Clostridia UCG-014 and Streptococcus were decreased in SD rats
after S1 treatment. These mentioned taxa have been reported associated with inflammatory diseases. The
extract of S1-treated SHIME distal colon promoted the trans-epithelial electrical resistance (TEER) (up to
26%) and occludin expression (+39%) of cultural enterocyte (Caco-2), suggesting the enhancement of
epithelial integrity. Meanwhile, S1-treated SD rats expressed higher anti-inflammatory cytokine IL-10 in
their colonic tissue, mesenteric lymph node cells, and splenic mononuclear cells in ex-vivo cultures. The

results showed that L. rhamnosus S1 can modify the gut original microbiota of both human and murine.



S1 protects intestinal epithelial integrity and modulates immunity, which could serve as a promising

probiotic for human health.

Another part of the study was related to food contaminants, microplastics (MP) and plasticizers. Use
of plasticware in the daily life has become one of the inevitable essentials for many modern societies due
to the convenience and economic reasons. Recent studies have demonstrated that microplastic and
plasticizers are present in different food products and drinking water, in which some of those have been
shown to interfere the GI microbiota, immunity, endocrine system and reproductive organ developments
in the animal models. However, the studies to investigate the impacts of MP and plasticizer on human-
origin gut microbiota, and the subsequent influences on the gut barrier function and immunomodulation
are rather limited. The second part of this study is to investigate the impact of plasticizers including di(2-
ethylhexyl) phthalate (DEHP) and di-iso-nonyl phthalate (DINP), and MPs including polyvinyl chloride
(PVC) and polyethylene (PE) on the human gut microbiota. DINP promoted the relative abundance of
Escherichia-Shigella spp. and Streptococcus spp., whereas Megasphaera spp. was reduced in the human
in vitro Gl tract. Extracts from the treatment of high DINP dosages (1.68 pg/ml and 16.8 pug/ml) reduced
the expression levels of anti-inflammatory genes of RAW?264.7, claudin-4, JAM-A and E-cadherin of HT-
29, yet the same treatment enriched claudin-2. By contrast, extract from the treatment of DEHP promoted
pore-forming claudin-2 in HT-29, and induced microbiota compositional changes similar to those
observed in the patients of inflammatory bowel diseases (IBDs). Since plasticizers are commonly used in
PVC softening, assessment was expanded to PVC and DEHP/PVC. The distal colon with PVC treatment
had a relatively comparable microbiota to that of the control. Augmented relative abundance of pro-
inflammatory taxon Collinsella spp. was observed in both DEHP and DEHP/PVC fermenters, whereas

health-associated short-chain fatty acid producer Coprococcus spp. was reduced the most in the gut



microbiota treated with PVC or DEHP. Furthermore, the extract of high dosage of DEHP/PVC decreased

occludin by and trans epithelial electrical resistance (TEER) by 13% in Caco-2.

Finally, another MP selected for study is PE as it is widely used in multiple plasticware which leads to
high exposure frequency to human. Consistently, the occludin expression was reduced by 23% in the
Caco-2 cells treated with the extract from PE batch culture. The SHIME was further adopted to study the
effect of PE on the human gut microbiota in this part of study. Though gene expressions of major tight
junction and adherens junction remained stable, the extract of PE-treated SHIME distal colon promoted
the enterocyte barrier permeability (26%) of cultured Caco-2. The detailed relationships and mechanisms

between the biochemical alterations and particular bacterial taxon remains to be elucidated in the future.
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Chapter 1 — Introduction
1. Gut Microbiome

1.1. Gut microbiome

Microbiome describes the overall genetic materials, proteins and metabolites from a particular
ecosystem including all the microorganisms within it. Gut microbiome is one of the major microbiological
research areas that covers the study of organisms inhabiting the digestive system. Gut microbiota, referring
to the microorganisms including bacteria, virus and fungi, is the largest microbiota niche in the human
body. Gut flora is composed of approximately 102 to 10* bacteria. In this huge number of bacteria, there
are beneficial, commensal and pathogenic microorganisms. Among this ecosystem, colon mucosa has the
largest number of microbial colonization, so is the antigen load. With the largest microbiome in human
body, the gastrointestinal (GI) tract harbors numerous microorganisms which have been suggested to be

closely related to the pathophysiology of different metabolic and inflammatory diseases in human.

Various kinds of bacteria can adhere onto the mucosal layer or even to the epithelial enterocytes,
exerting diverse physiological effects to the host. Imbalanced pro-/anti- inflammatory cytokines
productions may contribute to the development of chronic inflammation and malignant processes in Gl
tract. Owing to the ability of altering pro-/anti- inflammatory cytokine expression profile in gut epithelium,
dysbiosis in Gl tract thus markedly aggravates these health issues. Rapid and dynamic changes can be

resulted from host genetics, diet or emotion.
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Microbiota metabolites include multiple substances produce and secrete by bacteria according to
different environmental stimulations. Soluble substances produced by gut microbiota may influence host
cell as they can be absorbed along with nutrients. In the Gl tract, bacteria may produce free amino acids
(threonine, lysine and glutamate), amino acid metabolites (indole compounds, ornithine and urea),
secondary bile salts (deoxycholic acid and lithocholic acid), metabolic products such as acetate, pyruvate,
succinate and citrate [1, 2]. Meanwhile, vitamin A and a variety of vitamin B (Thiamine, folate, biotin,
riboflavin, and pantothenic acid) could also be synthesized by gut bacteria [3]. Metabolic profiles of a

microbial niche are greatly influenced by the composition of bacteria.

A balanced ratio of colonized probiotics, commensals and pathogens in the Gl tract is described as gut
homeostasis, which when being destroyed would lead to gut dysbiosis and contributes to the onset or
progression of various kinds of illnesses such as infection, obesity, diabetes, and cardiovascular diseases,
etc. [4-6]. It has been reported that microbiota of obese people have a lower F/B ratio whereas IBDs
patients have a higher one [7, 8]. Bacterial phylum Firmicutes exerts beneficial effects by metabolites
short-chain fatty acids (SCFAs) which has been found promoting central nervous system’s health and
preventing colorectal cancers (CRCs). Recent studies have started to investigate possibility of treating
various kinds of diseases by reversing G dyshbiosis through fecal microbiota transplantation (FMT). There
are encouraging results in treating Clostridium difficile or inflammatory bowel diseases (IBDs) using FMT
[9, 10]. Unfortunately, there is evidence showing possible infection of Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) in the Gl tract, which makes FMT treatment processes more
complicated and challenging since there is still limited data suggesting whether residual viral remains
would be infectious after fecal transplantation [11]. Meanwhile, other therapeutic methods and agents
such as antibiotics, probiotics and monoclonal antibody biologics are required to be developed at the same

time.
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Table 1.1. Role(s) and function(s) of commonly detected bacterial genus and species

Bacteria Examples of role(s) or function(s)

Lactobacillus Produces anti-microbial substances such as lactic acid and bacteriocin
Bifidobacterium Strengthens gut barrier function

Akkermansia muciniphila Ameliorates atherosclerosis, colitis, obesity, diabetes and liver cancer

Bacteroides Effects on gut barrier function and immune homeostasis are strain-specific
Parabacteroides Provides anti-inflammatory effect to host enterocytes

Blautia SCFAs producer mediates anti-inflammation and provides direct energy to enterocyte
Dorea SCFAs producer mediates anti-inflammation and provides direct energy to enterocyte
Roseburia Negatively correlated with Crohn's Disease and more abundant in IBDs patients in remission
Faecalibacterium prausnitzii Negatively correlated with Crohn's Disease

Staphylococcus aureus Opportunistic pathogen that is able to colonize all mucosal layer in human body
Enterococcus faecalis Possesses multiple adhesion factor for attachment on endocardium

Campylobacter jejuni Able to invade epithelial cells and access to bloodstream causing sepsis

Helicobacter pylori Causes gastric and duodenal ulcer in approximately 30% of Hong Kong people

Positively correlated with diarrhea predominant-irritable bowel syndrome and inflammatory

Prevotella bowel diseases
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1.2. Beneficial, commensal and pathogenic bacteria

1.2.1 Beneficial bacteria

Among GI microorganisms, some beneficial microbes have been known to modify the gut microbiota
and involve in the immunomodulation in Gl tract (Table 1.1). Some of the beneficial bacteria has been
recognized as “Probiotics”, which by the definition of WHO/FAO is “live strains of strictly selected
microorganisms which, when administered in adequate amounts, confer a health benefit on the host”[12].
The idea of probiotic was proposed in early 1900s due to the observation of long-lived lactic acid bacteria.
It is suggested that probiotics can provide beneficial effects to human health when taken in an appropriate
amount. Some well-known probiotics include Lactobacilli and Bifidobacteria. Beneficial microbes
including probiotics compete with pathogens for adhesion binding sites on the intestinal mucosa, some
may also produce anti-pathogenic secretion including lactic acid and bacteriocins [13, 14]. In addition to
competitive adhesion, they were also found contributing to the alleviation of diarrhea, ulcers, depression,
obesity and cardiovascular disorders, etc. [15-18]. Multiple beneficial effects on human health provided
by probiotic species promoted next generation probiotics research in recent years, for example,
Akkermansia muciniphila was isolated and studied for the safety and feasibility of ameliorating

atherosclerosis, colitis, obesity and diabetes [5, 19-21].
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1.2.2 Commensal bacteria

Benign commensals inhabit themselves in GI mucosa layer for shelter and obtaining nutrients for
survival. Most of their exact roles in Gl tract are unclear and remained to be elucidated. The existence of
commensals occupies molecular binding sites and resources available on both intestinal mucus and
epithelial layers, thus preventing infectious pathogens from settling down and expanding to the minimum
number of effective infections. In addition to occupying different cell binding receptors, some Bacteroides
and Parabacteroides species have been demonstrated to harbor anti-inflammatory effect to host [22].
Commensals from genus Blautia, Dorea, Roseburia and Faecalibacterium are commonly found SCFA
producers in human GI microbiota, in which Roseburia spp. and Faecalibacterium prausnitzii have been
found negatively correlated with Crohn’s disease (CD) [20, 23, 24]. Generally, SCFA producers contribute
to immunosuppression which helps to maintain immune homeostasis in Gl tract. Direct administration of
butyrate into colonic region can reduce inflammatory severity of UC by re-balancing IL-10/1L-12 level

which contributes to prolong remission of IBDs [25].

31



1.2.3 Opportunistic pathogens and pathogens

Pathogens in Gl tract are infectious agents that can exert harmful effects in host. These bacteria may
produce toxins or invade host cells, in turn stimulating humoral or cell-mediated immune responses.
Various kinds of infectious bacteria have different pathogenicity causing diseases with different severities.
Acute infection may occur when highly invasive pathogens penetrate the circulatory system. To exert
certain effects on host, for example, Staphylococcus aureus, Campylobacter jejuni and Enterococcus
faecalis, can grow and expand their amount in the Gl ecosystem through adhering or even invading to the
epithelial cells, then traveling and infecting various organs such as liver, endocardium and brain [26, 27].
Helicobacter pylori harbors in the host stomach and duodenum causing acute or chronic inflammation.
Such chronic inflammation may result gastric and duodenal ulcer or even gastric cancer. Study estimated
that approximate 30% of Hong Kong people and more than half of the population in Asia are H. pylori
carriers [28]. Meanwhile, gut microbiota harbors pro-inflammatory species that may stimulate pro-
inflammatory cytokine produced by immune cells, leading to tissue destruction around the affected area.
Chronic low-grade inflammatory has been suggested related to poor prognosis of hypertension,
rheumatoid arthritis (RA) and IBDs. Opportunistic pathogen Prevotella spp. has been found positively
correlated with diarrhea dominant irritable bowel syndrome (IBS-D) and IBDs [29-31]. Crohn’s disease
(CD) and ulcerative colitis (UC) are two major forms of IBDs affecting different regions in Gl tract. CD
affects most areas of Gl tract, whereas UC is localized at colorectal inner lining region. Complications
including anemia, inflammation of joints and even colorectal cancer may be resulted in IBD patients. One
of the proposed causes of IBDs is the long-term inflammation brought by dysbiosis which is an unbalanced

microbial composition, leading to upset metabolic activities of both microbial community and the host.
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1.3

13.1

The intestinal mucosa is one of the locations that gut bacteria can stick themselves onto. If there is not
enough probiotics or commensal bacteria occupying the spaces, pathogens may expand their numbers and
undergo infection. This may lead to sepsis because the mucosa layer is one of the barriers between gut
lumen and the circulatory system. Dysbiosis is the term describing an imbalanced microbiota status or
composition. Impairments of mucosa and epithelial barrier may result inflammation and ulcer, leading to
leaky gut condition and allowing numerous antigens to penetrate the blood stream and lymph vessels
underneath. Mucus secretion is crucial for intestinal health. Deficiency in MUC2 gene expression in Gl
tract prompted colitis development [32]. Down below the mucus layer, except serving as absorption

mediator cells, epithelial cells form a network by connecting each other covering blood stream and lymph

Mucus layer

Intestinal mucosa and leaky gut condition

vessels which prevent excessive antigens from passing through and triggering immunity.
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Figure 1.1 Intestinal anatomy, villi structure and epithelial cell [27].
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1.3.2 Tight junctions and adherens junctions

Bilateral paracellular junction of the intestinal enterocytes included tight junction (TJ) and adherens
junction (AJ), in which TJ positions locate close to the apical region whereas AJ locates are closer to the
basolateral region (Figure 1.2). Intestinal TJ consist of transmembrane pore-sealing occludin, claudin-1/-
4/-7 and JAM-A in the colonic region of gut. Intestinal epithelial cell permeability can be enhanced by
proper expressions of these junction-sealing proteins [33, 34]. Studies also demonstrated that occludin,
claudin-1/-4/-7 and JAM-A expressions are reduced, whereas cation channel-forming claudin-2 is
enriched in colons of UC patients and experimental dextran sulfate sodium (DSS)-induced colitis animals
[35-38]. B-catenin and afadin are AJ adapter proteins linking membrane-integrated E-cadherin or nectin-
2/-3 and intracellular actin. On top of bi-cellular junction adhesions, tricellular junction on the apical side
of intestinal epithelial cells is composed of tricellulin which also contributes to barrier integrity [39]. These
TJ and AJ proteins are connected to intracellular adapter proteins zonula occluden (ZO) -1/-2/-3 directly
or indirectly (Figure 1.2). Cytoplasmic F-actin is linked to ZOs in turn holding epithelial cells together.
Due to constant flow of chyme and faecal content and active differentiation of epithelial cells, enterocytes
shed frequently. Meanwhile, expression profile and remodelling of TJ and AJ proteins will be modified
accordingly. Epithelium integrity can be easily modified by the dynamic changes of microbiota

compositions.
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Figure 1.2 Formation of cellular junction (A) and interaction between adapter proteins (B).[40, 41]

34



1.4  Gut Immunity

141 Intestinal immunity

Various factors including diet and lifestyle may influence host health directly or indirectly by
modifying GI microbiota composition. It has been suggested that a dysbiotic condition in Gl tract is related
to colon cancer, obesity, inflammatory bowel diseases and pathogen infection. Metabolites derived from
an imbalanced ratio of good and bad microorganisms stimulate host cells to behave differently compared
to their relatively healthy status. Immune cells are specialized in various kinds of cytokine productions.
Peyer's patches (PP) and mesenteric lymph node (MLN) are the major lymphoid tissues in gut. Numerous
antigens from different sources may trigger different immune cells which then response according to
specific stimulation. Signals from cytokines stimulate other cells to exert particular function by up-/down-
regulating certain types of mediators. It is possible that microbiota can influence immunity since Gl tract
harbors the largest number of immune cells. Among numerous subtypes of immune cells, macrophages
serve as one of the antigen-presenting cells (APC) who are specialized in collection of antigens, analyze
and execute specific action towards antigens. In addition to exert protective mechanisms for primary
response, they also produce a wide spectrum of cytokines to stimulate other immune cells. Under normal
situation, immune cells are tightly regulated at rest state to avoid exerting inflammation damaging
surrounding tissues. However, the pro-inflammatory to anti-inflammatory immunities could be altered by

high level of antigens produced by pathogens or opportunists.
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14.2 Classically activated macrophage (M1)

Macrophages could be activated by a variety of factors and are usually divided into two categories,
namely M1-like and M2-like macrophages (Figure 1.3). Upon receiving specific antigen stimulation such
as lipopolysaccharide (LPS), classically activated (M1) macrophage differentiation will be enhanced.
Nuclear Factor kB (NF-kB) or Activated Protein-1 (AP-1) mediated pro-inflammatory cytokines,
including IL-1p, IL-6, IL-8, IL-12 and TNF-a will be upregulated, in which TNF-o and IL-8 are potent
neutrophil chemoattractants, while IL-1p, IL-6 and IL-23 are able to stimulate naive T cell to differentiate
into T helper 17 (Th17) cells which has been shown to be related to poor prognosis of IBDs, RA,
hypertension and psoriasis [18, 42, 43]. IL-12 is one of the cytokines produced by both dendritic cells and
macrophages in response to microbial stimulants, which can stimulate IFN-y and TNF-a production from
T cell and other macrophages [44-46]. These mentioned pro-inflammatory cytokines can serve as
indicators of M1 differentiation, which have also been found contributing to intestinal inflammation

severity [47-50].

1.4.3 Alternatively activated macrophage (M2)

Alternative activated macrophage (M2) functions as tissue repairing and immunoregulatory cells after
infection clearance. Several anti-inflammatory genes are characterised in M2 macrophages. One of the
marker transcription factors, interferon regulatory factor-4 (IRF4), has been demonstrated crucial for M2
differentiation by opposing effects provided by IRF5, NF-«B or AP-1 [14, 51-53]. TGF-$ and IL-10 are
anti-inflammatory cytokines for growth and development. They also induce Foxp3 expression hindering
Th17 differentiation in T cells [42, 54]. In addition to suppressing Th17 population, TGF-f and IL-10
promote immunosuppressive regulatory T cell differentiation [54]. IL-10 is the most studied
immunoregulatory cytokines produced by several kind of immune cells [55, 56]. Its importance on

intestinal health has been demonstrated by 1L10 or IL10R knockout experiments, which I1L-10 deficient
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and macrophage-restricted 1L-10 receptor knockout mice develop spontaneous colitis [57, 58]. Function
of suppressor of cytokine signaling 3 (SOCS3) is controversial as it has been shown to have ability to
suppress both M1 and M2 macrophage differentiation [59, 60]. Nevertheless, SOCS3 deficiency has been
linked to inflammation severity and duration in several murine inflammatory disease models [61-63]. On
the other hand, M2 produced mediators and enzyme to neutralized harmful substances. IL-1 receptor
antagonist (IL-1Ra) can be produced by tissue-repairing macrophages to neutralize IL-1 cytokines. IL1-
Ra polymorphism has been correlated with IBDs, and its balance is crucial for mucosal immunity
homeostasis [64-66]. Mannose receptor (MRC1) and transglutaminase-2 (TGM2) are two important M2
markers for debris and inflammatory agents’ clearance during resolution in both murine animal model and
human. TGM2 is also responsible for transamination crossing or deamination of proteins and efferocytosis.

Loss of TGM2 in macrophages promotes pro-inflammatory phenotype [67].

Inducers: LPS, IFN-y, TNF-a

CD86 CD80

NF-kB, STAT1, STATS,
IRF3, IRF5, HIF-1

Inducers: IL-4, IL-13, IL-10, IL-21

STATS3, STATS, IRF4,
[KLF4, JMJD3, PPARS,

PPARYy, cMaf, cMyc

M1 Macrephages
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Figure 1.3 General M1/M2 macrophage inducing factors, transcription factors and cytokines [68].
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1.5 Microplastics and plasticizers

15.1  Microplastics and their direct effect on health

Plastics are widely used for multiple purpose due to its chemical inertness, flexibility and low cost.
Most plastics are produced for usages in packaging and construction. Unfortunately, waste management
methods are limited for plastic waste while recycling and biodegradation of plastics are rather difficult
since these processes are of high costs and time-consuming. Meanwhile, incineration of plastic waste
produce greenhouse gases, acidic hydrogen chloride gas and even dioxins. Plastic waste is mainly
disposed to landfill. Indiscriminative uses of different types of plastics have produced numerous plastic
waste in landfill. It would take hundreds to thousands of years for complete degradation of plastic waste.
During this process, secondary microplastic produced by fragmentation and weathering may result in
formation of microplastic (MP) which can migrate to various ecosystem. Fragmentation of plastics
produces smaller plastic pieces including MPs which have size smaller than 5 mm. In addition to
fragmentation, plastic manufacturing, wearing of plastic-based clothes and cosmetics may also release
primary MPs to the environment. Plastics persist in different ecosystems such as aquatic and marine
environments. MPs have been found in multiple food sources such as tap/bottles water, seafood and
package food [69]. Polyethylene (PE), polypropene (PP), polystyrene (PS), polyvinyl chloride (PVC) and
polyethylene terephthalate (PET) can be found in different types of drinking water (Table 1.2) [69-72].
MPs can be ingested and accumulated in different organs or tissues within organisms. Research has been
indicated that MPs with size smaller than 150 pm can possibly pass through the epithelium by endocytosis,
paracellular space, transcytosis and persorption [73]. Study also revealed that major MPs in drinking water
are of size smaller than 50 pm, in which PE and PP are the dominant types of plastics [74]. MPs have been
found in gut, liver and kidney in mouse fed with microplastics [75]. Translocation of MPs inside body has

been found recently. There is study reported that MPs are detected in human blood samples [76]. Direct
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influences on body cells by MP particles have been suggested in some studies. Direct contact between

MPs and mammalian cells has been demonstrated to trigger pro-inflammatory cytokines IL-1a, 11-18, IL-

6 and TNF-a production by macrophages, fibroblasts or kidney epithelial cells [77-80].

Table 1.2. Different types of microplastic and their sources

Types of plastics Sources

Polyethylene (PE) Water bottles, detergent bottles, fo_od wrapping films, plastic bags,
food wares, food package, water pipes,

Polypropene (PP) D_etergent pottles, water bottle caps, plastic bags, food wares, water
pipes, furniture

Polyethylene

terephthalate (PET)

Polyvinyl chloride
(PVC)

Polystyrene (PS)

Water bottles, detergent bottles, food trays

Food wrapping films, gloves, blood bags, consumables for injection,
water pipes

Lunch boxes, foam packaging, disposable cups and caps

152 Plasticizers and their toxicities

Except direct contact of Gl tract cells to MPs, exposure to chemicals leaked from PVC plasticware such

as injection tubing, food packages and gloves from the environment, may also pose additional threat on

human health. During PVC manufacturing, phthalate ester plasticizers such as di(2-ethylhexyl) phthalate

(DEHP) and di-iso-nonyl phthalate (DINP) may have been added to increase the flexibility of plastics.

Due to the flexibility, diverse shapes of medical devices and consumables are made from plasticized PVC.

However, DEHP has been reported damaging reproductive system by inducing testicular injury and

reducing testosterone level in male mouse [81]. On the other hand, DINP administered rodent models have
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higher oxidative stress in their liver and kidney cells [82]. Apart from direct influences on mammalian
models, more research groups have started to investigate possible detrimental consequences of MP or
plasticizer consumptions for human gut health. For example, alteration of Firmicutes/Bacteroidetes ratio
due to PE exposure have been observed in mice and zebrafish [83, 84]. Studies to investigate the detailed
compositional modification of human gut microbiota by these compounds, and the possible health

outcome due to the altered microbes would be useful for the general public.

1.5.3  Legislation on control of plasticizers

The use of DEHP in toys is banned in the EU and Japan. DEHP is prohibited in food-handling gloves
in Japan as well [85]. The US limits DEHP in plastic below 0.1% by weight, while China and Australia
have less stringent policy on DEHP. The percentage of DEHP in children products, food or food wares
can be up to 1% [86]. On the other hand, DINP is also banned using in toys in the EU and Japan. <0.1%
DINP is allowed in toys and childcare products in the US and China [86]. Currently there is limited
legislation regarding the boundary of microplastic in food or cosmetic products in Hong Kong. Voluntary
based action was suggested to manufacturers regarding reduction of microplastic-containing products in
2021. WHO suggested daily maximum DEHP exposure as 0.025 mg DEHP per kilogram body weight
(maximum 1.75 mg for individual weighted 70kg). Centre for Food Safety (CSF) set standard at maximum
1.5 mg DEHP per kilogram of food [87]. CSF suggests that it is less likely that all consumed foods are
contaminated at the maximum DEHP standard, so the exposure to DEHP in general public will not exceed

the daily maximum exposure limit set by the WHO.
154  Summary
MPs have been reported to affect the growth of particular type(s) of bacteria. MPs such as PE, PVC

and PS cannot be digested by synthetic secretion from the human GI tract. MPs provide extra surface area
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for attachment and biofilm formation. Chen et al. assessed microbiota composition, richness and diversity
on waste MPs with different sizes (18 mm, 3 mm and 100 um) with marine microbiota [88]. Major phylum
detected on MPs is Proteobacteria which produces biofilm for attachment. Among microbiota on different
sized MPs, their composition, richness and diversity are relatively similar. Consistent with the observation
in biofilm microbiota in sedimentary samples [89], growth of Proteobacteria could be favored. Meanwhile,
growth of Lactobacillus was inhibited on surface of PS [90]. Modification of microbiota in aquatic lives,
sedimentary and soil environments due to the contamination of MPs and plasticizers have been explored
in various studies in recent decades. Nevertheless, research on interactions between these contaminants
and microbial compositions in rodent or human are relatively limited. Among animal experiments, most
published microbiota analyses utilize rodent model since these substances are harmful to human.
Utilization of batch culture and GI tract simulator provide platforms for microbiota studies on
contaminants-microorganisms interactions. However, there are some differences between human and
rodent microbiota compositions. Rodents harbor more Muribaculum and Bacteroidetes than human, while
phylum Actinobacteria, which includes probiotic genus Bifidobacteria, is generally more abundant in
human microbiota [91]. Being a higher consumer in the food chain, it is possible that MP or plasticizers
may affect human health by bioaccumulation and biomagnification. Unknown health hazards may affect
human after concentration of MPs inside body. Meanwhile, with the advancement on microbiota analysis,
multiple studies to investigate the relationships between lifestyle, diet and Gl microbiota have been
documented. It is possible that different food contaminants may be ingested together with food products,
which alters the microbial compositional balance in the GI tract, contributes to intestinal barrier
malfunction and low-grade inflammation, and exacerbates inflammatory diseases in human. This urged
scientists to investigate more on whether health hazards would be resulted and what possible mediators

would be involved in this process in human body.
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Chapter 2 — Effect of Lactobacillus rhamnosus S1 on intestinal integrity and

immunomodulation: from in vitro to in vivo

Abstract

Beneficial bacteria are naturally present in the environment, for which some of them inhabit in the
mammalian gut while some are commonly used in food products. Twelve probiotic isolates including
Lactobacillus gasseri, Lactobacillus paracasei, Lactobacillus plantarum, Lactobacillus rhamnosus,
Lactobacillus sakei, Leuconostoc mesenteroides, Pediococcus acidilactici and Pediococcus pentosaceus,
were isolated from infant fecal samples and fermented food products in this study. Characterization of
probiotics to assess the acid tolerance, bile salts tolerance, and anti-microbial ability against food-borne
pathogens were performed on these isolates. L. rhamnosus S1 can grow in acidified cultural medium at
pH 4.0, withstand average Gl tract bile salt concentration (0.5%). Moreover, S1 reduced Staphylococcus
aureus and Enterococcus faecalis adhesion to cultural intestinal epithelial cells up to 50%. Co-incubation
of S1 with S. aureus, Acinetobacter baumannii and Enterococcus faecium reduced the inflammatory
cytokine IL-8 production in Caco-2 due to pathogen infections. Together with high beta-glucosidase
activity, phenol and salt resistance as described in previous study. S1 was then selected for the subsequent
experiments. Supplementation of S1 in the Simulator of Human Intestinal Microbial Ecosystem (SHIME)
enriched Bifidobacterium and reduced Megasphaera, descending colon microbiota derived extract
preserved Caco-2 barrier integrity, possibly mediated by the enriched expression of occludin (+39%). S1
also modified fecal microbiota in Sprague Dawley (SD) rats, significantly reduced inflammatory diseases
associated taxa (Streptococcus and unclassified genus under Prevotellaceae), provided
immunomodulation effect to colonic/systemic regions by upregulations of IL-10 and TGF-p. These results
suggested that L. rhamnosus S1 has the potential to be a novel probiotic for the prevention of opportunistic

pathogenic infection, amelioration of leaky gut and immunoregulation.

42



Introduction

1. Legislation about probiotic markets in different countries

Live or inactivated probiotics are present in various kinds of food around the globe. Some strains are
added into yogurt, fermented food, candy and chocolate, etc. Different countries have their own
regulations on safety and control on probiotic products. The EU has no consistent legal definition on
probiotics among different countries, however, it has set health claims regulation to control the promotion
and claims listed by the manufacturers. Based on relevant evidence, the European Food Safety Authority
(EFSA) revises and publishes Qualified Presumption of Safety (QPS) assessment every 6 months to
conclude whether different commonly used probiotic species are safe for human consumption [92]. The
US has the most relaxed control on probiotics. Under regulation of Food and Drug Administration, FDA,
probiotics can be sold as drug when fulfilled clinical trials; or as biological product, dietary supplement,
food or food ingredient under Generally recognized as Safe (GRAS) in different circumstances. Probiotic
regulations in China is evolving in recent years. Legislation for registration and safety assessments on
probiotics strains is setting up while lists of probiotic species that can be used in food supplements or food
supplements for infants had been published, allowing manufacturers to select possible potential strains for
their products [93]. In Hong Kong, probiotics can be sold under nutritional supplements or food which is
not listed under drug regulatory system. The health claims suggested by the manufacturers are constantly
reviewed. In Japan and Taiwan, probiotics can be marketed as general food/food supplement and dietary
supplement, respectively [93, 94]. In addition to those classifications, if the probiotics satisfies safety and
efficacy tests, it can be registered and approved as Health Food (in Taiwan) or Food for Specified Health
Uses (FOSHU) (in Japan), which provide extra information to the general public based on scientific

gxamination.
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2. Probiotics and their beneficial effects

Probiotics, namely beneficial bacteria, are microorganisms that confer a health benefit to the host when
they are consumed in adequate amounts. These microbes are commonly found in a range of food products
such as dairy, pickled vegetables, kimchi, miso and soy sauce, for which foods live probiotic bacteria are
often used as the starter culture alone or in mixed culture. In the last 40 years, numerous research have
been carried out to investigate the beneficial effects conferred by probiotic bacteria. Bacteria were
assessed chemically and metabolically to determine whether they could be a suitable probiotic candidate
for therapeutic use. For example, some strains of E. faecium were approved for usage in probiotic
supplements; Tetragenococcus halophilus HmS-129 was suggested to be used as a salted food starter
culture for suppressing histamine production during the fermentation process [95]; A vaginal formulation
of lyophilized powder containing Pediococcus pentosaceus SB83 demonstrated anti-listerial activity

inhibiting pathogen attachment [96].

Bifidobacterium and Lactobacillus spp. are two of the main probiotic genera that provide physical and
physiological protection for the intestinal tract of human. Other than the various beneficial effects of
probiotics reported in previous studies, Lactobacilli spp. fit the category of generally regarded as safe
(GRAS) and qualified presumption of safety (QPS) according to the US Food and Drug Administration
(FDA), and European Food Safety Authority (EFSA), respectively. Quite a number of studies to explore
the advantages brought by Lactobacilli spp. had been conducted. For instance, L. rhamnosus GG was
found to inhibit several pathogens including S. aureus, Bacillus cereus, Escherichia coli and Salmonella
enterica serovar Typhimurium from adhering or invading human epithelial Caco-2 cells [15]. Similarly,
another L. rhamnosus strain LOCK 0908 was found to perform favorably in the competitive adhesion
assays, in which the adherence of pathogens E. faecalis, S. aureus, Listeria monocytogenes and C. difficile

were reduced in the presence of this probiotic [97]. L. fermentum MTCC 8711 was shown to reduce the
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number of adhered methicillin-resistant S. aureus (MRSA) to cultured epithelial Caco-2 cells [98]; whilst
a strain of L. plantarum was found to possess both cholesterol-lowering, anti-constipation and immuno-
regulatory effects demonstrated in rodent models [99-101]. Other than secretion of metabolites that may
directly work on the intestinal mucosa or involve in the physiological response of hosts, the ability of a

probiotic to colonize itself in the host is one of the crucial features to exert beneficial effects to the hosts.

Intestinal epithelium and mucosal layers are the surfaces for the attachment of microorganisms in the
gut, which contribute to the greatest size of microbiota niche in human body, the so-called gut microbiota.
Being a barrier between the intestinal cavity and circulatory system, the integrity of intestinal epithelium
is important to prevent the body from invading by pathogens and obtain health-promoting substances such
as short-chain fatty acids (SCFAs) from symbiotic microorganisms. An unbalanced gut flora status,
namely dysbiosis, was found to relate to some chronic metabolic diseases, central nervous system
dysfunction and Gl inflammatory conditions such as inflammatory bowel disease (IBD). IBD has two
major characteristic disease phenotypes, Crohn’s disease (CD) and ulcerative colitis (UC), both of which
are suggested to attribute to repetitive or constant inflammatory conditions in different parts of the Gl tract,
which in turn may lead to complications such as inflammation of joints and liver, abscesses and colon
cancer. The excessive and unnecessary responses provided by immunity were suggested to be triggered
by bacteria. An adherent-invasive E. coli (AIEC) was found promoting chronic inflammation in intestinal
mucosa by stimulating tissue necrosis factor alpha (TNF-a), causing Crohn’s disease [102]. Various
attempts have been made to determine the etiological agent for IBD, yet the actual causes of these diseases
are not yet confirmed. Except antibiotics and symptomatic treatments, it is suggested that the modification
of gut microbiota by fecal microbiota transplantation (FMT) or probiotics could relieve the severity.

Though US FDA issued a guidance to adopt FMT to treat IBD attributed to C. difficile infection in 2013,
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the recent COVID-19 pandemic brought the safety concern of such exercise as the fecal donor could be a
potential SARS-CoV-2 carrier [9, 11]. Gut microbiota could be affected by various factors including but
not limited to health status, environment, exercise, stress and diets including prebiotics and probiotics.
With an array of carbohydrate-metabolizing enzymes and sugar transporter in Lactobacilli, this genus of
microbes is one of the dominant bacteria in the epithelia of duodenum and jejunum. Lactobacilli spp. may
possess the ability of Gl tract colonization and help to modulate the balance of microbial composition of

gut, promoting gut homeostasis.

3. Factors and characteristics required for effective colonization in Gl tract

3.1.Adhesion factors in Lactobacillus

A considerable amount of bacterial surface appendages has been identified and compared since
probiotics’ beneficial effects were demonstrated in some studies related to fermented and dairy products.
Those bacterial surface macromolecules play an important role in different kinds of bacteria to allow them
to obtain nutrient and shelter from the host defensive mechanism. In the meantime, the host Gl tract tissues
require corresponding ligands to facilitate the colonization of these beneficial bacteria. Some Lactobacilli
and Bifidobacteria have the ability of promoting colonic mucin production by upregulating MUC2 gene
[103, 104]. This allows more binding site for their colonization and promote intestinal barrier function
and health of host as it had been demonstrated that genetically modified mice without mucin secretion
was found to suffer from spontaneous colitis and developed colorectal cancer [32, 105]. Adhesins
expressed by a variety of bacteria were classified as secreted anchorless and cell membrane/ wall-bound
adhesion factors. Among all the adhesins reported, bacterial cell membrane/ wall-bound adhesins were
considered as more prevalently participating in the mediation of bacterial adherence to mammalian

epithelial cells than the others. In Lactobacillus spp., there are several types of membrane-bound adhesin
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identified to be used by some well-known Lactobacillus species. For instance, it was reported that surface
29 kDa protein of L. mucosae ME-340 bound to blood group antigens A and B. Similarly, the mucus
adhesion promoting protein and 32 kDa surface protein functioned as cellular adhesins and were
responsible for the mucin adhesion ability of L. reuteri 104R and L. fermentum BCS87, respectively [106-

108].

LPXTG motif anchored at the C-termini of adhesins on the cell wall were also discovered in L.
rhamnosus and L. plantarum. In addition to collagen and fibronectin, it was found that L. rhamnosus
expressed pilus adhesins consisting of subunits SpaCBA or SpaFED for the adhesion of mucin [109].
Moreover, LPXTG anchoring mucin-binding factor for the adhesion of L. rhamnosus to mammalian
mucosal layer was also reported [110]. Pretzer et al. has shown that the adhesin utilized by L. plantarum
was slightly different from the other bacteria in the Lactobacilli species[111]. The factor contributing to
the adhesion of L. plantarum to mucin was identified to be Mannose-specific adhesin, in which a
carbohydrate chain with mannose as receptor was recruited by L. plantarum for adhesion [111]. It also
has been demonstrated that L. rhamnosus GG is able to prevent the damages at tight junction induced by
enterohemorrhagic E. coli O157:H7 infection [112]. These discoveries provide some insights for the

selection of adhesins from probiotic LABs and pathogenic species for further studies and comparisons.
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3.2.Adhesion factors in S. aureus and E. faecalis

S. aureus is one of the commonest bacterial agents of nosocomial infection around the world, posing
the greatest threat to humans. MRSA exhibits multi-drug resistance against methicillin, cephalosporin and
carbapenem antibiotics. Approximately 20% of humans are persistent carriers of S. aureus [113]. S. aureus
is regarded as an opportunistic pathogen because it can colonize healthy human skin and mucous

membranes such as the nasal cavity and Gl tract without causing infectious symptoms.

Expressing a variety of virulence factors such as coagulase, hyaluronidase and staphylokinase, S.
aureus can infect most organs once it has entered the circulatory system [98, 114]. Enterotoxins A, C and
D were also reported to be produced by some community-acquired MRSA from time to time, i.e. a
gastroenteritis outbreak caused by foodborne MRSA infection in US [115]. The pathogenesis of S. aureus
depends on the cell surface components of this bacteria and human epithelial cells. Both the endothelial
and epithelial tight junction integrities are reported to be disrupted by proteases or alpha toxins produced
by S. aureus [26, 116, 117]. Adhesion of S. aureus involves in the first step of host infection. Multiple
surface protein adhesins expressed by S. aureus were described in the past few decades, among which five
S. aureus surface proteins were identified as LPXTG-anchored wall-associated proteins, Staphylococcus
Protein A, collagen-binding protein, fibronectin-binding protein and clumping factor A ; and non-LPXTG-

anchored elastin-binding protein [118].
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Another opportunistic infectious agent which also poses a threat to human health is E. faecalis.
Multidrug-resistant strains, vancomycin-resistant enterococcal species are also emerging rapidly in
hospital and general community. E. faecalis are commonly found inhabiting in animal large intestine and
urinary tracts. This bacterium has an array of virulence factors contributing to its pathogenesis, which
includes aggregation substance (AS), gelatinase, hyaluronidase, enterococcal surface protein and

cytolysins. Infection of E. faecalis may result in urinary tract infection, endocarditis and bacteremia [114].

It has been reported that E. faecalis could be internalized in human enterocytes Caco-2 and HT-29,
with an augmented cellular invasiveness by overexpressing aggregation substance protein [119].
Furthermore, AS proteins contribute to the adhesion and invasion of this bacteria into the host cells. The
Arginine-Glycine-Aspartate (RGD) motif in the AS protein of E. faecalis plays a role in the binding of
this bacteria to different epithelial cells [27, 120-122]. Adhesin to collagen (Ace) of E. faecalis is regarded
as microbial surface component recognizing adhesive matrix molecules (MSCRAMM) protein and shares
some homology with the S. aureus collagen adhesion, Cna. Other than harboring the same ability of

binding to collagen type I, Ace was also found binding to collagen IV and laminin [123].
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4. Infection/pro-inflammatory stimulation by pathogens and restoration by probiotics

Pathogenic infection at the Gl tract not only causes physical damages at the local mucosal lining, but
also disrupts the balance of gut microbiota, resulting in gut dysbiosis. Colonization of pathogenic bacteria
may alter microbial composition within the host by competing with native gut bacterial species via various
mechanisms. For example, presence of the pathogens in the gut could stimulate the secretion of cytokine
IL-6 possibly from the proliferation and differentiation of lymphocytes. The anti- or pro-inflammatory
characteristic of IL-6 were found to be different in various cell types. Recent research demonstrated that
IL-6 increased the permeability of cultured human epithelial cells by destroying the tight junction between
adjacent cells [124]. The destruction made by cytokine endangers the intestinal lining to become a niche

of entry for pathogenic microbes, which could lead to life-threatening septicemia.

Maintenance of intestinal microbial homeostasis is important in the overall health of human gut.
Multiple studies have demonstrated that either one or both of the two main probiotic genera, namely
Bifidobacterium and Lactobacillus, in gut harbor immunomodulation potential for their hosts [125]. Other
than IL-6, IL-8 is another important chemokine, which is expressed by macrophages, respiratory smooth
muscle cells, epithelial cells and endothelial cells. It signals chemotaxis, the recruitment of immune cells
(granulocytes, macrophages and T cells) to the site of infection. The activation of immune cells can impose
damage on local tissues. If the immuno-regulation is disturbed, for example, having an imbalanced
microbiota composition or pathogenic infection, adjustment of cytokine level is needed for the
maintenance of intestine health. A conditioned solution made with L. plantarum spent medium inhibited
the activation of NF-kB which leads to a downregulation of downstream pro-inflammatory cytokines such
as IL-6 and IL-8 [126]. In another study reported by Ren et al, two Lactobacillus species, L. salivarius
CICC 23174 and L. plantarum CGMCC 1.557 were characterized and compared with a commercially

available strain, L. rhamnosus GG, for their effect on affecting the immune response. All 3 tested
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Lactobacilli were shown to reduce 1L-8 expression in Caco-2 cells. Moreover, the pretreatments of these
3 Lactobacilli in Caco-2 cells attenuated the upregulation of IL-8 expression triggered by the challenge of
S. enterica serovar Typhimurium [15]. Induction of Foxp3* regulatory T cell differentiation for
immunomodulation in the gut can also be achieved by anti-inflammatory cytokines produced by other
immune cells. Several Lactobacilli species were assessed to possess the ability of stimulating IL-10 and

TGF-B production in intestinal dendritic cells [127, 128].

In this study, new probiotic isolates were isolated, characterized and selected for the follow-up
experiments based on their in-vitro characteristics. In addition to acid and bile salt tolerance, S1 has high
viability in phenol and salt, and possesses the highest B-glucosidase activity among different probiotic
isolates from fermented food, feces and commercially available probiotic drink [129]. The competitive
adhesion and excluding pathogens from attaching to host epithelial cells of the isolated Lactobacillus spp.
has also been performed. In antimicrobial ability, most isolates inhibited growth of acute infectious
pathogens including S. aureus, Klebsiella pneumoniae, S. enterica serovar Typhimurium and B. cereus.
On top of that, 16S rDNA sequencing analysis revealed that L. rhamnosus S1 significantly reduced some
opportunistic pathogenic taxa including genera Streptococcus, unclassified species under Prevotellaceae,
Clostridia_UCG-014 in SD rats, and Megasphaera in the simulator of human intestinal microbial
ecosystem (SHIME). Furthermore, L. rhamnosus S1 also promoted epithelial integrity by up-regulation
of tight junction (TJ) protein occludin and modulated both intestinal and systemic immunity by up-

regulating IL-10 in a cultural epithelial cell model.

51



Objective

In this study, we aim to determine the following:

1. Characterization of in-house isolated probiotic strains including the tolerance to the
digestive condition and antimicrobial potentials.

2. Assessment of the probiotic potential to promote gut homeostasis and immunomodulation
of the selected probiotic strain on human in vitro Gl tract.

3. Initial assessment of the potential of selected probiotic strain to promote gut homeostasis

on animals.
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Materials and methods

1. Isolation and identification of probiotics

Fecal samples were aseptically homogenized in 10 ml of 0.85% NaCl by using inoculation loop and
vortex shaking. Serial dilutions were done in 0.85% NaCl and suspensions were spread on MRS, RCM
and M17 plates. Plates were incubated at 37°C in an anaerobic chamber with 5% CO; for 48 hours. Single
colonies were picked for subculture in respective growth media. Part of the resultant culture was subjected
to glycerol stock storage; and the remaining culture was used in genomic DNA extraction.

Identification of fecal isolates was performed by using 16S ribosomal DNA (rDNA) full length
amplification and sequencing. Genomic DNA of each isolated bacterium was extracted using the
TIANGEN Genomic DNA kit (TIANGEN, Beijing, China) according to the manufacturer’s instructions.
Polymerase chain reaction (PCR) was performed to amplify the 16S rDNA sequence using the extracted
genomic DNA, 16S8F forward primer, 16S1492R reverse primer (primer sequences were listed in
supplementary table 2.1), rTaqg DNA polymerase and other required PCR reagents. The resulting PCR
amplicon was analyzed on a 1% agarose gel. A DNA band corresponding to 1,500 bp in size was excised
from the gel; and DNA was extracted from gel by TIANGEN gel extraction kit according to the
manufacturer’s protocol. The purified PCR product was sent for sequencing. Sequencing data were
aligned and compared with DNA sequence on the NCBI 16S rDNA database for bacteria and archaea to

identify the bacterial species.
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2. Anti-microbial ability against food-borne pathogens

The antimicrobial ability of food-isolated LABs against pathogenic species was assessed by inhibition
zone test as described in Halder, et al. [130], with some modification. Probiotic was cultured in MRS broth
at 30°C for 24-36 hours, pelleted by centrifugation at 18,626¢g for 1 minute, washed with PBS pH 7.3 and
centrifuged again. Pellet of probiotics was re-suspended in PBS pH 7.3. On each MRS and modified MRS
(mMRS) agar (containing MRS ingredients without glucose), 2 ul of probiotic suspension was inoculated
at a point at 30°C for another 24-36 hours. Pathogen was cultured in brain-heart infusion (BHI) broth at
37°C overnight with shaking (250 rpm). OD calibration was made in 50°C soft BHI agar. A starting
concentration of 1x10° CFU/mI of pathogen was poured onto MRS or mMRS plate with single colony-
grown probiotic. Plates with poured soft BHI agars were incubated at 37°C for 24 hours. Common
pathogens known to affect the upper respiratory and GI tract were selected for testing, which include S.
aureus, B. cereus, P. aeruginosa, A. baumannii and S. enterica serovar Paratyphi. The antimicrobial zones

were determined by measurement of the radius of inhibition zone — radius of LAB colony.
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3. Acid tolerance

Acid tolerance of the isolated probiotics was assessed using the protocol as described in Hassanzadazar,
et al. [131] with modifications. Initially, probiotics were cultured in MRS broth at 37°C for 24-36 hours,
after which point, they were pelleted by centrifugation at 18,6269 for 1 min, and then re-suspended in
fresh MRS broth. The optical density at 600 nm (OD) of each probiotic was calibrated to 1.1 by the
addition of fresh MRS broth. Three hundred microliters of the ODeoo calibrated probiotic suspension was
added into test tube containing 3 ml of MRS with different pH values. probiotics were incubated at 30°C,
and the OD was monitored for 48 hours. Duplicate in each pH experimental set were performed. Growth

curves of different probiotics in MRS broth with different pH values were plotted for comparison.

4. Bile salts tolerance

The tolerance of bile salts of different LABs were determined using the protocol as in Damayanti, et
al. [132], with minor modifications. Initially, LABs were incubated in MRS broth at 30°C for 24-36 hours,
and then pelleted by centrifugation at 18,6269 for 1 minute. The probiotic pellets were re-suspended in
phosphate buffered saline (PBS) (Thermo Fisher Scientific, Waltham, USA) pH 7.3. Probiotic suspension
(18 ml) of each strain was calibrated to an OD of 1.1. Six aliquots of 2.7 ml of calibrated probiotic
suspensions were prepared. Three hundred microliters of 0%, 3% and 5% of bile salts in PBS pH 7.3 were
added into those 2.7 ml aliquots. The bile salts tolerance of probiotics was assessed and compared in 0%,
3% and 5% of bile salts in PBS pH 7.3. All bacterial suspensions were incubated at 37°C for 3 hours.
Probiotic percentage survival was determined by calculating the number of CFUs in each bile salts
suspension/CFUs in PBS control. Duplicate tests for control and each bile salt concentration were

performed.
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5. Adhesion to cultural enterocytes and Competitive adhesion against pathogens

The adhesion ability of LABs was investigated according to the experimental design in Ren, et al. [133],
with some modifications. To prepare the monolayer, human epithelial Caco-2 cells were seeded in a 24-
well plate (Thermo Fisher Scientific, Waltham, USA) with 2x10* cells/well, cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing 20% fetal bovine serum (FBS) (Thermo Fisher Scientific,
Waltham, USA) for 14 to 21 days until a monolayer was formed in each well. On the day of the adhesion
assay, a 24-36 hours’ culture of LAB culture in MRS broth was centrifuged at 18,626¢g for 1 minute. The
bacterial pellet was washed and re-suspended in PBS pH 7.3. The probiotic suspensions were calibrated
with PBS pH 7.3 to OD = 0.5. Caco-2 cells were washed with PBS pH 7.3 twice before infection. To each
well of Caco-2 cells, 100 ul of the calibrated bacterial suspension was added. Gentle swirling was provided
to facilitate even distribution of bacteria across the monolayer. Cells and bacteria were incubated at 37°C
inside an anaerobic chamber (5% COy) for 2 hours. After which point, the monolayer was washed twice
with PBS pH 7.3 to remove non-adhered bacteria, treated by the addition of 100 pul of 1% Triton-X100 in
PBS pH 7.3 for lysis and detachment of Caco-2 cells in plate. After 15 minutes of incubation with the
surfactant, 900 pl of PBS pH 7.3 was introduced into each well. Caco-2 cells were homogenized and lysed
by pipetting. Serial dilution of the homogenized mixture was performed in 0.85% NaCl. Diluted
suspensions were plated on MRS agar for probiotic CFU counting. Adherence was represented and

compared as LAB CFU/Caco-2 cell.
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The competition adhesion assay was performed according to the protocol adopted from related report
Ren, et al. [133]. Pathogen was calibrated to OD of 0.5 while probiotic OD was adjusted to 0.5, 1.0, 2.5
and 5.0 to yield co-incubation ratio of 1:1, 1:2, 1:4 and 1:10, respectively. 100 pl of the bacterial
suspensions were added to the Caco-2 monolayer. Cells were incubated at 37°C inside an anaerobic
chamber (5% CQO2) for 2 hours. After incubation, the Caco-2 cells were lysed and the adhered bacteria in
suspensions were plated on selective agars according to the requirement of different bacterial CFU
counting. Modified mannitol salt agar (MMSA, containing peptone (10 g/L), beef extract (1 g/L), mannitol
(10 g/L), sodium chloride (100 g/L), phenolsulfonphthalein (0.025 g/L), agar (15 g/L)) and modified
citrate azide Tween 80 carbonate agar (mMCATC, containing peptone (15 g/L), yeast extract (5 g/L),
potassium dihydrogen phosphate (5 g/L), sodium citrate (15 g/L), Tween 80 (1 g/L), Agar (15 g/L), sodium
carbonate (1 g/L, sterilized solution added after autoclave)) were used as selective agar for the growth of
S. aureus and E. faecalis respectively (recipe can be found in appendix A3). Adherence changes of

different bacteria were expressed and compared by the number of CFU adhered to each epithelial cell.
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6. SHIME setup

Program and tubing of Simulator of the Human Intestinal Microbial Ecosystem (SHIME) was setup as
TWIN-SHIME according to the manufacturer’s guideline (ProDigest, Gent, Belgium). Fecal samples were
collected from healthy donor who had normal diet and did not intake any probiotics or antibiotics at least
2 weeks before sampling day (Figure 2.1). Fecal material was stored in gas-tight sample bucket with
anaerobic sachet (Thermo Fisher Scientific, Waltham, USA) and inoculated within 4 hours after collection.
10% w/v of fecal material was homogenized with anaerobic buffer (autoclave sterilized phosphate buffer:
8.8 g/L KoHPO4, 6.8 g/L KH2PO4, 0.1 g/L sodium thioglycolate; and supplement solution after autoclave:
15 mg/L sodium dithionite) inside a circulator strainer stomacher bag (Seward, Worthing, UK) for 5
minutes at 200 rpm. Sterilized Adult L-SHIME growth medium (without starch) (composition (g/L):
arabinogalactan (1.2), pectin (2), xylan (0.5), glucose (0.4), yeast extract (3), special peptone (1), mucin
(3), L-cysteine-HCI (0.5)) (ProDigest, Gent, Belgium) was pH adjusted to pH 5.6-5.9 for ascending colon
(AC), pH 6.0-6.3 for transverse colon (TC) and pH 6.6-6.9 for descending colon (DC) mimicking large
intestinal environments using 0.5M of HCI and 0.5M NaOH for acid and base adjustment respectively.
Filtrate portion obtained after homogenization was inoculated in growth media with volume ratio of 1:10.
Starting cultural volumes in each AC, TC and DC were 500 ml, 800 ml and 600 ml respectively. All
chambers were maintained at 37°C by warm water circulation. When microbiota had been reached
stability, which was indicated by SCFAs concentrations, S1 treatment was delivered in 5 ml saline at
dosage of 10'° CFUs daily directly into AC1 chamber (Figure 2.1). Anaerobic condition was maintained
by nitrogen purging after introduction of probiotic. Quality control including pH meter calibration and
SCFAs concentration were monitored throughout the whole experiment period. SHIME pump action was

verified and calibrated every week to ensure proper volume transitions between chambers. After treatment
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period, luminal culture and biofilm on inner wall from all chambers were collected and stored at -20°C

until assay.
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Figure 2.1. TWIN-SHIME timeframe (A) and setup (B) including SHIME-1 (top) with probiotic

treatment (AC1-TC1-DC1) and SHIME-2 control (bottom, AC2-TC2-DC2).
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7. Preparation of luminal extracts

Resultant fermentation culture was defrosted from -20°C and centrifuged at 15,0009 for 30 minutes at
4°C. Supernatant from centrifugation was filter-sterilized by 0.22 um syringe filter. Filtrate was then

aliquoted into 2 ml micro-centrifuge tubes and stored at -20°C as luminal extract.

8. Cell culture and viability assay

Human intestinal epithelial cell line Caco-2 were maintained in complete medium (Dulbecco’s
Modified Eagle’s Medium (DMEM) with 10% fetal bovine serum (FBS)) in a 5% CO3, 37°C humidified
incubator. For Caco-2, cells were sub-cultured by tryptic digestion when they reached 80-90% confluence.
Enterocyte monolayers were differentiated in 24-well flat bottom cell culture plate starting at 2x10*

cell/well for 12-14 days before treatment or viability assay.

Viabilities of cells after incubating with a range of luminal extracts were determined by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma, St. Louis, USA) assay. Treatment
media containing different concentrations of luminal extracts from no plasticizer control chambers of each
experiment in complete medium were incubated with differentiated Caco-2 monolayer for 24 hours. Cells
were washed by phosphate buffered saline pH 7.3 (PBS) and incubated with 0.5 mg/ml MTT solution for
1-1.5 hours in triplicate. Luminal extract concentrations (v/v%) were employed as treatment percentage
for gene expression assay, which preserved >90% cell viability mimicking a sub-lethal chronic exposure

of to each cell-line.
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9. RNA extraction, reverse transcription, and real-time PCR gene expression analysis

Caco-2 cells were treated with 1 ml of 20% and 5% v/v filter-sterilized extracts in DMEM for 48 and
24 hours inside a cell culture incubator, respectively. Total RNA was extracted using RNAiso PLUS
(Takara, Kusatsu, Japan). RNA concentration was determined by NanoDrop spectrophotometer (Thermo
Fisher Scientific, Waltham, USA). cDNA was reverse transcribed using PrimeScript reverse transcription
kit (Takara, Kusatsu, Japan) according to the manufacturer’s protocol. Real-time PCR was performed on
Applied Biosystems QuantStudio 7 Flex Real-Time PCR System (Thermo Fisher Scientific, Waltham,
USA) with TB Green Premix Ex Taq Il (Takara, Kusatsu, Japan) reagent. Relative quantification of target
gene expression was calculated by 2°(-AACt). Ribosomal protein lateral stalk subunit PO (RPLPQ) was
used as housekeeping genes for Caco-2gene expression calculation, respectively. Primers for specific

mRNA amplification are listed in supplementary information (Supplementary Table 2.2).
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10. Western blot

Western blot was employed for comparison of tight junction and adherens junction protein expressions
after fermenter extract treatment. Caco-2 cells were seeded at 2x10* cell/well in 24-well plate. Cells were
cultured for 14 days before treatment. Cells was incubated with 20% extracts for 48 hours prior to protein
quantification. After treatment, cells were washed with PBS and then incubated in 200 pl RIPA buffer
(Merck Millipore, Burlington, US) with protease inhibitor cocktail (Sigma, St. Louis, USA) for 2 hours at
4°C. Total protein was obtained in supernatant after centrifugation at 20,000g for 10 minutes. Protein
samples were stored at -80°C before protein concentration quantification by BCA assay (Thermo Fisher
Scientific, Waltham, USA). For SDS-PAGE, 10 pg of total protein from each sample was mixed with
sample buffer, heated at 95°C for 5 minutes before loading. SDS-PAGE with 4% stacking and 10%
resolving gels was used for electrophoresis. Western blot transfer was done in wet condition with 80V for
90 minutes at 4°C. PVDF (GE Healthcare, Chicago, US) after transfer was blocked with blocking solution
(5% skimmed milk in TBST) for 2 hours, and then incubated with primary antibody in blocking solution
overnight at 4°C. Primary antibodies used for this study were: mouse monoclonal anti-p-actin (1:2000,
Sigma, St. Louis, USA), rabbit polyclonal anti-E-cadherin (1:1000, ABclonal, Woburn, US), rabbit
polyclonal anti-occludin (1:2000, ABclonal, Woburn, US) and rabbit polyclonal anti-F11R (1:2000,
ABclonal, Woburn, US). Horseradish peroxidase-conjugated goat anti-rabbit 1gG (H+L) secondary
antibody (1:2000, Novus Biologicals, Centennial, US) and goat anti-mouse 1gG (H+L) secondary
antibody (1:2000, Thermo Fisher Scientific, Waltham, USA) were used for chemiluminescent signal
generation during image capture. Densitometry of chemiluminescent signal was analyzed using Image J.
Relative expression of target protein was calculated by dividing its signal to -actin signal. Normalized

expression of target in each sample was generated by dividing relative expression to average relative
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expression in control fermenter extract group. Target protein expression in control fermenter treatment

group was normalized as 1.

64



11. Measurement of epithelial integrity by trans-epithelial electrical resistance (TEER)

Epithelial tight junction integrity of Caco-2 monolayer was estimated by TEER assay. Resistances of
transwell membrane and transwell with differentiated monolayer were measured by epithelial voltohmeter
(EVOM2; WPI, Sarasota US). Caco-2 cells were seeded at 2x10* cell/transwell and allowed to
differentiate for 21-28 days until stable TEER was obtained (>600 Qcm?). 20% v/v of luminal extracts in
DMEM were loaded on the apical chamber while complete medium was placed in the basolateral region.
Initial TEER was recorded as TEER,, and TEER values at time t = 0, 24, 48, 72, 96, 120, 144 hours were

used for the calculation of percentage TEER change by (TEER-TEER,)/TEER, x100%.
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12. Animal study

Adaptation period S1 treatment period
A ]
| i \
| | | | | | | | 1.,
Week q ! ! ! 1 ! ! ! r
-2 0 2 4 6 8 10 12 14
Weekly body weight Daily body weight

Weekly faecal sample collection

Daily 1ml/kg body weight of 10%, 10° and 10%*° CFU/ml S1 suspension

Figure 2.2. Timeframe of S1 treatment on SD rats

Sprague Dawley (SD) rats were bred by the Centralized Animal Facilities (CAF) at The Hong Kong
Polytechnic University. Six-week-old male rats weighing approximately 200 g were used for animal
experiment with the approval and strict accordance to the Code of Practice - Care and Use of Animals for
Experimental Purposes prepared by the Agriculture, Fisheries and Conservation Department in Hong
Kong. Animal experiment procedures and licenses were permitted and granted by Hong Kong Department
of Health (Reference number: (18-3) in DH/SHS/8/2/4 Pt.3). All experimental procedures were performed
humanely and efficiently to minimize unnecessary discomfort and pain to the animal during the process.
All animals were maintained in CAF at a temperature of 21 + 2°C, relative humidity of 55% * 10%, and
with 12-hour light/dark cycle. Standard diet and water were constantly supplied to all animals. Before
starting the experiment, all rats were maintained in experimental environment for 2 weeks to allow them
to adapt to the experimental conditions. Probiotic treatment dosages were set in a range adopted from Li,
2014 [101]. After two weeks’ adaptation period, SD rats will be subjected to 10 ml/kg rat body weight of
107, 108, or 10° CFU/ml probiotic suspension in 0.85% NaCl, whilst the same volume of 0.85% NaCl will
be fed to the rats in control group by oral gavage. All rats will be sacrificed 10 weeks after the probiotic
introduction to the Gl tracts (Figure 2.2). Fecal and blood samples of rats will be collected weekly and

immediately after sacrifice, to perform microbiota and biochemical analyses, respectively.
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13. 16S rDNA Sequencing and Analysis

Total genomic DNA from collected rat fecal and SHIME luminal or biofilm samples were extracted by
using TIANamp stool DNA kit (TIANGEN, Beijing, China) according to the manufacturer’s protocol.
The V3-V4 region of 16S rDNA were sequenced by using 16S338F forward primer and 16S806R reverse
primer. 16S rDNA sequencing was performed by MajorBio using Illumina HiSeq 2000 sequencer. For
sequence analysis, primer sequences will be trimmed, and raw data was analyzed by using QIIME2 with
HPC provided by Information Technology Services Office, The Hong Kong Polytechnic University.
Paired-end sequences with quality data were denoised by DADAZ2 plugin, and taxonomy was assigned
according to SILVA database. Alpha-diversity indices, beta-diversity weighted UniFrac PCoA plots were
generated by using pipelines within QIIME2. Taxonomy heatmaps and barplots were generated by

RStudio with gplots and ggplot2 packages.
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14, Analysis of short-chain fatty acids (SCFAS)

Method for quantification of SCFA concentrations was adopted from Song, et al., 2018 and Zhao, et
al., 2006 [134, 135]. Fecal samples were defrosted from -80°C and weighted. About 0.15 g of solid samples
was transferred to a new Eppendorf tube and were centrifuged to the bottom of tube at 13,6849 for 1
minutes at 4°C. Samples were then homogenized in 600 pl sterilized Milli-Q water by using an inoculation
loop. Fecal suspensions were vortexed briefly, placed in ice for 10 minutes. Suspensions were centrifuged
at 13,6849 for 1 minute at 4°C. 270 pl of supernatants were transferred to a new tube and its pH was
adjusted to pH 2-3 by 27 ul of 1M HCI (tested by pH paper). 3 ul of internal standard (100 mM 2-Ethyl-
butyric acid) was added into each mixture. All mixtures were centrifuged at 2,376g for 20mins at 4°C.
Supernatant was filtered and transferred to a sample vial with insert for GC-FID analysis equipped with
Agilent GC column DB-FFAP (123-3232). Oven temperature was set at: 80°C for 2 minutes followed by
ramping 6°C per minute until 180°C and then hold for 2 minutes. Concentration of different SCFAs were

calculated from standard curves and respective dilution factor.

15. Isolation of lymphocytes from Mesenteric lymph node (MLN)

MLNs were excised and extra fat tissue was removed. By using a syringe plunger, total cells from
MLNs were gently dissociated against a 70-um cell strainer. Cells passed through the strainer were washed
and collected in a total of 4 ml PBS. Cells were wash by centrifugation at 400g for 5 minutes. Cell pellet
was then re-suspended in RPMI with 1X penicillin/streptomycin (Thermo Fisher Scientific, Waltham,
USA), counted by using hemocytometer with trypan blue exclusion. Total MLNs cells were seeded at 50
x 10* cell/well and incubated at 37°C in 5% CO; for 24 hours. Cultural medium was collected by

centrifugation at 20000g for 10 minutes at 4°C. Supernatant was stored at -80°C until assay.
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16. Isolation of mononuclear cells from spleen

Spleen was excised and its weight was measured. By using a syringe plunger, total cells from spleen
were gently dissociated against a 70-um cell strainer. Cells passed through the strainer were washed and
collected in a total of 4 ml PBS. Cells were wash by centrifugation at 4009 for 5 minutes. Cell pellet was
re-suspended into 4 ml PBS and layered on 5 ml of Ficoll Paque Plus (GE Healthcare, Chicago, US)
slowly. Density gradient separation was done by centrifugation at 400g for 30 minutes at room temperature.
Top layers were carefully removed and discarded. Buffy-coat was collected and washed by PBS. Cell
pellet was re-suspended in 1ml RPMI with 1X penicillin/streptomycin (Thermo Fisher Scientific,
Waltham, USA), counted by using hemocytometer with trypan blue exclusion. Mononuclear cells were
seeded at 50 x 10 cell/well and incubated at 37°C in 5% CO> for 24 hours. Cultural medium was collected

by centrifugation at 200009 for 10 minutes at 4°C. Supernatant was stored at -80°C until assay.

17. Ex-vivo distal colon tissue culture

Colon was excised and its length was measured. Two 1 cm segments of distal colon from the rectal end
were dissected and washed by PBS. Weights of these segments were measured to the closest milligram
and recorded. Each segment was placed into separated well in 24-well cell culture plate with 1 ml RPMI
with 1X penicillin/streptomycin (Thermo Fisher Scientific, Waltham, USA). Tissue was incubated at 37°C
in 5% CO> for 24 hours. Cultural medium was transferred to an Eppendorf tube and centrifuged at 200009

for 10 minutes at 4°C. Supernatant was stored at -80°C until assay.
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18. Enzyme-linked immunosorbent assay (ELISA)

Total protein extracts and cultural supernatants were defrosted from -80°C. Cytokine productions by
various kinds of tested cells were assessed by ELISA according to the manufacturer’s manual. Duplicate
assay wells were used for all samples’ quantification. Rat IL-10 (R&D System), rat TGF-f (ExCell,

Shanghai, China) and human IL-8 (Novus Biologicals, Centennial, US) ELISA assay kits were used in

this study.

19. Statistical analysis

Statistical comparisons were performed using GraphPad Prism 5. All results are shown as mean +/-

SEM from the replicates. Statistical analysis, t-test or one-way ANOVA was used with 95% confidence.
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Results

1. Isolation and determination of probiotics

Total twelfth potential probiotics were isolated from Hong Kong local infant feces and different
fermented foods including kimchi, soy-paste, and Kombucha (Table 2.1). The probiotic isolates were
identified by sequencing the housekeeping gene 16S rDNA. The full length of 16S rDNA sequencing
results were analyzed and compared with matches at the NCBI database. Probiotics isolates named S1,
S2, S5, S9, S11, S12, S13, S14, MM1, MM2, 96B2 and E96, matched with L. rhamnosus, L. sakei, Leu.
mesenteroides, L. plantarum, P. acidilactici, P. pentosaceus, L. paracasei and L. gasseri respectively
(Table 2.1). All the isolates were included in the Qualified Presumption of Safety (QPS) list by European
Food Safety Authority (EFSA). These probiotics were then subjected to further characterization to

determine the potential of being used in the subsequent studies.
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Table 2.1. Probiotic isolates used in this study

Isolate Identity based on 16S rDNA sequences Source of isolation

MM1 P. acidilactici Soy-paste from local wet market
MM2 P. pentosaceus Soy-paste from local wet market
S1 L. rhamnosus Infant feces

S2 L. sakei Korean kimchi

S5 Leu. mesenteroides Korean kimchi

S9 L. plantarum Kombucha

S11 L. plantarum Taiwanese kimchi

S12 L. plantarum Taiwanese kimchi

S13 L. plantarum Taiwanese kimchi

S14 L. plantarum Taiwanese kimchi

96B2 L. paracasei Infant feces

E96 L. gasseri Infant feces
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2. In-vitro characteristics of in-house probiotic isolates

2.1.Acid tolerance

After 48-hours incubation in MRS broth with different pH values, acid tolerance of probiotic was
determined by the ability of reaching a comparable OD value with that in ordinary MRS broth, and the
time required to enter log-growth phase and stationary phase. Growth curves in different probiotics
inoculated in pH 5.7 were found similar with those cultured in MRS with ordinary pH value (pH 6.2), and
the growth of most isolated probiotics was found to be inhibited by acid in MRS with pH 2.0 (data not
shown). To compare the acid tolerance abilities of all isolated probiotics, growth curves in MRS pH 4.0
were overlaid and compared (Figure 2.3). It was observed that, though S1, S9, S11, S12, S13 and S14
required a different time for entering log-growth phases, they still reached OD > 2.0 after 48 hours of
incubation in MRS of pH 4.0. Among these probiotics, S12 and S14 entered their log-growth phases within
the shortest time. This indicated that these two probiotics had the best acid tolerance among all the
probiotics being tested. For S2 and MM2, they had a similar growth trend and entered the stationary phase
at OD around 1.2. For MM1, its growth in acidified MRS was retarded but able to reach OD = 1.5 after
48 hours of incubation. S5 showed the minimum acid as tolerance indicated by its inhibited growth in the

whole period of incubation time.

73



Growth curves at pH 4.0
25

n
n 4 mMM1
NS,
A
s X - MM2
]
15 "y X m X S1
=) X AS2
°
3 A ®ss5
1 g *59
[ |
| BN | =S11
msS12
0.5 2 2 msi3
°
i 3 oo 0 © AS14
axxk
0
0 5 10 15 20 25 30 35 40 45 50
Time (hour)

Figure 2.3. Probiotic growth curves in MRS pH 4.0
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2.2.Bile salt tolerance

Percentage survival rate of each probiotic isolate tested was determined by the CFU recovered after 3
hours of incubation in the PBS supplemented with 0.3% or 0.5% bile salts, followed by plating on the
MRS agar. CFUs on MRS agars were counted and back calculated to CFU remaining in the bacterial
suspensions after incubation with or without bile salts. When probiotic isolates were co-incubated with
bile salts, S1 and S11 showed 80-100% survival rate which had better bile salts tolerance than all the other
tested LABs (Figure 2.4). S12 was found to be able to stay alive with 60% survival rate in 0.3% bile salts,
while reduced to 30% in 0.5% bile salts. The survival rates of S9 and S13 in media containing bile salts
were around 30-40%, while only 10% of S14 were recovered after incubating with 0.3% or 0.5% bile salts.
Probiotic isolates MM1, MM2, S2, S5 and 96B2 were found to have <1% survival calculated by CFU and

were sensitive to bile salts.
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2.3.Antimicrobial ability

With plenty of glucose supply in the MRS agar, production of lactic acid and alcohol by homo-
fermentative and hetero-fermentative metabolisms were able to inhibit certain kinds of pathogen adjacent
to the probiotic colony formed on the MRS agar. Among all the inhibition zone radii for S. aureus and P.
aeruginosa, S5 on MRS agar was observed to have the highest anti-pathogenic growth ability. In the
inhibition zone radii for B. cereus, S12 was found to inhibit the growth of B. cereus the most when
compared with other LABs. With inhibition zone radius of 1.90 cm, S5, S12 and S13 showed the best and
same anti-pathogenic growth ability towards A. baumannii. Probiotic MM1 gave the highest inhibitory
effect to the growth of S. enterica serovar Paratyphi. Among the probiotics tested, S5 on MRS agar,
followed by S11, S12 and S13, showed an overall and relatively high antibacterial capacity toward the

pathogens tested in this study (Table 2.2).

With limited sugar supply in the mMRS agar, anti-microbial effects were mainly based on bactericidal
substances other than lactic acids generated from glucose fermentation (Table 2.3). S2, S12 and S13
showed a relatively bigger inhibition zone on the growth of S. aureus than the other tested LABs. All
tested LABs failed to inhibit the growth of B. cereus except S13 and S14. MM1, S5, S12 and S14 shared
the same anti-microbial ability towards P. aeruginosa. Furthermore, MM1 and S12 also shared the same
capability in impeding the growth of A. baumannii. With inhibition zone radius of 0.7 cm, S5 suppressed
the growth of tested S. enterica serovar Paratyphi. Generally, S12 and S5 had the strongest antimicrobial
effects against some selected pathogens among all the tested probiotics even in the limitation of lactic acid
or alcohol produced by sugar fermentation. Pathogens in the poured soft BHI agar were unable to grow or

even killed by the bactericidal substances produced by probiotics.
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Table 2.2. Radii of inhibition zones by probiotics cultured with different pathogens on MRS agar

Radius of inhibition zone on MRS (cm)

S. enterica
Probiotic P. A.
S. aureus B. cereus serovar
isolate aeruginosa baumannii
Paratyphi
MM1 0.63 0.80 0.83 1.20 2.10
MM2 0.80 1.03 0.73 1.40 1.70
S1 0.47 0.87 0.97 1.40 1.90
S2 0.40 0.33 0.37 0.70 1.10
S5 1.13 0.93 1.47 1.90 1.60
S9 0.57 0.87 0.87 1.50 1.60
S11 1.07 1.00 1.27 1.80 1.40
S12 0.80 1.67 0.97 1.90 0.80
S13 0.77 1.17 0.93 1.90 1.30
S14 0.93 1.13 0.90 1.50 1.20
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Table 2.3. Radii of inhibition zones by probiotics cultured with different pathogens on mMRS agar

Radius of inhibition zone on mMMRS (cm)

S. enterica
Probiotic P. A.
S. aureus B. cereus serovar
isolate aeruginosa baumannii
Paratyphi
MM1 0.10 n.d. 0.40 0.70 0.10
MM2 0.10 n.d. 0.30 0.40 0.10
S1 0.10 n.d. 0.30 0.30 0.30
S2 0.20 n.d. 0.20 0.20 0.50
S5 0.10 n.d. 0.40 0.30 0.70
S9 0.10 n.d. 0.20 0.40 0.40
S11 0.10 n.d. 0.20 0.20 0.50
S12 0.20 n.d. 0.40 0.70 0.30
S13 0.20 0.10 0.30 0.30 0.20
S14 0.10 0.10 0.40 0.50 0.20

(n.d., not determined)
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2.4.Probiotics adhesion and competitive adhesion ability

Adhesiveness to cultured human epithelial Caco-2 cells of different isolated probiotics were examined.
It was observed that S1, S9, S11, S12, S13 and S14 demonstrated a relatively higher adhesiveness to Caco-
2 compared with MM1, MM2, 92B2, S2 and S5. Among these LABs with better Caco-2 adhesion, S1
performed well in both acid and bile salt tolerance. With some other biochemical characterization done
previously, for instance, the soymilk fermented by S1 had higher free amino acids content and showed
higher beta-galactosidase activity than the other tested LAB isolates (data not shown), this novel isolate
was selected for further testing in the competitive adhesion against S. aureus and E. faecalis. Adhesion of
S1 onto the enterocytes was determined using human intestinal epithelial Caco-2 and HT-29 cells in the
absence and presence of pathogenic bacteria. Adhesions of S. aureus and E. faecalis were higher toward
Caco-2 cells than that to HT-29. It was found that adhesion of both S. aureus and E. faecalis toward both
secretive HT-29 and absorptive Caco-2 were reduced in a S1 dose-dependent manner when co-incubation
with S1 (Figure 2.5). Approximately half of the pathogens were unable to bind to Caco-2 monolayer when

4-times of S1 was introduced to the mixture.
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Figure 2.5. Average adhered pathogens on Caco-2 or HT-29 cell with or without S1 co-incubation. SA:
S. aureus EF: E. faecalis. OD ratio of pathogen load to S1 was indicated in bracket. ANOVA, data shown

as mean +/- SEM; n=2; *p<0.05, **p<0.01 and ***p<0.005.
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2.5.Immunoregulatory effects on cultural epithelial cells

Changes of pro-inflammation cytokine IL-8 upon pathogen infections were determined in the absence
and presence of selected probiotic isolate S1. When Caco-2 was incubated with S1, IL-8 level in cultural
supernatant was reduced slightly comparable to those from Caco-2 cultured in DMEM only. Six to eight-
fold secretion of pro-inflammatory cytokine IL-8 by Caco-2 cells was stimulated by S. aureus, A.
baumannii and E. faecium compared to DMEM control. Co-incubation with S1 reduced the production of

IL-8 triggered by S. aureus, A. baumannii and E. faecium back to no stimulation state (Figure 2.6).
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Figure 2.6. Normalized IL-8 production in Caco-2 cells after incubated with S1 and mixes of S1 + S.
aureus (A), S1 + A. baumannii (B) and S1 + E. faecium (C). IL-8 concentration in DMEM-treated Caco-

2 cultural supernatant was normalized to be 1. ANOVA, data shown as mean +/- SEM; n=2; *p<0.05,

**p<0.01 and ***p<0.005.
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3. Effect of L. rhamnosus S1 on the gut microbiota of in vitro human Gl tract (SHIME)

3.1.Preparation of SHIME for the experiment

After inoculation of fecal slurry into each SHIME chambers, concentrations of SCFAs in each chamber
were quantified by GC-FID, which were used as indicators reflecting microbiota compositional stability
between same regions of SHIME-1 and SHIME-2 (ACs, TCs and DCs). As suggested in the protocol of
ProDigest SHIME, treatment can be started when SCFA levels had been stabilized with similar
concentrations in each colon regions. S1 treatment was started 24 days after inoculation, since SCFASs

levels had been stably established (Figure 2.7).
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Figure 2.7. Concentrations of SCFAs in different SHIME chambers (ACs: A-C, TCs: D-F and DCs: G-
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3.2.Luminal phase microbiota

All extracted genomic DNA from SHIME samples were characterized by 16S rDNA gene (V3-V4
regions) using Illumina sequencer. A total of 716,009 qualified reads from 18 samples passing through
DADAZ2 pipeline within QIIME2 were used for subsequent analysis. In the SHIME experiment, the gut
microbiota treated with or without S1 treatment were compared and indicated as S1 and control,
respectively, throughout the results and discussion. The microbial composition and abundance of
ascending colon (AC), transverse colon (TC) and distal colon (DC) were analyzed using 16S rDNA
sequencing. Similar baseline microbiota in ACs, TCs and DCs at day-0 were established before S1
treatment as indicated in unweighted UniFrac PCoA (Figure 2.8A). The beta-diversities between AC-S1
and AC-control, TC-S1 and TC-control, were clustered closer to each other after 10-day S1 treatment
period regardless abundance of taxa as indicated in both unweighted and weight UniFrac PCoA (Figure
2.8). However, it was observed that DC-S1 community deviated from DC-control after the treatment.
Compositional differences became more significant if phylogenetic distance was considered (Figure 2.8B).
Megasphaera spp. under phylum Firmicutes and family Veillonellaceae was the dominant genus in this
experiment. The drop of genus Megasphaera (-9%) also contributed to the reduction of these phylum and
family in DC-S1 when compared to DC-control after the 10-days of treatment. From AC to DC, the
relative abundance of genus Bacteroides was enriched by more than 2-folds when the system was treated
with S1. On the other hand, Blautia spp. and Subdoligranulum spp. were reduced in TC-S1 and DC-S1
comparing to their controls. Bifidobacterium spp. was reduced in AC-S1 but increased in TC-S1 and DC-

S1 (Figure 2.9).
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3.3.Biofilm microbiota

Resultant biofilm microbiota was also analyzed. Beta-diversities of the whole community deviation
revealed that, implicated in unweighted UniFrac PCoA, higher community taxa variation between DC-
control and DC-S1 was observed (Figure 2.10A). However, abundance weighted compositions were
similar in respective colon regions. Microbiota of TC-S1 and TC-control were more comparable than that
between AC-S1 and AC-control, DC-S1 and DC-control (Figure 2.10B). Firmicutes was the dominant
phylum in AC and TC microbiota, while Proteobacteria contributed to over 50% of relative abundance in
DC fermenters. Compared with respective controls, bacteria under phylum Bacteroidetes were reduced in
AC-S1 but increased in TC-S1 and DC-S1. Firmicutes in S1-administing chamber AC-S1 was increased.
Family Bacteroidaceae and Genus Bacteroides were reduced in AC-S1. Interestingly, relative abundance
of Lactobacillus spp. under family Lactobacillaceae was smaller in AC-S1 than that in the control. 10%
more Veillonellaceae was detected in AC-S1 than AC-control. Furthermore, Pseudomonadaceae was
suppressed in AC-S1. Tyzzerella spp. was reduced in AC-S1 and TC-S1, and even depleted in DC-S1 in
the resultant microbiota. More Megasphaera spp. was found in AC and TC chambers' biofilm, and it was
the dominant genus within these communities. 10% more Megasphaera was detected on AC-S1 biofilm,
while relative abundance of this genus remained stable in other samples. Under phylum Proteobacteria,
an unclassified genus (f__Enterobacteriaceae; ) from family Enterobacteriaceae was detected in DC-
control with over 50% relative abundance. However, Escherichia-Shigella in DC-S1 dominated the
community with 57% relative abundance. Relative abundance of Klebsiella spp. in DC-S1 biofilm was

less than one-third of that in DC-control (Figure 2.11).
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Figure 2.10. Unweighted (A) and weighted (B) UniFrac PCoA for biofilm microbiota compositions.

AC: blue, TC: yellow and DC: red. Square and sphere indicated control and S1 SHIME, respectively.
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Figure 2.11. Taxonomy heatmaps showing relative abundance of all taxa in biofilm on phylum (A), family (B) and genus (C) levels.
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3.4.Epithelial integrity assays by TEER

Filter-sterilized luminal microbiota derived metabolites from each chamber were incubated with
differentiated Caco-2 monolayer for epithelial integrity test. Luminal extract concentration (20% v/v in
cultural medium) were employed as treatment percentage, which preserved >90% cell viability for both
ACs, TCs and DCs’ extracts treatments mimicking a sub-lethal chronic exposure of to each cell-line
(Figure 2.12). TEERSs in monolayers treated with AC and TC microbiota extracts remained comparable.
It was observed that TEER dropped with a more rapid rate in Caco-2 monolayers treated with DC-control
extract than those incubated with DC-S1 extract (Figure 2.13). Significant increases of TEERs were
detected after Caco-2 had been treated with DC-S1 extract for 72 hours. Up to 26% more TEER percentage

growth was observed after 144-hour incubation (Figure 2.13).
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Figure 2.12. Normalized viability of Caco-2 cells in different concentrations of luminal extracts of AC

(A), TC (B) and DC (C) compared to those incubated in complete medium.
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Figure 2.13. Changes of TEER after treatment of SHIME luminal extracts. The TEER of Caco-2 cells
treated with AC (A), TC (B) and DC (C) microbiota derived metabolites were shown. SHIME-1 (AC1-
TC1-DC1) indicated S1 SHIME treatment group while SHIME-2 (AC2-TC2-DC2) indicated control
SHIME setup. Statistical analysis of TEER changes between monolayer treated with DC-control (black)
and DC-S1 extracts (red) from 72-hour onwards (D). t-test, data shown as mean +/- SEM; n=3;

70.05<p<0.06, *p<0.05, **p<0.01 and ***p<0.005.
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3.5.TJ/AJ gene expression in Caco-2

From TEER assay, the permeability of Caco-2 monolayer was reduced by DC-S1 extract. RT-gPCR
was employed to further assess MRNA expression of major TJ and AJ genes in Caco-2 cells treated with
DC-control and DC-S1 extracts (Figure 2.14). After normalizing relative quantification of expression
levels to DC-control, the expression of CDH1 was enriched by 10% in DC-S1 extract-treated Caco-2 cells,
though the difference was not statistically significant. Moreover, OCLN expression was up-regulated by

77% in Caco-2 treated with DC-S1 extract compared to the control (p<0.05).
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Figure 2.14. Normalized expressions of TJ/AJ genes in Caco-2 cells. t-test. Data shown as mean +/-

SEM; minimum n=3, *p<0.05, **p<0.01 and ***p<0.005.
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3.6.DC-S1 extract promoted occludin expression in Caco-2

Protein expression of occludin in Caco-2 was then assessed by western blot (Figure 2.15). After

treatment of different DC regions’ extracts, occludin protein level was 39% higher in Caco-2 incubated

with metabolites from DC-S1 (p<0.05) than that from DC2.
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Figure 2.15. Effect of DC extracts on the expression levels of occludin in Caco-2 cells by western blot

analysis. Data shown as mean +/- SEM. t-test, n=4, *p<0.05, **p<0.01 and ***p<0.005.
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4, Effect of L. rhamnosus S1 on SD rat

4.1.Changes of gut microbiota by supplementation of L. rhamnosus S1 in SD rat

Fecal DNA extracted from 20 rats were sequenced for 16S rDNA (V3-V4 regions) on Illumina platform.
A total of 233,737 high quality reads resulted from DADAZ2 denoising pipeline within QIIME2 were used
for analysis. In the animal experiment, healthy SD rats were treated with S1 at different dosages and their
resultant fecal microbiota compositions were analyzed by 16S rDNA sequencing. Firmicutes to
Bacteroidetes (F/B) ratio showed gradual drops across S1 treatment dosages to rats yet not statistically
significant (Figure 2.16). Beta-diversities unweighted and weighted UniFrac PCoA showed that the
microbiota communities of rats from the control group were clustered which partially align with the gut
microbiota of rats fed with the lowest dosage, 10’ CFU/ml, suggesting that they share a relatively similar
microbial composition (Figure 2.17A). However, microbial compositions from rats treated with dosages
2 and 3 of S1 were deviated from both control and dosage 1. More significant variation was observed in
abundance-weighted UniFrac PCoA which indicated that most rats from S1-D3 group had microbial

community differed from all the other groups of rats (Figure 2.17B).

F/B Ratio
K

E3

Figure 2.16 Firmicutes to Bacteroidetes ratio in the GI microbiota of SD rats.
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Figure 2.17. Unweighted (A) and weighted (B) UniFrac PCoA for SD rat microbiota compositions. No
treatment: blue circles, S1-treated rats: red spheres. Sizes of spheres indicated S1 dosages 1, 2 and 3, which

correspond to 107, 108, or 10° CFU/mI probiotic suspension in 0.85% NaCl respectively.
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Administration of S1 induced several intestinal microbiota compositional changes (Figure 2.18).
Firmicutes was the dominate phylum within each rat microbiota, which contributed approximately 50-60%
of total abundance (Figure 2.18A). After S1 treatment, enrichment of Lactobacillus spp. was detected in
S1-D1 to S1-D3 groups but not significant (Figure 2.18C). Genus Bacteroides under phylum
Bacteroidetes and family Bacteroidaceae contributed 30-40% of total microbial compositions in all rats
(Figure 2.18B). Although not statistically significant, there was a dose-dependent trend of increase in this
genus as the S1 treatment increased. Except Bacteroidaceae, mean relative abundance of family
Erysipelotrichaceae also showed an S1-dose-dependent increase. Under this family, Turicibacter spp. was
observed significantly increased in S1-D2 and S1-D3 treatment groups (p<0.05). An unclassified genus
under family Prevotellaceae (f__Prevotellaceae) was detected reduced in S1-D2 group (p<0.01). Relative
abundance of this genus was depleted in S1-D3 group (p<0.01). Romboutsia spp. was enriched in all S1-
treated groups, while Genus Family XIII_AD3011 group under family Anaerovoracaceae, and
Candidatus_Saccharimonas under family Saccharimonadaceae were reduced by high dosages S1
treatments. Streptococcus spp. under family Streptococcaceae, and genus/family Clostridia_ UCG-014
were significantly reduced in S1-treatment groups (p<0.05) (Figure 2.18C). Relative abundance of SCFA
producers was not observed altered after treatments. Fecal SCFAs remained stable in various groups of

rats (Figure 2.19)
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Figure 2.18. Taxonomy heatmaps of gut microbiota at phylum (A), family (B) and genus (C) levels in the SD rats. Dosage 1-3 of

S1 were labels as D1 to D3 respectively. Data shown as mean +/- SEM. ANOVA, control n=3, D1 n=6, D2 n=5 and D3 n=6; *p<0.05,

**p<0.01 and ***p<0.005.
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Figure 2.18. Taxonomy heatmaps of gut microbiota at phylum (A), family (B) and genus (C) levels in the SD rats. Dosage 1-3 of S1
were labels as D1 to D3 respectively. Data shown as mean +/- SEM. ANOVA,; control n=3, D1 n=6, D2 n=5 and D3 n=6; *p<0.05,
**p<0.01 and ***p<0.005 - continued.
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Figure 2.19. Mean concentrations of short-chain fatty acids in rat fecal samples (in mM per gram

feces). Data shown as mean +/- SEM.
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4.2.Cytokines in rat ex-vivo colon tissue, MLN cells and splenic mononuclear cells

cultures

Secretions of anti-inflammatory cytokine IL-10 and TGF-B from colon tissues were quantified by
ELISA. Compared with no S1 treatment, IL-10 production from colon tissues in rats received different
dosages of S1 was higher than no treatment control rats. S1-D3 rats’ colon tissue secreted more TGF-3
compared to control (p=0.072). Ex-vivo cultures of MLN and splenic mononuclear cells from S1-D3
produced more IL-10 (p=0.089 and p=0.202, respectively). Significant increases in IL-10 generation were
detected in spleen mononuclear cell cultures from S1-D1 and S1-D2 (p<0.05) (Figure 2.20). Except minor

reduction of liver weight was observed at high dosage groups, most organ weights remained stable (Figure

2.21) A B i
S  TGF-beta in colon tissue culture s IL-10 in colon tlfsue culture
‘3; 15 p=0072 g 2.0+
13 = — e
] c — e
[} o
E 3 _ 15
T 10 -
s E1 10 £ g
o e 8=
% E oE 1.0
=
5 2 5 E E
& 5 051
= o
8 g
E Y, 0o
e & & = & N 9 >
= & s < < <
& <
Groups of rats ) . Groups of rats
C IL-10 in MLN cell culture D IL-10in Splenic mononuclear cell culture
p=0.089 250- - p=0202
1004 2004 PR
E E
g g 150
g 50 S 100-
2 2
= = 5
0- 0-
& < < @ & N Nig <
& &
Groups of rats

Groups of rats

Figure 2.20. Concentrations of TGF-f and IL-10 in ex-vivo colon tissue culture (A and B).
Concentrations of IL-10 in MLN total cell and splenic mononuclear cell cultures (C and D). Data shown
as mean +/- SEM. ANOVA,; control n=3, D1 n=6, D2 n=5 and D3 n=6; *p<0.05, **p<0.01 and
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Discussion

1. Selection of probiotic isolate by in-vitro characterization assays

LABs are commonly isolated beneficial bacteria from the environment. Typically, they could be acid
resistant due to the production of lactic acid that serves as natural anti-microbial compound in multiple
mucosal surfaces within hosts. Among all the isolates in this study, Lactobacillus spp. obtained from
various sources performed better in acid and bile tolerance which facilitate their survival and colonization
within the GI tract. Lactic acid and acetic acid produced during carbohydrate metabolism, as well as
bacteriocins secretion, are major anti-microbial substances produced by these LABs for competing
nutrients or colonization within hosts [13, 136, 137]. The beneficial microbes isolated from a particular

origin are often the best-fit isolates that could survive within that host origin.

L. rhamnosus is one of the most studied LABs. L. rhamnosus GG had multiple adhesion molecules
such as teichoic acids, LPXTG-like protein, and pili, all of which enable them to bind to mammalian cells
[109, 110, 138, 139]. Differentiated Caco-2 monolayer mimics the epithelial lining under the mucus layer
of enterocytes in the gut. Extracellular matrix proteins and surface receptors can be found at the apical
side receiving antigen signals and bacterial adhesions. In the adhesion assay of this study, the isolate S1
originated from human feces performs well in attaching to cultural enterocytes Caco-2 and HT-29 cells,
though S1 has a relatively weaker adhesiveness towards these cell lines compared to S. aureus and E.
faecalis. Upon simultaneous colonization, S1 can compete binding sites with these opportunist pathogens.
This protective effect of S1 reduces the chance of infection as both S. aureus and E. faecalis could invade
epithelial cells and get into the bloodstream underneath the epithelium, leading to the possibilities of sepsis
and endocarditis. In addition to occupying binding sites, S1 produces anti-microbial substances inhibiting
growth of some common food-borne pathogens such as S. aureus, P. aeruginosa, Sal. enterica serovar

Paratyphi and B. cereus, which further reduced the chance of getting gastroenteritis.
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L. rhamnosus S1 had an average performance in terms of acid and bile tolerances, and it also showed
moderate abilities against foodborne pathogens. However, this probiotic isolate possessed high epithelium
adhesion and protection against the adhesions of opportunistic pathogens, namely S. aureus and E. faecalis,
towards epithelial cells. It also reversed the pro-inflammatory stimulation triggered by S. aureus, A.
baumannii and E. faecium as indicated by IL-8 secretion. These factors made S1 outcompeting others as
a potential probiotic for preventing pathogenic infection, ameliorating dysbiosis, promoting epithelium
integrity and regulating immunity in host Gl tract. Administrating alive S1 isolate to the in-vitro Gl tract
/ animals, and then monitor its effects on the epithelium permeability in cultural intestinal epithelial Caco-
2 and secretion of anti-inflammatory cytokines in various organs were carried out for assessing probiotic

effects of S1.
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2. L. rhamnosus S1 changed human-origin microbiota in SHIME

The simulator of human intestinal microbial ecosystem (SHIME), namely in- vitro Gl tract, is an ideal
and alternative approach to study the effect of target of interest, i.e., probiotics, supplements, food
contaminants, toxicants, and drug, on the gut microbial community and its derived metabolites in human.
Furthermore, the whole system runs continuously from oral to fecal and the researchers could opt to
include an absorption unit, for which setting the whole system runs uninterrupted as many other similar
in-house settings in different research institutions. SHIME had been employed in multiple assessments in
these research areas [140-144]. Luminal phase of the SHIME mimics the ingested food flow across the Gl
tract from stomach, small intestine, ascending colon, transverse colon and finally descending colon to

waste.

Colonic microbiota is the largest community within human body. The effect of S1 administration to
this ecosystem was studied by 16S rDNA sequencing analysis. Beta diversity PCoA (Weighted UniFrac)
showed that community deviation was observed between DC-control and DC-S1 after 10-days of
treatment. S1 changed the microbiota of DC and increased the phylogenetic distance between DC-S1 and

DC-control.

Among these modification, Bacteroides spp. increased in luminal microbiota of all three colon regions
(AC, TC and DC) in SHIME which received S1 treatment. Bacteroides is commonly found in human
microbiota but less abundant in IBS and UC patients [22]. Some species from this genus were able to
regulate immunity of Gl tract [29, 145]. DC-S1 possessed 9% less Megasphaera spp. within its community.
Though Megasphaera elsdenii was found to be able to reverse damages caused by lactate in the rumen
gut, and produce SCFAs including acetate, propionate, butyrate and valerate, previous studies related to
this genus are scarce. [146, 147]. Two studies published in 2020 reported the correlation between this

Megasphaera spp. and cancers, yet it remained largely unclear if it is a causal or consequential relationship
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[148, 149]. Megasphaera elsdenii was also found promoting pro-inflammatory status of blood monocyte-
differentiated dendritic cells and stimulating proinflammatory cytokine productions by these cells [150].
Suppressive effect on relative abundance of genus Megasphaera may provide less inflammatory

stimulation to both mucosal epithelium and local immune cells.
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3. Metabolites from L. rhamnosus S1-modified gut microbiota promoted the

epithelium integrity

Total microbial metabolites were collected from the distal colon regions of SHIME and used as extracts
for the treatment of cultural epithelial cells. The epithelium integrity was assessed by TEER test and
further confirmed with gPCR and western blot for the TJ/AJ proteins being affected in this process. The
permeability of Caco-2 monolayer increased more rapidly when treated with DC-control extract compared
to DC-D1 extract in a TEER assay. Together with the major microbiota compositional deviation in DCs,
Caco-2 cells were used for TJ and AJ gene expression assay to identify which major component was
affected. When Caco-2 cells were incubated with DC-S1 extracts, mRNA level of OCLN was enriched by
77% (p<0.05). This up-regulation was also translated to protein level. Occludin protein in Caco-2 cells
was also enriched by 39%. Occludin is one of the most important tight junction proteins in cell-cell
junction for the formation of epithelium [33]. Except maintaining epithelium integrity by reducing pore
size between cell junctions, its expression also indicates the epithelial characteristic in the epithelial cells
as tumor and metastatic cells undergoing epithelial-mesenchymal transition (EMT) produces fewer

adhesive proteins such as E-cadherin and occludin [151, 152].
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4. L. rhamnosus S1 reduced opportunistic pathogens in the gut microbiota of SD rats

In addition to the complete test on digestive juice tolerance, animal model provided a more realistic
mucosal surface than that in the cultural Caco-2 monolayer as there is proper mucus secretion between
bacteria and epithelial cells. Body weights, food and water intakes of rats receiving different dosages of
S1 were stable and comparable to the control group receiving no treatment (data not shown). Colon lengths
and organ weights were similar except liver. Reduction of relative liver weight was observed in S1-treated
rats and the reason for this phenomenon remained to be elucidated. Though numerous Lactobacilli spp.
can promote intestinal SCFA levels in experiment animals, fecal SCFAs including acetic acid, propionic
acid and butyric acid concentrations in this study remained similar across different groups of rats in this

study.

Total microbiota compositional analysis is also available in this animal experiment. Consistent with
the findings in the SHIME experiment, increase in the relative abundance of commensal genus
Bacteroides in S1 treated rat microbiota were observed, though the difference is not statistically significant.
Romboutsia spp. and Turicibacter spp. were also enriched in high dosages S1-treated rats. An unclassified
taxon under family Prevotellaceae (f_Prevotellaceae) and Clostridia UCG-014 were reduced
significantly after S1 treatment in a dose-dependent manner. Studies on the correlation between microbiota
composition and metabolic diseases found that, family Prevotellaceae was positively related to CD,
diarrhea-predominant irritable bowel syndrome (IBS-D) and risk of cardiovascular diseases [29, 153, 154].
Our results showed that S1 also reduced Streptococcus spp. in the gut microbiota of rats. This genus of
bacteria was observed to be positively correlated with joint inflammation and can be found in biofilm of
atherosclerosis plague and endocarditis [31, 155, 156]. It is possible that the up-regulations of
immunoregulatory IL-10 and TGF-p were due to the reduction of these taxa with pro-inflammatory profile.

Yet the exact mediators and mechanisms remained to be further investigated.
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5. Immunoregulatory effect of L. rhamnosus S1 on colon, MLN and systemic regions of

SD rats

Modification in microbial community alters metabolites and antigens that diffuse through the mucosa
into circulatory and lymphatic systems. IL-10 and TGF-$ in the colon tissue was increased in the rats
administered with S1. Other than local cytokine levels, MLNs in the mesentery located closely together
with blood, lymph and nerve supplies, which harbor multiple immune cells for Gl immunity. The resultant
microbiota shifted by S1 treatment also regulates these immune cells. Primary total MLN cells from the
rats treated with S1 produced over 4-fold more 1L-10 than that from the Sham rats. 1L-10 expression is
not only stimulated in MLN but also in the largest lymphatic organ and spleen. Primary culture of splenic
mononuclear cells from rats treated with S1 also showed enriched IL-10 expression. 1L-10 are produced
by tissue repairing M2 macrophages, dendritic cells, regulatory T cells and T helper 1 cells when they
receive anti-inflammatory signals such as GPCR43 or GPCR109 mediated short-chain fatty acid bindings
[157]. Both IL-10 and TGF-p are signals to stimulate regulatory T cell differentiation to maintain immune
tolerance. This indicates that metabolites from S1-treaed rats’ GI microbes can modulate local (MLN) and

systemic lymphatic systems.
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Summary

Different LABs were isolated from infant feces and various fermented food samples, which were
verified by 16S rDNA sequencing to be classified in the genera of Lactobacillus, Leuconostoc and
Pediococcus. All the tested probiotics from the Lactobacillus genera were found to have better acid
tolerance than the isolated Pediococcus species. L. rhamnosus S1 showed relatively higher resistance to
acid and bile salt, and moderate antimicrobial strength against S. aureus, P. aeruginosa, A. baumannii and
S. enterica serovar Paratyphi on both MRS and mMRS plates, and B. cereus on MRS. Moreover, S1
showed high adhesion compared with other isolates in this study and was able to compete with S. aureus
and E. faecalis for the binding to cultured human epithelial Caco-2 and HT-29 cells. In addition to anti-
microbial ability, this isolate can also regulate inflammatory stimulation triggered by S. aureus, A.

baumannii and E. faecium in-vitro.

Our previous findings showed that S1 has good tolerance on extreme conditions in the Gl tract, and
high activity of B-glucosidase for antioxidant ability when compared with various probiotic strains from
food and commercially available probiotic drink in the previous study [129]. L. rhamnosus S1 was selected
for further analysis in SHIME and animal model. S1 altered DC microbiota derived metabolites, which
reduced the permeability of cultural epithelium by up-regulating OCLN and the protein occludin.
Suppressing opportunists from family Prevotellaceae, Streptococcus spp. and Clostridia_UCG-014 while
promoting Turicibacter spp. and Romboutsia spp., S1 altered the GI microbial compositions of SD rats.
Furthermore, treatment of S1 promoted anti-inflammatory cytokines IL-10 and TGF-p in the colon tissue
of rats. Immunomodulation effect was also detected in both local and systemic lymphatic organs, namely
MLN and spleen respectively. S1 possesses these characteristics which make it a good candidate to be

used as a novel mucosal probiotic for oral or topical usages.

109



Supplementary information

Supplementary Table 2.1. Primers used for 16S sequence amplification and 16S rDNA sequencing

Primers names

Sequences (5°-3”)

16S8F AGAGTTTGATCCTGGCTCAG
16S1492R CGGTTACCTTGTTACGACTT
16S341F CCTACGGGAGGCAGCAG
16S806R ATTAGATACCCSBGTAGTCC
16S338F ACTCCTACGGGAGGCAGCA

Supplementary Table 2.2. Primers for RT-gPCR on gene expressions in Caco-2 (Adopted from Puitt,

2017 and 2Suzuki, 2011 [33, 124])

Gene Protein Forward sequence (5°-3°) Reverse sequence (5°-3”)

RPLPO Ribosomal protein PO ACTTCCTTAAGATCATCCAACT TATGAGGCAGCAGTTTCTCCA
OCLNM Occludin CCAATGTCGAGGAGTGGG CGCTGCTGTAACGAGGCT

CLDN1 Claudin-1 TGGTGGTTGGCATCCTCCTG AATTCGTACCTGGCATTGACTGG
CLDN23 Claudin-2 CTCCCTGGCCTGCATTATCTC ACCTGCTACCGCCACTCTGT
CLDN4 Claudin-4 ATCATCGTGGCTGCTCTGG ACACCGGCACTATCACCATAA
CLDN7 Claudin-7 TTTCATCGTGGCAGGTCTTG CTCATACTTAATGTTGGTAGGG
JAMA JAM-A GATCACAGCTTCCTATGAGGA ATGGAGGCACAAGCACGAT

CDH1 E-cadherin AAGAGGACCAGGACTTTGACTT CAGCCGCTTTCAGATTTTCATC
CTNNB1 Beta-catenin GGAATGAGACTGCTGATCTTGG ATCATCCTGGCGATATCCAAGG
TIP1M Z0-1 CAAGATAGTTTGGCAGCAAGAGATG ATCAGGGACATTCAATAGCGTAGC
TJIP2 Z0-2 GCACAGAATGCAAGGATCGA GTCTGGAACTCGTGTGCTGG

TJP3 Z0-3 GCGAGAAGCCAGTTTCAAGC GTCCTGGACACAGTCTCTGCGA
TRIC Tricellulin GGCAAAATACCCTGTGATTCAGACAG CATGGATTCTTGAAATTCTCTCATG
AFDN Afadin ACCGACAAGCAAGAGCACCACTAG TGCCTGCGATAATCTGGCTGCTG
NECT2 Nectin-2 CAGAGTCATAGCCAAGCCCAAGAAC GTCCAGGGATGAGAGCCAGGAG
NECT3 Nectin-3 TCTCCAGGCTCTGTGGTGCC ATGGTGAACTGCAACAGTCTGTGAA
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Chapter 3 — Potential impact of plasticizer on the integrity and tissue-repairing ability of

human enterocytes via altering gut microbiome

Abstract

Plasticizers can be found in both environmental and food samples. Toxicological research on different
organs has been numerously reported in the past few decades. Effects of such contamination on microbiota
composition shift and T helper cells homeostasis in zebrafish have also been studied recently. However,
there is limited investigation regarding impact on human microbiota by plasticizer. In this study, we aimed
to determine the effect of 2 plasticizers, namely Di(2-ethylhexyl) phthalate (DEHP) and di-iso-nonyl
phthalate (DINP), on the gut integrity and enterocyte repairing ability via altering gut microbiota. Healthy

human fecal microbiota was co-incubated with different concentrations of DEHP and DINP

Microbial diversity is reduced by DEHP treatment in a dose-dependent manner. DEHP treatment
reduced phyla Firmicutes/Bacteroidetes ratio, while DINP treatment promoted Proteobacteria. Enriched
(Collinsella, Alloprevotella and Prevotella) and reduced (Bifidobacterium, Dorea, Faecalibacterium,
Coprococcus and Roseburia) taxa from the DEHP-treated fermenters were similar to those observed in
the gut microbiota of IBD patients. Expressions of tight/adherens junction genes in HT-29 cells and anti-
inflammatory genes in RAW264.7 were down-regulated by the metabolites from plasticizer-co-incubated
microbiota. Extracts from DEHP-modified microbiota stimulated pore-forming claudin-2 expression in
HT-29 cells by up to 2.4-fold. Interestingly, DINP modified microbiota-derived extract reduced claudin-
2. However, TJ/AJ sealing proteins E-cadherin (-20%), JAM-A (-30%) and claudn-4 (-17%) were reduced
by high dosage DINP-modified microbiota extract. Overall, it is observed that selected plasticizers at high
dosages induce compositional changes of gut microbiota. Metabolites from such altered microbiota may

affect tight junction integrity of intestinal epithelium and upset macrophage differentiation homeostasis in
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proximity. Chronic exposure to these plasticizers may promote risks of dysbiosis, leaky gut or

exacerbation of inflammatory bowel diseases (IBDs).
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Introduction

Phthalates are one of the major groups of environmental contaminants with global occurrence. They
have been ubiquitously found in human urine and blood and posed potential health issues [158]. Di(2-
ethylhexyl) phthalate (DEHP) and di-iso-nonyl phthalate (DINP) are widely used as plasticizers to soften
poly-vinyl chloride (PVC) plastics for flexibility [159]. The primary concern is that DEHP can be
metabolized into different toxic metabolites such as Di-n-octyl phthalate (DnOP), and mono-(2-ethylhexyl)
phthalate (MEHP) when it enters the human body. Studies have shown that it can induce reproductive
toxicity and endocrine disruption. It is best known as an endocrine disruptor that disrupts the regulation
and action of thyroid hormones [160]. In addition, DEHP and its metabolites have the potential to induce
testicular, ovarian, renal, neuro, and cardiovascular toxicity [161]. Both occupational and environmental
routes of exposure to DEHP are of concern for human health [162]. Due to the toxic effect of DEHP,
another phthalate, DINP is used as an alternative to DEHP during PVC production. It is suggested that
DINP has lower cytotoxicity and carcinogenicity compared with DEHP, however, some studies have
demonstrated that DINP can also disrupt immune homeostasis and cause spleen, liver, and kidney damages
[158, 159]. In addition to alteration of metabolisms by DEHP/DINP or their derivatives, recent study has
demonstrated that DEHP is able to modify microbiome-gut-immune axis upset gastrointestinal
homeostasis. Transcriptomic and metagenomic analysis reveal that gene expressions of intestine
associated T helper cell subsets and tight junction proteins are changed after DEHP exposure in zebrafish

[163], however, studies regarding effects of plasticizer on human microbiota is relatively limited.
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Earlier findings suggested that bacterial isolates from environmental sources or Gl tract may degrade
plasticizers DEHP and DINP. Proteus mirabilis, Desulfitobacterium hafniense and Paenibacillus
barengoltzii isolated from gut could grow on culture plate with DINP as sole carbon source [164]. In
addition to these isolates, genera Pseudomonas, Methylobacillus and Achromobacter have been reported
growing on DINP-containing medium. Possible mechanisms of energy utilization from DINP includes de-
esterification and beta-oxidation [164, 165]. Genera Rhodococcus and Achromobacter have also been
found degrading DEHP through de-esterification [166, 167]. Among these bacteria, genus Pseudomonas
can be found various mucosal surfaces in human and possesses multiple antibiotic resistance genes. These
studies related to how DINP is utilized as carbon source which supports the growth of certain types of
bacteria are published in recent years. It is possible that DINP could affect and favor the growth of some

bacteria in gut microbial ecosystem.

Since oral intake is the major exposure pathway for DEHP and DINP to enter human body, and their
systemic availabilities were verified to be about 7% and 50% in rats, respectively [168-170], we
hypothesize that such plasticizer can shift microbial composition of human microbiota, in turn affect
intestinal tight junction integrity and macrophage differentiation (pro-inflammatory M1/tissue repairing
M2). We adopt a batch culture model which consists of fermenters simulating the human intestinal
ecosystems of colons to investigate the alteration of microbiota by a wide range of plasticizer
concentrations. Fecal microbiota was cultured anaerobically with different concentrations of DEHP and
DINP for 24 hr. Resultant microbiota compositions were analyzed by 16S rDNA sequencing. Influence
of microbial metabolites from luminal extracts on the cultural enterocytes and macrophage were
investigated. It is observed that microbial compositional changes in plasticizer containing niches towards
dysbiosis. Gene expressions involved in the epithelial junction integrity of HT-29 cells were affected,

which may lead to a “leaky gut” profile. Down-regulation of reactive oxygen species (ROS) neutralizing
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machinery related genes were also observed. Moreover, anti-inflammatory, tissue repairing macrophage
M2 signature genes were reduced in cultural macrophage cell-line. These results indicated that over
consumption of plasticizer could induce changes of microbiota in a way which produces metabolites
upsetting intestinal epithelial integrity and immune homeostasis, contributing to progression of leaky gut

or even exacerbation of inflammatory bowel diseases (IBDs).
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Objective

In this study, we aim to determine:

1. If DEHP or DINP alters the microbial diversity and compositions of human gut microbiota
in vitro;

2. Gene expressions of TJ, AJ and cytokines in HT-29 and RAW264.7 cells after treatments
of luminal extracts of gut microbiota exposed to DEHP and DINP;

3. Whether the affected TJ and AJ gene expressions were translated to proteins level.
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Materials and methods

1. Batch Culture

Fecal samples were collected from healthy donor who had normal diet and did not intake any probiotics
or antibiotics at least 2 weeks before sampling day. Fecal material was stored in gas-tight sample bucket
with anaerobic sachet (Thermo Fisher Scientific, Waltham, USA) and inoculated within 4 hours after
collection. Final concentration of 10% w/v of fecal material was homogenized with anaerobic buffer
(autoclave-sterilized phosphate buffer: 8.8 g/L KoHPO4, 6.8 g/L KH2PO4, 0.1 g/L sodium thioglycolate;
and supplement solution after autoclave: 15 mg/L sodium dithionite) inside a stomacher bag with filter
(Seward, Worthing, UK) for 5 minutes at 200 rpm. Sterilized Adult L-SHIME growth medium (without
starch) (ProDigest, Gent, Belgium) was adjusted to pH 6.9 mimicking distal colon environment. Filtrate
portion obtained after homogenization was inoculated in growth medium with volume ratio of 1:10.
Starting cultural volume in each chamber was at 200 ml (10% of daily fluid intake 2000 ml). One of the
four inoculated chambers was used as no treatment control (DO). Three dosages of DEHP or DINP (Sigma,
St. Louis, USA), were introduced into each treatment cultural chamber (Figure 3.1). The starting amounts
of plasticizers were set at: 0.21 mg DEHP (D1 = 0.21 mg, D2 = 2.1 mg and D3 = 21 mg) and 33.6 pg
DINP (D1 =33.6 pg, D2 =336 ug and D3 = 3360 ng) according to possible daily exposures detected from
previous studies on either food contamination testing or daily exposure of workers in plasticware
manufacturing and cosmetic fields [85, 162, 169, 171, 172]. Culture chamber was purged by nitrogen for
10 minutes after inoculation and maintained at 37°C by water circulation. pH values and culture mixtures

in different chambers were recorded and collected at 0, 4, 8 and 24 hours after inoculation, respectively.
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Figure 3.1. Setup of batch culture fermenter and experiment flow chart.

2. DNA Extraction, 16S rDNA gene sequencing and microbial composition analysis
16S rDNA analysis was performed for assessment of microbial composition and diversity of fecal
microflora. Samples were centrifuged at 13,684g for 5 minutes. DNA extractions form the pellet were
carried out by using stool DNA extraction kit (TIANGEN, Beijing, China) according to the manufacturer's
manual. Extracted DNA concentration was determined by NanoDrop 2000 (Thermo Fisher Scientific,
Waltham, USA). Bacterial 16S rDNA sequencing of V3-V4 region (336F-806R) was conducted by

MajorBio (Shanghai, China). Microbiota analysis was performed by using MajorBio analysis platform.
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3. Analysis of SCFAs

SCFA:s in the fecal cultures were analyzed by Gas Chromatograph-Flame lonization Detection (GC-
FID) using Agilent 7980B GC system (Agilent, Santa Clara, US) with a fused silica capillary column
(Agilent, Santa Clara, US) as described previously [134, 135]. Collected samples were centrifuged at
2,376 for 2 minutes. 930 pl of supernatant and 60 ul of 1 M HCI was mixed to yield a pH 2—3 mixture.
An internal standard (2-ethylbutyric acid) was added at final concentration of 1 mM before injection into
the GC system. Nitrogen gas was applied as the mobile phase flowing at 0.6 mi/min. The initial oven
temperature was maintained at 80°C for 2 minutes and raised gradually to 180°C at 6°C/min and
maintained for 4 minutes. The injection volume was 1 pl. The inlet temperature was controlled at 200°C;
and the detector temperature was set at 220°C. Four SCFA standards (Sigma, St. Louis, USA), including
acetic acid, propionic acid, n-butyric acid, and i-butyric acid, were used for identification and

quantification.

4. Preparation of luminal extracts
Resultant fermentation culture was defrosted from -20°C and centrifuged at 15,000g for 30 minutes at
4°C. Supernatant from centrifugation was filter-sterilized by 0.22 pm syringe filter. Filtrate was then

aliquoted into 2 ml micro-centrifuge tubes and stored at -20°C as luminal extract.
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5. Cell culture and viability assay
Human intestinal epithelial cell line HT-29 and murine macrophage RAW?264.7 were maintained in
complete medium (Dulbecco’s Modified Eagle’s Medium (DMEM) with 10% fetal bovine serum (FBS))
in a 5% CO, 37°C humidified incubator. For HT-29, cells were sub-cultured by tryptic digestion when
they reached 80-90% confluence. Enterocyte monolayers were differentiated in 24-well flat bottom cell
culture plate starting at 2x10* cell/well for 12-14 days before treatment or viability assay. RAW264.7
passaging was performed by using a cell scrapper and seeded at 20x10* cell/well in a 24-well flat-bottom

plate 24 hours before treatment or viability assay.

Viabilities of cells after incubating with a range of luminal extracts were determined by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma, St. Louis, USA) assay. Treatment
media containing different concentrations of luminal extracts from no plasticizer control chambers of each
experiment in complete medium were incubated with differentiated HT-29 monolayer or RAW?264.7 cells
for 24 hours. Cells were washed by phosphate buffered saline pH 7.3 (PBS) and incubated with 0.5 mg/ml
MTT solution for 1-1.5 hours in triplicate. Luminal extract concentrations (v/v %) were employed as
treatment percentage for gene expression assay, which preserved >90% cell viability mimicking a sub-

lethal chronic exposure of to each cell-line.
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6. RNA extraction, reverse transcription, and real-time PCR gene expression analysis

HT-29 and RAW264.7 cells were treated with 1 ml of 10% and 5% v/v luminal extracts in complete
medium for 24 hours inside a cell culture incubator, respectively. Total RNA was extracted using RNAIiso
PLUS (Takara, Kusatsu, Japan). RNA concentration was determined by NanoDrop spectrophotometer
(Thermo Fisher Scientific, Waltham, USA). Complementary DNA (cDNA) was reverse transcribed using
PrimeScript reverse transcription kit (Takara, Kusatsu, Japan) according to the manufacturer’s protocol.
Real-time PCR was performed on Applied Biosystems QuantStudio 7 Flex Real-Time PCR System
(Thermo Fisher Scientific, Waltham, USA) with TB Green Premix Ex Taq Il (Takara, Kusatsu, Japan)
reagent. Relative quantification of target gene expression was calculated by 2”(-AACt). Ribosomal protein
lateral stalk subunit PO (RPLPO) and hydroxymethylbilane synthase (HMBS) were used as housekeeping
genes for HT-29 and RAW264.7 gene expression calculation, respectively. Primers for specific mRNA

amplification are listed in supplementary information (Supplementary Table 3.1-3.2).

7. Measurement of intracellular ROS
Intracellular ROS content was reflected by ROS-sensitive compound 2',7-dichlorofluorescin diacetate
(H2DCFDA; Sigma, St. Louis, USA) measured by a flow cytometry (Accuri C6, BD). HT-29 cells were
seeded at 30x10* cell/ml/well in 6-well plate overnight before treatment. Cells were incubated in 10% v/v
luminal extracts in complete medium for 24 hours inside a cell culture incubator. Treatment medium was
removed, and cells were washed by PBS and further incubated with 1 ml of 1 uM H>DCFDA in PBS for
15 minutes. Stained HT-29 was pelleted by centrifugation and washed by PBS again. Washed cells were

re-suspended in PBS with 5 mg/L propidium iodide for flow cytometry.
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8. Lipopolysaccharide concentration quantification by ELISA
Lipopolysaccharide (LPS) concentration in luminal extracts was assessed by general
lipopolysaccharide ELISA Kit (ABclonal, Woburn, US) according to the manufacturer’s manual.

Duplicate assay wells were used for each luminal extracts’ LPS quantification.

9. Western blot

Western blot was employed for comparison of tight junction and adherens junction protein expressions
after fermenter extract treatment. HT-29 cells were seeded at 2x10* cell/well in 24-well plate. Cells were
cultured for 14 days before treatment. HT-29 was incubated with 20% extracts for 48 hours prior to protein
quantification. Cells were washed with PBS and then incubated in 200 ul RIPA buffer (Merck Millipore,
Burlington, US) with protease inhibitor cocktail (Sigma, St. Louis, USA) for 2 hours at 4°C. Total protein
was obtained in supernatant after centrifugation at 20,0009 for 10 minutes. Protein samples were stored at
-80°C before protein concentration quantification by BCA assay (Thermo Fisher Scientific, Waltham,

USA).

For SDS-PAGE, 20 ng of total protein from each sample was mixed with sample buffer, heated at 95°C
for 5 minutes before loading. SDS-PAGE with 4% stacking and 10% resolving gels was used for
electrophoresis. Western blot transfer was done in wet condition with 80V for 90 minutes at 4°C. PVDF
(GE Healthcare, Chicago, US) after transfer was blocked with blocking solution (5% skimmed milk in
Tris buffered saline with 0.1% Tween 20 (TBST)) for 2 hours, and then incubated with primary antibody
in blocking solution overnight at 4°C. Primary antibodies used for this study were: mouse monoclonal
anti-B-actin (1:2000, Sigma, St. Louis, USA), rabbit polyclonal anti-ZO-1 (1:1000, ABclonal, Woburn,
US), rabbit polyclonal anti-E-cadherin (1:1000, ABclonal, Woburn, US), rabbit polyclonal anti-occludin

(1:2000, ABclonal, Woburn, US), rabbit polyclonal anti-F11R (1:2000, ABclonal, Woburn, US), rabbit
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polyclonal anti-claudin-4 (1:1000, ABclonal, Woburn, US) and rabbit polyclonal anti-histone-H3 (1:2000,
Proteintech, Rosemont, US). Horseradish peroxidase-conjugated goat anti-rabbit 19gG (H+L) secondary
antibody (1:2000, Novus Biologicals, Centennial, US) and goat anti-mouse IgG (H+L) secondary antibody
(1:2000, Thermo Fisher Scientific, Waltham, USA) were used for chemiluminescent signal generation
during image capture. Densitometry of chemiluminescent signal was analyzed using Image J. Relative
expression of target protein was calculated by dividing its signal to Histone-H3 signal. Normalized
expression of target in each sample was generated by dividing relative expression to average relative
expression in control fermenter extract group. Target protein expression in control fermenter treatment

group was normalized as 1.
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10. Immunofluorescence

Immunofluorescence was used for validation of changes in claudin-2 expression in HT-29 cells. HT-
29 cells were seeded at 2x10* cell/well in 6-well plate with coverslip. Cells were cultured for 14 days
before treatment. Same extract concentration and incubation duration were employed as mentioned in
real-time PCR section. Cells were washed thrice with PBS and fixed by 4% PFA for 10 minutes. Followed
by removal of PFA and three PBS washes, cells were permeabilized with 0.1% Triton X-100 for 10
minutes. Permeabilized cells were washed with PBS again, and then blocked by blocking buffer (10%
FBS and 1% BSA in PBS) for 30 minutes. Cells were incubated with rabbit polyclonal anti-claudin-2
(ABclonal, Woburn, US) primary antibody diluted in blocking buffer (1:200) overnight at 4°C. Following
three PBST (0.1% Tween 20 in PBS) washes, cells were incubated with goat anti-rabbit 1gG (H+L) Alexa
Fluor 488 (Thermo Fisher Scientific, Waltham, USA) secondary antibody (1:500 in blocking buffer) for
2 hours at 4°C. After incubation with secondary antibody, coverslip was removed from well and invertedly
placed onto one drop of fluoroshield mounting medium with DAPI (abcam) on glass slide, and then sealed
with nail polish. Fluorescence signals were captured by ZEISS Axio Vert. Al with objective magnification
of 40x. Width of images was 330 microns. Exposure time for FITC and DAPI channels were 300 ms and
150 ms, respectively. Fluorescence intensities were analyzed using Image J. Relative expression of
claudin-2 was calculated by dividing claudin-2 signal to DAPI signal. Normalized expression of claudin-
2 in each sample was generated by dividing each relative expression to average relative expression of
control fermenter extract group. Claudin-2 expression in control fermenter treatment group was

normalized as 1.

124



11. Statistical analysis
Statistical comparisons were performed using GraphPad Prism 5. All results are shown as mean +/-

SEM from the replicates. Statistical analysis, t-test, was used with 95% confidence.
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Results

1. Concentration of SCFAs and LPS

Three types of SCFAs including acetic acid (C2), propionate acid (C3) and n-butyrate acid (n-C4),
often observed in human gut were measured (Figure 3.2A-3.2C and 3.2E-3.2G for DEHP and DINP
experiments, respectively). Among these tested SCFASs, C2 accounted for the highest concentration, which
had a significant increase after 24-hour incubation. Increases in SCFAs implied the growth of SCFA-
producing bacteria. Propionate acid was the second most abundant SCFA produced during fermentation.
Resultant propionate and butyrate concentrations in high dosages DEHP microbiota reduced slightly.
ELISA also demonstrated that LPS concentrations among different fermenters in both DEHP and DINP

experiments remained similar (Figure 3.2D and 3.2H).
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2. 16S sequencing analysis on the microbiota compositions in different anaerobic

fermenters

Fermenter microbial genomic DNA was extracted and sequenced on Illumina platform. A total of
315,669 qualified reads in 8 resultant fermenters was used for detailed diversity and taxonomy analysis
on Majorbio online analysis platform. DEHP contamination altered microbial diversity and composition
as showed in alpha-, beta-diversities and taxonomy in various microbiota communities (Figure 3.3). The
dissimilarity among different fermenters showed that the microbiota compositions of DEHP experiment
at the beginning (DE_O to DE_3) were clustered together, indicating all 4 fermenters have similar initial
microbial composition. After 24-hour incubation, DEHP containing fermenters (DE_5 to DE_7) were
clustered away from no DEHP chamber (DE_4) (Figure 3.3A). Shannon indices of DEHP-dosed
microbiota were increased while Simpson’s indices were reduced. Other alpha diversity indices such as
observed species (Sobs), ACE, Chaol and phylogenetic distance (pd) were all reduced in DEHP-D1 to

DEHP D3 comparing with the control (DE_O, no DEHP) (Table 3.1).

Table 3.1. Alpha diversity indices for DEHP experiment

Indices
di::—:!rpsr;'taies C[;i':r'jjl DEHP D1 DEHP D2 DEHP D3
Community richness
Sobs 85 79 73 74
ACE 99.1 90.6 78.9 80.4
Chaol 105 92.1 715 83.0
Community diversity
Shannon 1.88 1.91 2.04 2.25
Simpson 0.28 0.22 0.2 0.16
pd 13.24 12.69 12.39 12.07
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Overall phyla Firmicutes and Actinobacteria were reduced while phylum Bacteroidetes was found to
be more abundant in DEHP-dosed fermenters (Figure 3.3B). Compared to control fermenter without any
DEHP treatment, DEHP-dosed fermenters had an enriched family Coriobacteriaceae population,
particularly in the DEHP-D3 fermenter microbiota with almost 3 times more in relative abundance
compared with DO (Figure 3.3C). In addition to that, more abundant Prevotellaceae was also observed in
dosed microbiota. Relative abundance of families Bifidobacteriaceae, Erysipelotrichaceae,
Lachnospiraceae, Ruminococcaceae and Veillonellaceae were all reduced in DEHP-dosed fermenters
(Figure 3.3C). At genus level, among the five enriched genera, Alloprevotella, Collinsella, Megasphaera,
Prevotella_9 and unclassified_f_Veillonellaceae (Figure 3.3D) were enriched. On the other hand,
relative abundance of genera Bifidobacterium, Catenibacterium, Dorea, Faecalibacterium, Holdemanella,
Mitsuokella and Prevotella_2 was all reduced when DEHP was present in the fermentation mixture

(Figure 3.3D).
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Similar to the initial time point of DEHP, the starting microbiota compositions (DI_0 to DI_3) in the
anaerobic fermenters with DINP were clustered together (Fig. 3.4A). After 24-hour incubation, control
(DI_4), DINP dosage 1 and 2 (DI_5 and DI_6), were clustered in PCoA plot while DINP dosage 3 (DI_7)
community was differed from all others (Figure 3.4A). Sobs, ACE and Chaol were increased slightly in
DINP-D1 to DINP-D3 comparing to no DINP control. Fluctuation in Shannon, Simpson and pd indices
were recorded in DINP-D1 and DINP-D2 comparing with control. At high dosage group, Shannon index

was increased slightly while Simpson and pd were remained stable (Table 3.2).

Table 3.2. Alpha diversity indices for DINP experiment

Indices
dif;f;;gg CE:::]DI DINP D1 DINP D2 DINP D3
Community richness
Sobs 99 110 105 106
ACE 103.3 121.6 118.8 118.1
Chaol 104.1 123.3 122.0 126.0
Community diversity
Shannon 2.59 2.44 2.52 2.72
Simpson 0.13 0.17 0.15 0.12
pd 15.53 16.49 16.54 15.53
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Dose-dependent increases in relative abundance of phyla Actinobacteria and Proteobacteria were
detected (Figure 3.4B). Comparing the microbiota compositions of DINP-DO0 and DINP-D3 at family level,
Bifidobacteriaceae, Enterobacteriaceae, Erysipelotrichaceae, Lachnospiraceae, Streptococcaceae were
more abundant in the DINP-D3 fermenter, of which Enterobacteriaceae and Streptococcaceae possessed
a DINP dose-dependent expansion (Figure 3.4C). Though fluctuations were observed in DINP-D1 and
DINP-D2 microbiota, relative abundance of Coriobacteriaceae and Prevotellaceae were reduced in
DINP-D3 microbiota (Figure 3.4C). Dose-dependent drop was only observed in family Veillonellaceae
across different dosages of DINP. Similar variations were also observed on genus level, relative abundance
of Streptococcus spp. and Lactococcus spp. were increased in DINP-D1 and DINP-D3 fermenters while
they stayed relatively stable in DINP-D2 (Figure 3.4D). Moreover, relative abundance of Blautia spp.,
Catenibacterium spp., Dorea spp., Escherichia-Shigella spp., Holdemanella spp. and Prevotella_2 spp.
in DINP-D3 fermenter were around 2-fold of that in DINP-DO fermenter (Figure 3.4D). Though increases
in Prevotella_2 spp. was observed in the DINP-D3 group, relative abundance of Prevotella_9 spp. was
reduced by about 40% comparing with control. Finally, dramatic shrink of Megasphaera spp. abundance

was detected in DINP-D3 community (Figure 3.4D).
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3. Effect of luminal extracts co-incubated with DINP and DEHP on the mRNA levels

of enterocyte and macrophage

Treatment percentages of extracts were set at 10% and 5% v/v for HT-29 and RAW264.7 cells,
respectively, in cultural medium as cells preserved high viability (Figure 3.5). HT-29 and RAW 264.7
cells were treated with luminal extracts from human gut microbiota after co-incubated with DEHP or
DINP, followed by RT-gPCR to check the expression levels of tight junction and adherens junction
proteins. Changes of the TJ/AJ protein expressions in HT-29 cells treated with luminal extracts from
DEHP fermenter were limited, among which the most significant being the CLDN2 expression in all
extract treatment groups enhanced by >35% (Figure 3.6A). Expression changes of other TJ proteins
OCLN, JAMA, CLDN1, CLDN4 and CLDN7 were less than 10% even in the highest dosage D3 comparing
to the no treatment control. Changes in TJ and AJ adaptor proteins TJP1, TJP2 and TJP3 were less than
5%. Expressions of AJ related proteins, CDH1 and CTNNB1, were close to that of the control sample.
Expressions of ROS generating and neutralizing proteins, ALOX5, NOX1 and SOD1 to SOD3, remained

stable in HT-29 treated with luminal extracts from different DEHP-dosed fermenters.
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Figure 3.5. Viability of HT-29 and RAW264.7 after treatment of control fermenter extracts from DEHP

experiment (A-B) and DINP experiment (C-D), respectively. Data represent mean with SEM from at least

repeats of 3.
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Adherens junction protein E-cadherin (encoded by CDH1), trans-membrane tight junction proteins and
their intracellular adaptor proteins were down-regulated in HT-29 treated with high DINP-dosed fermenter
luminal extracts. Significant reductions in adherens junction CDH1 mRNA levels were observed in DINP-
D2 and DINP-D3 fermenter luminal extracts treated HT-29 (by 12% and 20%, respectively). Tight
junction OCLN expression level was dropped by 10% when HT-29 exposed to DINP-D2 or DINP-D3
extracts (Figure 3.6B). Decreases in expressions of CLDN2 and CLDN4 were found in DINP-D3 luminal
extract treated HT-29 (by 24% and 19% respectively). Around 15% drop in JAMA expression was also
observed in the highest DINP-dosed extract treated HT-29 (p=0.0528). TJP1 coding for ZO-1 was down-
regulated by more than 40% in the same dosed extract treated HT-29. No significant changes in
expressions of CTNNB1, CLDN1, CLDN7, TJP2 and TJP3 were observed. For ROS related gene
expressions at the highest DINP-dosed extract treatment, significant alterations in ALOX5, NOX1 and

SOD1 were not observed, while SOD2 and SOD3 were diminished by 7% and 21%, respectively.
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Figure 3.6. Normalized expressions of TJ/AJ genes in HT-29 after treatment of fermenter extracts

from DEHP (A) and DINP (B) experiments. t-test, n=3, *p<0.05, **p<0.01 and ***p<0.005.
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Cytokine and cytokine receptors in RAW264.7 cells treated with different DEHP dosed-luminal
extracts remained similar. Comparing to those treated with luminal extract from DEHP-DO fermenter,
changes of pro-inflammatory cytokine expressions, TNFA, IL1B, IL6, KC, 1L12p40 and IL23p19 in
RAW?264.7, were maintained similar without significant variation. No significant differences were
observed in expressions of TGFB1, IL1RA, IL10 and its receptor units. However, among selected
alternative activated M2 genes, expression of suppressor of cytokine signaling 3 (SOCS3) was reduced in

macrophage treated with DEHP fermenter extracts (Figure 3.7A).

Anti-inflammatory mediators in RAW264.7 were downregulated while pro-inflammatory cytokine
expressions were remained unchanged. IL-1 receptor antagonist (encoded by ILIRA) mRNA level in
RAW?264.7 cells was decreased by about 17% in DINP-D1 and DINP-D3 extracts treatment groups. More
than 15% and around 17% drops in 1L10 and IL10R2 expressions were detected in all DINP-dosed luminal
extract treated RAW264.7 samples. DINP-fermented microbial contents induced suppressions in
Interferon regulatory factor-4 (IRF4) and SOCS3. Significant downregulations of Transglutaminase-2
(TGM2) were detected in the RAW264.7 treated with luminal extracts of DINP-D2 and DINP-D3.
Expressions of pro-inflammatory cytokines (TNF-a, IL-1p, IL-6, KC, 1L-12p40, 1L-23p19) and tissue-

repairing TGF-B1 were remained stable after the treatment of DINP-dosed luminal extracts (Figure 3.7B).
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Figure 3.7. Normalized expressions of cytokine and M2 maker genes in RAW264.7 after DEHP (A)

and DINP (B) fermenter extracts’ treatments. t-test, n=3, *p<0.05, **p<0.01 and ***p<0.005.
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4. Effect of luminal extracts co-incubated with DINP and DEHP on the protein

expression levels of enterocyte

The level of MRNA coding for adherens junction protein E-cadherin (CDH1) in HT-29 was reduced
by 20% after treatment of DINP-D3 extract comparing to DINP-DO control extracts. Consistently, the
protein level of E-cadherin in HT-29 was also reduced by almost 20% (Figure 3.8A). Claudin-4 protein
was also reduced by 17% after DINP-D3 incubation (Figure 3.8C). Consistent reductions of both JAMA
mRNA and its protein were observed after treatment of DINP-co-incubated fermenter extracts. From
western blot, more than 30% of JAM-A proteins were lost after DINP-D3 extract treatment (Figure 3.8B).
Although reductions of TJP1 and OCLN mRNA levels in HT-29 treated with DINP-dosed fermenter
extracts were observed, proteins levels of ZO-1 and occludin in HT-29 were remained similar after the

treatment (Figure 3.8D-3.8E).
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Figure 3.8. Quantification of E-cadherin (A), JAM-A (B), claudin-4 (C), ZO-1 (D) and occludin (E) in

HT-29 after treatment of DINP fermenter extracts. t-test, n=2, *p<0.05, **p<0.01 and ***p<0.005.

138



The expression level of claudin-2 in HT-29 was further confirmed using fluorescent-tagged anti-
claudin-2. Treatment of luminal extracts co-incubated with DEHP showed limited effect on the
morphology of HT-29, though DEHP-D1 and DEHP-D2 extracts treatments increased the levels claudin-
2 by 50%. Average enrichment of cladin-2 was up to 2.4-fold from HT-29 treated with DEHP-D3 extracts
compared to that of no DEHP fermenter extract (p=0.08) (Figure 3.9A). Consistent with the percentage
drops obtained in CLDN2 RT-gPCR results, claudin-2 in HT-29 treated with DINP-D2 and DINP-D3

extracts was down-regulated by about 30% and 20% (Figure 3.9B).
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Figure 3.9. Immunofluorescence staining of claudin-2 in HT-29 after DEHP (A) and DINP (B)
extracts’ treatments (image width=330pm). Normalized expressions of claudin-2 in HT-29. t-test, n=2,

*p<0.05, **p<0.01 and ***p<0.005.
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Gene expressions of SOD2 and SOD3 in high dosage DINP-treated HT-29 were reduced by about 40%
and 55%, respectively. Intracellular ROS levels of HT-29 after treatments of different extracts were
compared. In the flow cytometry analysis, mean fluorescence, which reflected the intracellular ROS level,

remained stable across different treatments (Figure 3.10).
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Figure 3.10. Mean fluorescence of HT-29 exposed to DINP extracts. Data represent mean with SEM

from triplicate.
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Discussion
1. Exposure to DEHP/DINP altered the microbial compositions of human gut in vitro

In this study, we aimed to determine if exposure to plasticizers DEHP or DINP lead to an aberrant gut
microbiota and its possible effects on human enterocytes and immune cells. The gut microbiota co-
incubated with DEHP exhibited a decrease in community richness indices (ACE and Chaol) and
community phylogenetic diversity index pd. Interestingly, Shannon index, another community diversity
index, was promoted along the increase of DEHP dosages. This deviation may be caused by the loss of
rare species that had a low abundance originally, which has higher impact on the Shannon index than the
Simpson index. Consistently, observed species indicated by Sobs index reflected that there was a
decreasing trend in species numbers when DEHP dosage was added. On the other hand, in DINP
experiment, Sobs, ACE and Chaol were enriched in DINP-dosed communities. This suggested higher
species richness; and more low-abundant OTUs were observed. However, Shannon and Simpson indices
indicated that DINP-D1- and DINP-D2-treated resultant microbiota became less diverse comparing with
no treatment control. Phylogenetic diversity was increased in low dosage groups (DINP-D1 and DINP-
D2) and reduced back to the level shared with control. Overall, DINP-D3-dosed community had a
relatively higher alpha diversity. For beta-diversity, all starting communities in DEHP or DINP
experiments were clustered together, this indicated they have a relatively similar starting microbiota as
baseline. After 24-hour incubation, DEHP-treated fermenter communities (DE_5, DE_6 and DE_7) were
all clustered away from the no treatment community (DE_4) as shown in the PCoA plot, while DINP-D3
fermenter microbiota composition was deviated from DINP control, DINP-D1 and DINP-D2 communities.
This implied that all three DEHP treatments and the highest DINP dosage significantly modified the

baseline microbiota.
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Biochemical and molecular functions derived by different and specific species are important hallmarks
to determine whether such community could be considered as health or not. MP is generated during plastic
processing, detachment of micro-particles from plastic packages and degradation of plastics by microbes.
MPs are the carriers of plasticizers and have a large surface area which facilitate the formation of biofilm.
Chung et. al. have indicated that major biofilm colonizers were from phyla Proteobacteria, followed by
Bacteroidetes, Firmicutes, Acidobacteria and Actinobacteria [89]. Not only MPs, but plasticizers also
contribute to the changes of gut microbial compositions. Studies on zebrafish treated with DEHP revealed
that such plasticizer shifted the gut community by reducing the overall diversity and enriching phyla
Fusobacteria, Bacteroidetes and Verrucomicrobia [163]. Consistent observation was obtained in this
study. Human gut microbiota treated with DEHP showed an increase of phylum Bacteroidetes in all
DEHP-containing fermenters but not in the no treatment control. On the other hand, dosage-dependent
growth of phylum Proteobacteria was noted in DINP treatment groups. Similar observations were

reported in comparative studies related to IBDs [173].

Intestinal microbiota comparisons in healthy and IBD individuals had been intensively studied in recent
decade. DEHP or DINP altered the microbial composition, which shared some similarities with IBD
patients’ microbiomes. Families Erysipelotrichaceae, Lachnospiraceae and Ruminococcaceae under
phylum Firmicutes, and Bifidobacteriaceae under phylum Actinobacteria, were commonly observed
decreased in CD patients [173]. Members from these families were all detected to be less abundant in each
DEHP-treated microbiota comparing to no treatment control. Meanwhile, more abundant
Coriobacteriaceae under phylum Actinobacteria was identified in DEHP-treated microbiome. Number of
bacteria from this family were also reported increased in CD patients’ mucosa and submucosa
microbiomes [174]. On the other hand, though microbial compositions on family level in DINP-treated

fermenters fluctuated, enrichment of Enterobacteriaceae and Streptococcaceae were observed in DINP-
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treated microbiomes. Members from these families were also associated with inflammatory conditions in

CD patients [173, 175, 176].

Several genera were enriched in DHEP-treated fermenter including Alloprevotella spp., Collinsella
spp., Megasphaera spp., Prevotella spp. and an unclassified genus under family Veillonellaceae.
Prevotellaceae were observed enriched in diarrhea-predominant irritable bowel syndrome (IBS) patients'
microbiota. Members of such family can generate hydrogen and methane gases through carbohydrate
fermentation causing pain in the abdominal region [29]. Studies also found that Prevotella spp. were
related to pro-inflammatory responses exacerbating colitis in DSS-induced animal model by impairing the
repair mechanisms of the mucosa [30]. Clinically, Prevotella spp. was reduced in microbiota of exclusive
enteral nutrition (EEN)-treated CD patients in remission [177]. Relative abundance of Alloprevotella spp.
and Prevotella_9 spp. was enhanced in all DEHP-treated microbiota, whereas decrease in Prevotella_2
was observed simultaneously. Collectively, the increase of Prevotellaceae was contributed to the major
expansion of Prevotella_9. Inflammatory status and microbiota in UC patients were shown to be different.
Collinsella spp. was found to be enriched in UC patients’ microbiota [17, 175]. DEHP also favored the
expansion of Collinsella spp. which was the only taxon under family Coriobacteriaceae. In DINP
experiment, Escherichia-Shigella spp. and Streptococcus spp. accounted for most abundance of families
Enterobacteriaceae and Streptococcaceae. These genera were detected more abundant in IBD patients
[173, 175]. In addition, CD post-operative recurrence was found associated with the relative abundance

of Streptococcus spp. [17].

Abundance and changes of phylum Actinobacteria and family Bifidobacteriaceae were composed
largely of genus Bifidobacterium spp. in DEHP experiment. Decreases in relative abundance of members
from this genus were found in all DEHP-treated microbiota, with the greatest drop observed in DEHP D3

fermenter. Reduction of Bifidobacterium spp. was detected in onset CD patients’ microbiota and its
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supplementation had been demonstrated improving intestinal barrier function leading to a lower plasma
endotoxin level [173, 175, 178]. SCFAs induced APCs such as dendritic cells and macrophages can
stimulate regulatory T cell differentiation to maintain immune homeostasis [179]. Apart from regulatory
T cells, it was reported that SCFAs can also stimulate anti-inflammatory 1L-10 production by T helper |
cell through GPR43 [55]. Butyrate was also proved to enhance intestinal barrier integrity by repression of
cation-leaky claudin-2 in cultural enterocyte [157]. Propionate and butyrate concentrations in high dosages
DEHP fermenters showed slight decreases, and SCFAs producers’ abundance was observed adjusted in
plasticizer treated microbiota. SCFAs producers in genera Blautia spp., Dorea spp., Lachnospira spp.,
Roseburia spp. and Faecalibacterium spp. were observed less abundant in microbiota of CD patients [17,
173, 179]. DEHP-treated microbiota had a reduced Dorea spp. and Faecalibacterium spp. abundance.
Faecalibacterium prausnitzii is one of Faecalibacterium spp. that produces SCFAs regulating immune
cells by acting on mentioned APCs, and its loss had been frequently described as a marker of IBDs. In
DINP treated fermenters, changes of Dorea spp. and Faecalibacterium spp. were limited and not
associated with the dosages of plasticizer. Interestingly, butyrate producers, Megasphaera spp. were
enriched in DEHP treated microbiota while Mitsuokella spp. were reduced. Opposite changes were

obtained in DINP treated fermenters.
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2. DEHP- and DINP-altered microbiota derived metabolites interfered epithelial

integrity

Intestinal epithelial cells beneath mucus layer contribute forming a barrier separating bacteria in the
gut lumen from blood vessels. Epithelium integrity is crucial in preventing external antigens from
contacting immune cells trigging inflammation responses. Influences brought by the dynamic changes of
microbiota affect claudin remodeling which occurs within several days due to the short life span of IECs
[180]. TJ and AJ proteins are devoted to constructing epithelial barrier, which connects epithelial cells
together limiting solute passages through the paracellular space. Claudin-1, claudin-4 and claudin-7 were
observed reduced in both acute colitis, CD and UC patients, which are normally expressed in colon for
tight junction sealing [35, 37, 181]. Deterioration of TJ proteins such as occludin and junction adhesion
molecule A were also shown to upset barrier functions leading to leaky-gut and endotoxemia [34, 181].
AJ E-cadherin and its adapter protein B-catenin support junction stability. Moreover, ZO-1, ZO-2 and ZO-
3 (encoded by TJP1, TJP2 and TJP3) are main intracellular adapter proteins interacting both
transmembrane TJ proteins and cytoskeletal proteins [181]. Though DEHP altered microbiota towards
dysbiosis, most selected target genes encoding tight junction sealing proteins were found to be remained
stable in HT-29 cells. However, mRNA levels of CLDN4, OCLN, JAMA, TJP1 and CDH1 were detected
down-regulated (by 10-43%) in DINP-D3 luminal extract treated HT-29 cells. Significant reduction (12%)
in expressions of OCLN, JAMA and CDH1 were observed even when the cells were incubated with DINP-
D2 luminal extracts. Since TJ/AJ proteins are generated by epithelial cells constitutively, only some of
these losses of TJ/AJ expressions were translated to observable protein levels. Western blot verified that
significant reduction of E-cadherin, JAM-A and claudin-4 were observed at protein level after DINP-D3

fermenter treatment.
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Apart from proteins promoting paracellular integrity, participating in nutrient absorption, cation-leaky
pore-forming claudin-2 expression is localized in duodenum and ileum. However, studies demonstrated
claudin-2 can also increase IEC paracellular permeability leading to diarrhea, and is highly expressed in
UC patients' colon [182]. Enhanced claudin-2 expression can be induced by microbial metabolites; and
may intend to result an osmotic imbalance between epithelium to remove unwanted contents such as
pathogens and their products from the lumen [36, 183]. In addition to the suppression of TJ and AJ sealing
proteins expressions, CLDN2 was enhanced by 35-67% in HT-29 treated with different DEHP fermenters
extracts. Consistent results were obtained in subsequent immunofluorescence assays. Interestingly,
consistent down-regulations in both mRNA and protein of claudin-2 in DINP-D2/DINP-D3 extracts
treated HT-29 were detected. This may be due to the enrichment of taxon Bifidobacterium in DINP-

containing fermenters.
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3. ROS-neutralization gene in enterocytes was changed by DEHP/DINP luminal

extracts

Apart from TJ and AJ gene expressions, antioxidant and antioxidant enzymes have been demonstrated
in reducing the severities of dextran sulfate sodium (DSS)-/ trinitrobenzene sulfonic acid (TNBS)-induced
ulcerative colitis in murine animal model [184, 185]. High oxidative stress in inflamed tissues were
recently observed and such status was considered as one of the pathogeneses of colitis [186]. Several types
of superoxide dismutase (SOD) produced by cells catalyze the disproportionation of reactive oxygen
species superoxide ions to oxygen and less harmful hydrogen peroxide. Dismutations of superoxide ions
by SODs were reduced in experimental colitis animal drastically; and SOD activity-elevating antioxidant
treatment was found to be effective in relieving such disease [184]. In this study, though minor enrichment
of SOD1 was observed, gene expressions of SOD2 and SOD3 in high dosage DINP-treated HT-29 were
reduced by about 40% and 55%, respectively. In subsequent flow cytometry analysis, mean fluorescence,

which reflected the intracellular ROS level, was remained stable across different treatments.

4. Plasticizer fermenter extracts skewed macrophages away from M2 differentiation

Most pro-inflammatory cytokines (TNFA, IL1B, IL6, KC, 1L12p40 and IL23p19) expressions were
remained stable after the treatment of DEHP or DINP co-incubated microbial extracts. In contrast, M2
alternative activated macrophages not only participates in T help 2 responses on helminth infection, but
also the repairing of inflammatory damages brought by constant stimulation of luminal antigens. One of
the M2-polarization markers, IL-1 receptor competitive ligand, IL1RA expression was reduced in
macrophages treated with different dosages of DINP fermenter extracts. On the other hand, efferocytosis
enzyme transglutaminase (TGM2), another M2 expressed gene which is shared by both humane and

murine macrophages [187], was also diminished in those cells.
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IL-12/1L-10 ratio is a general indicator of M1/M2 polarization. IL-10 signaling axis is an important
regulator in colitis. Spontaneous colitis will be resulted if 1L-10 is deleted; and DSS-induced colitis in
animal with macrophage-specific deletion of IL-10R1 developed disease severity shared with I1L-10 or IL-
10R1 knot-out mice [56]. IL-10 and IL-10R2 expressions were downregulated in macrophages treated with
extracts from all DINP-treated fermenters. Except autocrine stimulation, significant downregulation of
SOCS3 was observed in almost all plasticizer treated microbial extract-treated macrophages. Enhanced
SOCS3 signaled by IL-10 promotes alternative activation of macrophages inhibiting nitric oxide synthesis
and blocking inflammatory cytokine expression [59]. IFN-y- and LPS-stimulated signal transducer and

activator of transcription-1 (STAT1) pathway was prolonged in SOCS3 deficient macrophages [60].

Macrophage alters intracellular signaling according to different extracellular stimulants and responds
by expressing different genes with specific functions. Transcription factors in M2-polarized macrophage
have been intensively studied to identify treatment targets for autoimmune diseases in recent years. IRF-
4 deficient macrophage was found to be more sensitive to toll-like-receptor (TLR) ligand stimulation and
expressed more pro-inflammatory cytokines [51]. Induced IRF4 expression promoted M2-polarization
and ameliorated LPS-induced M1 cytokine secretion, alleviating DSS-induced colitis in mice [188].

Macrophages may display pro-inflammatory phenotype with these expression changes.
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Summary

Plasticizers can easily be detected in processed or packaged foods. Utilizing human intestinal epithelial
and murine macrophage cell lines, herein we observed that, microbial compositions could be modified
within one day of high dosage co-incubation. This altered microbiota shifted the luminal substances which
can lead to transcriptional changes in cells located at proximity. DEHP reduced the overall microbiota
compositional diversity, metabolites from these communities promoted CLDN2 which may impair
epithelial barrier functions. Major TJ and AJ gene expression reductions (CLDN2, CLDN4, OCLN, JAMA,
CDH1 and TJP1) were observed in HT-29 cells treated with DINP D2 and/or D3 extracts. Compared to
those treated with health microbial extracts, RAW264.7 cells expressed less SOCS3 when treated with
DEHP-/DINP-treated fermentation extracts. DINP-co-incubated microbial extracts further suppressed

anti-inflammatory genes 1L10, IL10R2 and IRF4, which may skew macrophage differentiation balance.

Although study has indicated that limited DINP was persisted in organs of rodent, its metabolites
absorbed into human circulatory system, liver and kidney were not all excreted within 48 hours [169, 170].
In general, the average daily phthalate intakes in Asian areas such as Taiwan, Japan and Hong Kong are
not as high as the dosages used in current study [85, 171, 172], however, their accumulation within human
body through repetitive intakes are remained to be elucidated. It would be better to avoid using too much

plastic during food processing so that people could limit their exposure to such artificial chemicals.
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Supplementary information

Supplementary Table 3.1. Primers for real-time PCR on gene expressions in HT-29 (Adopted from

putt, 2017 and 2Suzuki, 2011 [33, 124])

Gene (Homo Protein Forward sequence (5°-3°) Reverse sequence (5°-3”)

sapiens)
RPLPO Ribosomal protein PO ACTTCCTTAAGATCATCCAACT TATGAGGCAGCAGTTTCTCCA
OCLNM Occludin CCAATGTCGAGGAGTGGG CGCTGCTGTAACGAGGCT
CLDN1 Claudin-1 TGGTGGTTGGCATCCTCCTG AATTCGTACCTGGCATTGACTGG
CLDN2™ Claudin-2 CTCCCTGGCCTGCATTATCTC ACCTGCTACCGCCACTCTGT
CLDN4 Claudin-4 ATCATCGTGGCTGCTCTGG ACACCGGCACTATCACCATAA
CLDNY Claudin-7 TTTCATCGTGGCAGGTCTTG CTCATACTTAATGTTGGTAGGG
JAMA JAM-A GATCACAGCTTCCTATGAGGA ATGGAGGCACAAGCACGAT
CDH1 E-cadherin AAGAGGACCAGGACTTTGACTT CAGCCGCTTTCAGATTTTCATC
CTNNB1 Beta-catenin GGAATGAGACTGCTGATCTTGG ATCATCCTGGCGATATCCAAGG
TIP1W Z0-1 CAAGATAGTTTGGCAGCAAGAGATG ATCAGGGACATTCAATAGCGTAGC
TJIP2 Z0-2 GCACAGAATGCAAGGATCGA GTCTGGAACTCGTGTGCTGG
TJP3 Z0-3 GCGAGAAGCCAGTTTCAAGC GTCCTGGACACAGTCTCTGCGA
NOX1 NADPH Oxidase 1 TTCCCAGGATTGAAGTGGATGG GAGGTTGTGGTCTGCACACTGG
ALOX5 Arachidonate 5-lipoxygenase AGGAGGTCCAGCAAGGGAAC GATTTGGTTGAGCTGGATGGCA
SOD1 Superoxide dismutase 1 ACAGCAGGCTGTACCAGTGCAG TTCATGGACCACCAGTGTGC
SOD2 Superoxide dismutase 2 CCAAAGGGGAGTTGCTGGAA AGGCCTGTTGTTCCTTGCAGTG
SOD3 Superoxide dismutase 3 GCTGGAAAGGTGCCCGACTC ACCTTGGCGTACATGTCTCGGA
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Supplementary Table 3.2. Primers for real-time PCR on gene expressions in RAW?264.7

Gene (Mus Protein Forward sequence (5°-3°) Reverse sequence (5°-3”)

musculus)
HMBS Hydroxymethylbilane synthase ATGGGCAACTGTACCTGACT ACCATCTTCTTGCTGAACAG
TNFA Tumor necrosis factor-o AAGGGATGAGAAGTTCCCAA CTTGGTGGTTTGCTACGACGT
IL1B Interleukin-1 beta AGGATGAGGACATGAGCACC GGAGAATATCACTTGTTGGTTG
IL6 Interleukin-6 CTGATGCTGGTGACAACCAC GCCATTGCACAACTCTTTTCTC
KC CXCL1 CCGAAGTCATAGCCACACTCAA CCGTTACTTGGGGACACCTTTTAG
1L12p40 Interleukin-12 p40 AGAGCAGTAGCAGTTCCCCTGA GGTTTGATGATGTCCCTGATGA
1L.23p19 Interleukin-23 p19 CCAGCGGGACATATGAATCTAC GCAAGCAGAACTGGCTGTTGTC
1L10 Interleukin-10 GCAGGACTTTAAGGGTTACTTGG AATCGATGACAGCGCCTCAG
IL10R1 Interleukin-10 receptor 1 GTGGATGAAGTGATTCTGACAG GGTTGCATTCTTTAGTTCTGAG
IL10R2 Interleukin-10 receptor 2 CGTGGAAGACACCATCATTG CGGAGACACAACTTGAAACTTC
TGFB1 Transforming growth factor beta CGCAACAACGCCATCTATGA TATTTCTGGTAGAGTTCCACATG
ILIRA Interleukin-1 receptor antagonist GCCTTCAGAATCTGGGATAC CCAGACTTGGCACAAGACAG
IRF4 Interferon regulatory factor 4 CTCTCAGACTGCCGGCTGCA CTGGTCCAGGTTGCTAACATCA
SOCS3 Suppressor of cytokine signaling 3 GCTTCGGGACTAGCTCCCCGG TTGGAGCTGAAGGTCTTGAGGC
MRC1 Mannose Receptor C-Type 1 GAGCAAGCATTTGTTACCTATCAC CTTCTTCTTCCACCAGGATAGC
TGM2 Transglutaminase 2 GAGCGCCATGGTCAACTGCA AGCGCCGCAGAATGTCCACA
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Chapter 4 — Microplastic PVC and its plasticizer DEHP modified human intestinal microbiota

compositions which promoted permeability in cultural intestinal epithelium

Abstract

Polyvinyl chloride (PVC, (C2HzCl)n) and one of its plasticizers di(2-ethylhexyl) phthalate (DEHP,
C24H3804) are commonly found in medical consumables and food packaging. Detachment of microplastic
(MP) through fragmentation and dissolution DEHP from PVC plasticware into high lipid or alcohol
content substances may contaminate foods inside the package. In addition to that, as a high consumer in
the food chain, it is also possible for human to receive the biomagnified health hazard from these chemicals
through ingestion. Research has demonstrated MP can change aquatic organisms’ gastrointestinal (GI)
microbiota and triggered inflammatory responses. However, assessments of Gl bacterial community
modification by MPs and plasticizers in human origin microbiota, and alterations on Gl epithelium and

immunity brought by the modified ecosystem are limited.

In this study, we extended the investigation on alteration of microbiome by microplastic PVC, and the
mix of it and its plasticizer DEHP. 16S rDNA sequencing revealed less healthy individual associated
Coprococcus was detected in all PVC or DEHP treated communities. Collinsella, a genus that has been
showed positively correlated with inflammatory bowel disease (IBDs), was enriched in DEHP-
contaminated microbiota. High dosage PVC and DEHP+PVC contaminated fermenter extracts reduced
MRNA level of several anti-inflammatory genes including IL10, IL1RA and IRF4 in cultural macrophages.
Gene expressions of intestinal junction proteins, occludin, JAM-A and E-cadherin were also reduced in
Caco-2 after different contaminated fermenter extracts by up to 54%. Consistent reduction of JAM-A (-
27%) on protein level was observed in Caco-2 when treated with extract from high dosage PVC
contaminated microbiota. Interestingly, although mRNA level was stable, protein level of occludin in

Caco-2 after treatment of extract from high DEHP+PVC contaminated microbiota was reduced by 13%.
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Oral intake of these chemicals may impair barrier function of Gl epithelium and upset immune

homeostasis through modification of overall microbial communities.
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Introduction
1. Microplastics PVC
Plastics degradation takes hundreds to thousands of years due to their chemical inertness.
Fragmentation during this degradation process produces different small-sized MP which has been showed
harmful to aquatic and marine ecosystems [71]. Except damaging the environment, recent studies have
indicated that bioaccumulation of MP is observed in higher consumers in the food chain. This implied
human could have ingested certain amount of MP, and studies have demonstrated that there is

bioaccumulation of MPs along the food chain [71, 189].

Polyethylene, polymethylpentene, polyvinylidene chloride and PVVC are common plastics used in food
wrap. In which PVC and PVDC plastics contain chlorine atoms and are often produced with plasticizers
for better flexibility. Other than food wrapping film, consumables of medical devices, gloves and food
packages may also contain PVC. Small MP fragments could be ingested together with the food. Studies
on degradation of MPs by human digestive secretions suggested that the surface of MPs could be affected,
but hardly be eliminated. However, it has been reported certain bacteria in the environment and human Gl
tract have the ability of degrading PVC. A strain under genus Klebsiella, EMBL-1 has been found to be
able to utilize PVC as energy source [190]. These suggest that PVC could modify gut microbiota
composition by favoring certain types of bacteria, however, limited studies provide comprehensive or

systematic insights in this area.

Except direct intake from package food, we may have consumed MP indirectly through eating seafood.
After disposal of plastic waste, due to the lack of recycling capacity, landfill is a common method in waste
management in Hong Kong. Landfill of plastics undergoes fragmentation and weathering detaching
various sizes of microplastic, whereas acidic hydrogen chloride gas, carbon dioxide and even dioxins will

be emitted during incineration of these chlorinated polymers. MPs may be transferred from site of landfill
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to water source or ocean and ingested by aquatic organisms. This makes plastic waste, especially
chlorinated types, difficult to be handled appropriately. There are limited methods for plastic waste

management, while frequency of indiscriminative usages of plastic elevates every day. More MP will be

generated and released to the environment.
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2. Plasticizer DEHP

DEHP is one of the most frequent used phthalate ester plasticizers adding to PVC to increase softness.
It can be found in food processing plastics and medical devices and consumables such as intravenous
injection solution packs, dialysis and fluid delivery tubing, surgical masks and gloves, etc. [85, 162].
During food processing, the food wrapping film, gloves, and food packages may contain various kind of
plasticizers. On top of that, package food nowadays usually has a long shelf-life prolonging migration of
plasticizer into content materials. Since DEHP is hydrophobic and not covalently bound to PVC polymer
chain, they can be translocated from PVC to substances through direct contact, especially food and drinks
with low pH, high fat or alcohol contents. Studies also demonstrated that heating food with plasticware

increase DEHP content in package foods [191, 192].

Toxicity of DEHP has been diversely studied and reproductive system is the major organ that DEHP
affects the most. It has been reported that DEHP can induce testicular injury and reduced testosterone
level in male mouse [81]. Though its usage is gradually reduced due to its harmful effects on health, it is
still detected in common food and drink selling in Hong Kong, especially those with multiple plastic food
packaging materials. Possible linkages have been suggested between DEHP and cancer, development of
fetus and male reproductive system health. Pregnant mouse exposed to DEHP reproduced male
descendants with lower fertility, spermatogenesis and testicular steroid generation [193]. Recent
correlation study also indicated that maternal exposure to DEHP is associated with reduced descendant
testicular volume [194]. DEHP even promotes proliferation and drug resistance of breast and colon cancer
cells [195-198]. Meanwhile, mediating by the microbiome, DEHP has been found to stimulate leaky gut

and intestinal inflammation in zebrafish model through activation of several helper T cell subsets [163].
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3. PVC/DEHP and health of GI tract

Evidence on how PVC and DEHP affect health is gradually established as more studies have been
working on these contaminants. These compounds can stimulate antigen presenting cells and adaptive
helper T cells causing inflammation. Recent study has demonstrated that PVC particles treatment
augmented IL-1p production in IFN-y stimulated cultural human macrophage THP-1 [199]. Chronic
exposure of DEHP altered GI microbiota composition of zebrafish, leading to obesity. Taxonomic
diversity and species richness were disrupted. Among treatment group, male fish intestinal villus length
and goblet cell number were reduced, whereas inflammatory cytokine gene 1L8 expression was increased
[200]. Another study with transcriptomic analysis on DEHP-treated zebrafish model revealed that
expressions of Gl pro-inflammatory cytokines categorized in helper T cells specific pathways were

significantly promoted [163].

Detrimental effects on intestinal barrier function and immunity were demonstrated with cultural cell
models and aquatic animal models in some published studies. Yet little investigation was performed based
on human origin microbiota. In this study, we collected fecal samples from one healthy donor on separated
dates, utilizing batch culture systems, co-cultured PVC, DEHP+PVC with the same starting microbiota in
anaerobic fermenters, leaving 1 fermenter un-treated as control. Together with DEHP batch culture
performed in previous study, we expanded the microbiota compositional analysis, barrier integrity test
and gene expression assays in Caco-2/RAW?264.7 cells by comparing alteration provided by different

treatments.
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Objective

In this study, we aim to:

1. Compare the changes of microbiota community diversity and compositions by DEHP, PVC
and the mix of DEHP+PVC

2. Determine the gene expressions of TJ, AJ, pro-/anti-cytokines in Caco-2 and RAW264.7
cells after treatments of microbiota extracts from all mentioned batch culture experiments

3. Assessment of whether affected TJ and AJ gene expressions translate to proteins or

phenotypic levels
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Materials and methods
1. Batch Culture

Fecal samples were collected from healthy donor who had normal diet and did not intake any probiotics
or antibiotics at least 2 weeks before sampling day. Fecal material was stored in gas-tight sample bucket
with anaerobic sachet (Thermo Fisher Scientific, Waltham, USA) and inoculated within 4 hours after
collection. Final concentration of 10% w/v of fecal material was homogenized with anaerobic buffer inside
a stomacher bag with filter (Seward, Worthing, UK) for 5 minutes at 200 rpm. Sterilized Adult L-SHIME
growth medium (without starch) (ProDigest, Gent, Belgium) was adjusted to pH 6.9 mimicking distal
colon environment. Filtrate portion obtained after homogenization was inoculated in growth medium with
volume ratio of 1:10. Starting cultural volume in each chamber was at 200 ml. One of the four inoculated
chambers was used as no treatment control (DO0). Three dosages of DEHP, PVVC and DEHP+PVC (Sigma,
St. Louis, USA), were introduced into each treatment cultural chamber. The starting amounts of
plasticizers were set at: 0.21 mg DEHP (D1 = 0.21 mg, D2 = 2.1 mg and D3 = 21 mg) and 0.7 mg PVVC
(D1 =0.7 mg, D2 =7 mg and D3 = 70 mg) according to possible daily exposures detected from previous
studies [85, 162, 171, 201]. For mixed DEHP+PVC batch culture, D1 to D3 treatment groups contained
both D1 to D3 dosages of DEHP and PVC, respectively. Culture chamber was purged by nitrogen for 10
minutes after inoculation and maintained at 37°C by water circulation. pH values and culture mixtures in

different chambers were recorded and collected at 0, 4, 8 and 24 hours after inoculation, respectively.
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2. Preparation of luminal extracts
Resultant fermentation culture was defrosted from -20°C and centrifuged at 15,000g for 30 minutes at
4°C. Supernatant from centrifugation was filter-sterilized by 0.22 pum syringe filter. Filtrate was then

aliquoted into 2 ml micro-centrifuge tubes and stored at -20°C as luminal extract.

3. Analysis of SCFA concentrations

Method for quantification of SCFA concentrations was adopted from Song, et al., 2018 and Zhao, et
al., 2006 [134, 135]. Suspensions were centrifuged at 13,6849 for 1 minutes at 4°C. 270 pl of supernatants
were transferred to a new tube and its pH was adjusted to pH 2-3 by 27 ul of 1M HCI (tested by pH paper).
3 ul of internal standard (100 mM 2-Ethyl-butyric acid) was added into each mixture. All mixtures were
centrifuged at 2,3769 for 20mins at 4°C. Supernatant was filtered and transferred to a sample vial with
insert for GC-FID analysis equipped with Agilent GC column DB-FFAP (123-3232). Oven temperature
was set at: 80°C for 2 minutes followed by ramping 6°C per minute until 180°C and then hold for 2 minutes.

Concentration of different SCFAs were calculated from standard curves and respective dilution factor.

4. Lipopolysaccharide concentration quantification
Lipopolysaccharide (LPS) concentration in luminal extracts was assessed by general
lipopolysaccharide ELISA Kit (ABclonal, Woburn, US) according to the manufacturer’s manual.

Duplicate assay wells were used for each luminal extracts” LPS quantification.
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5. 16S rDNA Sequencing and Analysis

Total genomic DNA from luminal fraction pellets after centrifugation were extracted by using
TIANamp stool DNA kit (TIANGEN, Beijing, China) according to the manufacturer’s protocol. V3-V4
for DEHP and PVC experiments’ samples, and V4 region for DEHP+PVC experiment samples were
sequenced. The V3-V4 region of 16S rDNA were sequenced by using 16S338F forward primer and
16S806R reverse primer, while primer pair 16S515F and 16S806R was used in V4 region sequencing
(Supplementary Table 4.1). 16S rDNA sequencing was performed by MajorBio (V3-V4) and BGI (V4)
using Illumina HiSeq 2000 sequencer. For sequence analysis, primer sequences will be trimmed, and raw
data was analyzed by using QIIME2 with HPC provided by Information Technology Services Office, The
Hong Kong Polytechnic University. Paired-end sequences with quality data were denoised by DADAZ2
plugin, and taxonomy was assigned according to SILVA database. Alpha-diversity indices, beta-diversity
weighted UniFrac PCoA plots were generated by using pipelines within QIIME2. Taxonomy heatmaps

and barplots were generated by RStudio with gplots and ggplot2 packages.

6. Measurement of trans-epithelial electrical resistance (TEER)

Epithelial tight junction integrity of Caco-2 monolayer was estimated by TEER assay. Resistances of
transwell membrane and transwell with differentiated monolayer were measured by epithelial voltohmeter
(EVOMZ2; WPI, Sarasota US). Caco-2 cells were seeded at 2x10* cell/transwell and allowed to
differentiate for 21-28 days until stable TEER was obtained (>600 Qcm?). 10% v/v of luminal extracts in
DMEM were loaded on the apical chamber while complete medium was placed in the basolateral region.
Initial TEER was recorded as TEER,, and TEER values at time t = 0, 24, 48, 72, 96, 120, 144 and 168

hours were used for the calculation of percentage TEER change by (TEER+-TEER,)/TEER, x100%.
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7. RNA extraction, reverse transcription, and real-time PCR gene expression analysis

Caco-2 and RAW264.7 cells were treated with 1 ml of 20% and 5% v/v filter-sterilized extracts in
DMEM for 48 and 24 hours inside a cell culture incubator, respectively. Total RNA was extracted using
RNAiso PLUS (Takara, Kusatsu, Japan). RNA concentration was determined by NanoDrop
spectrophotometer (Thermo Fisher Scientific, Waltham, USA). cDNA was reverse transcribed using
PrimeScript reverse transcription kit (Takara, Kusatsu, Japan) according to the manufacturer’s protocol.
Real-time PCR was performed on Applied Biosystems QuantStudio 7 Flex Real-Time PCR System
(Thermo Fisher Scientific, Waltham, USA) with TB Green Premix Ex Taq Il (Takara, Kusatsu, Japan)
reagent. Relative quantification of target gene expression was calculated by 2”*(-AACt). Ribosomal protein
lateral stalk subunit PO (RPLPO) and hydroxymethylbilane synthase (HMBS) were used as housekeeping
genes for Caco-2 and RAW264.7 gene expression calculation, respectively. Primers for specific mMRNA

amplification are listed in supplementary information (Supplementary Table 4.2-4.3).
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8. Western blot

Western blot was employed for comparison of tight junction and adherens junction protein expressions
after fermenter extract treatment. Caco-2 cells were seeded at 2x10* cell/well in 24-well plate. Cells were
cultured for 14 days before treatment. Cells was incubated with 20% extracts for 48 hours prior to protein
quantification. After treatment, cells were washed with PBS and then incubated in 200 pl RIPA buffer
(Merck Millipore, Burlington, US) with protease inhibitor cocktail (Sigma, St. Louis, USA) for 2 hours at
4°C. Total protein was obtained in supernatant after centrifugation at 20,0009 for 10 minutes. Protein
samples were stored at -80°C before protein concentration quantification by BCA assay (Thermo Fisher
Scientific, Waltham, USA). For SDS-PAGE, 10 pg of total protein from each sample was mixed with
sample buffer, heated at 95°C for 5 minutes before loading. SDS-PAGE with 4% stacking and 10%
resolving gels was used for electrophoresis. Western blot transfer was done in wet condition with 80V for
90 minutes at 4°C. PVDF (GE Healthcare, Chicago, US) after transfer was blocked with blocking solution
(5% skimmed milk in TBST) for 2 hours, and then incubated with primary antibody in blocking solution
overnight at 4°C. Primary antibodies used for this study were: mouse monoclonal anti-B-actin (1:2000,
Sigma, St. Louis, USA), rabbit polyclonal anti-E-cadherin (1:1000, ABclonal, Woburn, US), rabbit
polyclonal anti-occludin (1:2000, ABclonal, Woburn, US) and rabbit polyclonal anti-F11R (1:2000,
ABclonal, Woburn, US). Horseradish peroxidase-conjugated goat anti-rabbit 1gG (H+L) secondary
antibody (1:2000, Novus Biologicals, Centennial, US) and goat anti-mouse IgG (H+L) secondary antibody
(1:2000, Thermo Fisher Scientific, Waltham, USA) were used for chemiluminescent signal generation
during image capture. Densitometry of chemiluminescent signal was analyzed using Image J. Relative
expression of target protein was calculated by dividing its signal to B-actin signal. Normalized expression

of target in each sample was generated by dividing relative expression to average relative expression in
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control fermenter extract group. Target protein expression in control fermenter treatment group was

normalized as 1.

9. Statistical analysis
Statistical comparisons were performed using GraphPad Prism 5. All results are shown as mean +/-

SEM from the replicates. Statistical analysis, t-test or one-way ANOVA was used with 95% confidence.
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Results
1. 16S rDNA sequencing analysis

Fermenter microbial genomic DNA was extracted and sequenced on Illumina platform. A total of
271,716 qualified reads in 12 resultant fermenters was used for detailed diversity and taxonomy analysis
on Majorbio online analysis platform. Beta-diversity PCoA (weighted UniFrac) showed that different
dosages of PVC treatments did not alter community compositions. Microbiota cultured with or without
PVC shared similar community similarity (Figure 4.1). On the other hand, high/medium dosage
DEHP+PVC slightly modified the whole community away from control (Figure 4.2). Biodiversity in
DEHP experiment fermenters were mentioned in chapter 3 (Figure 3.2G and Table 3.1). There were drops
in observed OTU number and taxa phylogenetic distance in all DEHP-co-incubated communities (DEHP-
D1 to DEHP-D3). These observations were not in PVC experiment fermenters but DEHP+PVC treated
communities (Table 4.1). Trends of increasing Shannon, shrinking observed OTU counts and Faith’s pd
were consistently observed in both DEHP- and DEHP+PVC-treated microbiota communities comparing
to their respective no treatment controls (Table 4.1). Consistent drops of OTU number and Faith's pd were
detected in DEHP+PVC-D1 to DEHP+PVC-D3 chambers compared to control. Though fluctuated,
Shannon, Simpson and Faith’s pd in PVC experimental fermenters remained similar. Interestingly,

number of observed OTUs was enriched in PVVC-treated communities.
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Figure 4.1. Weighted UniFrac PCoA analysis of PVC experiment fermenters at time 0-hour (blue)
and 24-hour (red) microbiota compositions. No treatment: square, PVC-treated fermenters: spheres.

Sizes of spheres indicated dosages 1, 2 and 3.
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Figure 4.2. Weighted UniFrac PCoA for DEHP+PVC experiment fermenters at time 0-hour (blue)
and 24-hour (red) microbiota compositions. No treatment: square, DEHP+PVC-treated fermenters:

spheres. Sizes of spheres indicated dosages 1, 2 and 3.
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Table 4.1 Alpha diversity indices of PVC and DEHP+PVC resultant fermenters’ communities.

Indices

Observed
Fermenters Shannon Simpson Faith’s pd

OTUs
PVC-DO 112 4.45 0.92 6.98
PVC-D1 117 4.10 0.90 6.20
PVC-D2 153 4.43 0.92 7.37
PVC-D3 165 4.48 0.91 7.01
DEHP+PVC DO 140 6.03 0.98 9.52
DEHP+PVC D1 110 6.24 0.98 8.76
DEHP+PVC D2 105 6.14 0.98 8.65
DEHP+PVC D3 97 6.19 0.98 8.05
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Figure 4.3. Taxonomy heatmaps showing relative abundance of all taxa in PVC experiment (A: phylum, B: family and C: genus)

and DEHP+PVC experiment (D: phylum, E: family and F: genus).
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Figure 4.3. Taxonomy heatmaps showing relative abundance of all taxa in PVC experiment (A: phylum, B: family and C: genus) and

DEHP+PVC experiment (D: phylum, E: family and F: genus) - continued.
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As described in the previous chapter, phyla Firmicutes and Actinobacteria were reduced while phylum.
Bacteroidetes was found to be more abundant in DEHP-containing fermenters (Figure 3.3B). In PVC co-
incubated microbiota, relative abundance of Bacteroidetes was higher in PVC-treated communities
(>1.35%) than that in control community (0.45%) (Figure 4.3A). On the other hand, modest increases of
Actinobacteria in DEHP+PVC-treated microbiota were observed (Figure 4.3D). On family level, more
abundant Prevotellaceae were observed in PVC contaminated fermenters (Figure 4.3B). Being the
dominant family in the microbiota of DEHP+PVC experiment, such adjustment was not observed in
DEHP+PVC fermenters (Figure 4.3F). Relative abundance of Coriobacteriaceae was shrunk in from
2.58% (in control community) to 1.06% (in PVC-D3 community) along with increasing PVC dosage,
however, consistent with DEHP batch culture experiment, DEHP+PVC-treated fermenters had

Coriobacteriaceae enriched comparing to respective no treatment fermenters (Figure 3.3C and 4.3E).

On genus level, less abundant Bifidobacterium, Dorea, Coprococcus_3, Roseburia and
Faecalibacterium, and enriched Prevotella_9, Collinsella and Alloprevotella were detected in DEHP-
treated microbiota (Figure 3.3D). Roseburia population was decreased in both DEHP and PVC-treated
microbiota (Figure 3.3D and 4.3C). In DEHP and DEHP+PVC batch cultures, more Collinsella spp. under
family Coriobacteriaceae was detected in the microbiota treated with high dose of DEHP+PVC (Figure
4.3F). Overall, comparing to control, though only small amount of Coprococcus was detected in
DEHP+PVC DO and D1 microbiota with relative abundance of 0.27% and 0.46%, respectively,
Coprococcus was detected less abundant in almost all microbiota treated with three sets of contaminants
(Figure 3.3D, 4.3C and 4.3F). D2 and D3 DEHP+PVC treatments depleted Coprococcus population.
Finally, enrichment in genera Dialister and Acidaminococcus, and reduction of Megamonas and

Megasphaera were only observed in DEHP-PVC-treated fermenters (Figure 4.3F).
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With the mentioned modification in microbiota composition, PVC-D3 fermenter had propionate
concentration reduced comparing to control and D1-D2. In DEHP+PVC experiment, consistent with
DEHP experiment reported previously (Figure 3.2B-3.2C) propionate and butyrate concentrations were
reduced at high dosages contaminated groups (D2-D3) comparing to their respective no treatment controls
(Figure 4.4E-4.4F). Concentration of acetate remained stable in different fermenters (Figure 4.4A, 4.4D).

LPS concentration was stable in each fermentation experiment with no significant difference (Figure 4.5).
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Figure 4.4. Concentrations of SCFAs in various chambers at different time points. A: acetate, B:

propionate and C: butyrate.
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Figure 4.5. Concentrations of LPS in all resultant fermenters (A: DEHP experiment; B: PVC

experiment; C: DEHP+PVC experiment). Data represent mean with SEM from at repeats of 2.
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2. RT-gPCR gene expression assays on TJ/AJ genes in Caco-2 and M1/M2 markers in

RAW264.7

20% v/v and 5% v/v of extracts were added in the cultural medium as the treatment for Caco-2 and
RAW?264.7 cells respectively as these percentages preserved high viabilities (Figure 4.6). Selected major
tight junction and adherens junction genes were found reduced after treatment of extracts derived from
fermenters with DEHP, PVC, and DEPH+PVC (Figure 4.7). Comparing to those treated with extracts
from the control fermenter, OCLN mRNA level of Caco-2 cells was reduced by almost 30% after DEHP-
D3 extract treatment. Though OCLN expression in DEHP-D2 treatment group remained similar as control,
12-15% drop CLDN1, CLDN7, TJP1, TIP3 and CTNNB1 mRNA levels were detected in DEHP-D2
extract-treated Caco-2. Epithelial marker gene CDH1 expression was decreased when treated with DEHP-
D1 to DEHP-D3 extracts in a dose-dependent manner. TRIC, coding for tricellulin, was observed slightly

enriched by 14% by DEHP-D3 extract.

When Caco-2 incubated with extracts from PVC experiment fermenters, most selected TJ and AJ genes
remained stable except JAMA and NECT?2. It was observed that JAMA was down-regulated from 12% to
almost 50% in PVC-dose-dependent manner. NECT2 expressions were decreased by 14-43% in Caco-2
co-incubated with PVC-fermented microbial extracts, however, marginal statistically significant drop

(p=0.0542) was only observed in the highest PVC dosage group.

In DEHP+PVC mixed batch cultures, though not significant in D1-D2 groups, JAMA down-regulation
was consistently observed in Caco-2 treated with DEHP+PVC-D3 extracts. Deceasing trend of CDH1
expression detected in DEHP experiment was also showed in Caco-2 cells incubated with DEHP+PVC
D2-D3 extracts, which had values of -23% and -26%, respectively. In addition to CDH1, TRIC expression

was reduced by 24% after DEHP+PVC-D2 extract treatment.
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M1/M2 cytokines and markers in RAW264.7 after DEHP fermenter extract treatment was described in
previous chapter. Enrichment of pro-inflammatory cytokine genes such as TNFA, IL1B, IL6, KC, I1L12p40
and 1L23p19 in cultural macrophages were not significant, however, down-regulation of SOCS3 was
observed after treatments. This reduction was not observed in both PVC and DEHP+PVC experiments,
yet some other tissue repairing M2 markers were suppressed (Figure 4.8). 1L10, IL10R1 and TGM2
expressions were reduced by 11-17% in PVC-D3 treated RAW264.7 comparing to those treated with
PVC-DO0 control fermenter extracts. 1110R1 expression was affected similarly even when treated with
PVC-D2 extract. Anti-inflammatory genes transcription factor IRF4 was significantly down-regulated
after DEHP+PVC-D1 and D3 extracts' treatments. IL10 in DEHP+PVC-D3 extract-treated RAW?264.7
cells was almost reduced by half. In addition to this immune-regulating cytokine, IL1RA expression was

also suppressed by more than 40% after the treatment.
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Figure 4.6. Viability of Caco-2 (A-C) and RAW264.7 (D-F) cells after different fermenter extract

treatments. Data represent mean with SEM from at repeats of 3.
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Figure 4.7. Normalized expressions of TJ/AJ associated genes in Caco-2 after extract treatments (A:
DEHP experiment, B: PVC experiment and C: DEHP+PVC experiment). Gene expressions in Caco-2
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and ***p<0.005.
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Figure 4.8. Normalized expressions of cytokine and M2 maker genes in RAW264.7 (A: PVC
experiment and B: DEHP+PVC experiment). Gene expressions in RAW264.7 after respective control

fermenter extract treatment was normalized as 1. t-test, n=3, *p<0.05, **p<0.01 and ***p<0.005.
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3. TEER assay

TEER (which reflected cultural Caco-2 epithelium integrity) was monitored for at least 6 days after
introduction of extracts. There were significant drops of TEER by 15% and 19% in DEHP-D1 extract-
treated Caco-2 monolayer after 24 and 48 hours, respectively (Figure 4.9A), however, TEERS in
monolayers treated with DEHP-DO, DEHP-D2 and DEHP-D3 remained similar. Though PVVC-fermenter
extracts induced larger percentage drop of TEER in Caco-2 than those treated with control extract, the
differences were not statistically significant (Figure 4.9B). In DEHP+PVC experiment, fermenter extract
from D3 chamber stimulated more rapid drop in TEER comparing to those treated with control, D1 and

D2 extracts (Figure 4.9C). 10% and 13% more TEER drops were detected after treatments for 72 and 96

hours, respectively (Figure 4.9D).
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Figure 4.9. Percentage Caco-2 monolayer TEER changes in different treatments (A: DEHP fermenter
extracts, B: PVC fermenter extracts and C: DEHP+PVC fermenter extracts). TEER changes
comparisons of DEHP+PVC-D0 and DEHP+PVC-D3 treatment groups at different time-points (D). t-

test, *p<0.05, **p<0.01 and ***p<0.005.
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4. Western blot occludin protein level comparison

Western blot assays were employed to compare the expressions of various TJ/AJ proteins in Caco-2
cells after treatment with different fermenter extracts. Although DEHP-fermenter extracts did down-
regulate the CDH1, JAMA and OCLN to a certain level, western blot assays showed that E-cadherin,
occludin and JAM-A proteins remained stable after treatment of different fermenter extracts (Figure
4.10A-4.10D). Consistent with the drop of mMRNA level, JAM-A protein in Caco-2 treated with PVC-D3
fermenter extract was reduced by 26% (p<0.005) (Figure 4.10E and 4.10H). Interestingly, E-cadherin was
observed slightly enriched after PVVC-D2 extract treatment (Figure 4.10F). In DEHP+PVC test, Significant
down-regulation of CDH1 mRNA expressions were detected in Caco-2 treated with DEHP+PVC- D2 and
D3 extracts, and JAMA after DEHP+PVC-D3 treatment. However, only DEHP+PVC-D3 extract reduced

occludin protein level in Caco-2 cells (Figure 4.101 and 4.10K).
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Figure 4.10. Comparison of protein levels of occludin, JAM-A and E-cadherin in Caco-2 cells after
treatments (A-D: DEHP experiment, E-H: PVVC experiment and I-L: DEHP+PVC experiment). t-test, n=2,

*p<0.05, **p<0.01 and ***p<0.005.
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Discussion
1. DEHP treatment reduced community phylogenetic diversity

Three different sets of human fecal microbiota were collected for DEHP, PVVC and DEHP+PVC batch
cultures. The shift of any taxon relative abundance was compared to the microbiota without any treatment
(control fermenter) to observe possible changes brought by these substances independently. After that, it
is still possible to compare any similar modification on taxonomy among batch cultures of DEHP versus
DEHP+PVC, and PVC versus DEHP+PVC. Alpha diversities observed OTU count and Faith's pd were
dropped in DEHP-treated microbiota in both DEHP and DEHP+PVC batch cultures. In addition to that,
in weighted UniFrac PCoA, both DEHP-treated and DEHP+PVC-treated microbiota had clustered and
shifted away from their respective controls. Such relative phylogenetic deviation was not observed in sole
PVC experiment instead. This implied DEHP can alter different certain types of bacterial growth.
Nevertheless, the functional characteristics of these modified microbiota could have been changed by

DEHP, since phylogenetic information was considered during weighted UniFrac PCoA calculation,

As indicated in alpha- and beta-diversity analyses, PVC-fermenter possessed communities similar to
that in control fermenter PVC-D0. Relative abundance of only several taxa were changed. Genus
Roseburia was detected reduced in sole PVC-treated microbiota. Several SCFA producer genera such as
Bifidobacterium, Dorea, Roseburia and Faecalibacterium were found to be reduced in DEHP fermenters.
Resultant propionate and butyrate concentrations in high dosages DEHP microbiota reduced slightly,
while only mild drop in propionate was observed in high dose PVC extracts. Consistent with sole DEHP
experiment, DEHP+PVC-treated community extracts contained less propionate and butyrate. SCFAs,
especially butyrate, has been showed bearing beneficial effects as direct energy supply to enterocytes, and
immune-regulation mediated by G protein-coupled receptors (GPR41, GPR43 and GPR109) [157, 202].

Another anaerobic butyrate producer, Coprococcus spp., was detected reduced in all DEHP- or PVC-
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containing fermenters. Coprococcus has been observed less abundant in IBD patients' mucosa [24, 176,
203]. Together with Roseburia, their existence can be used as an indication of IBD remission signature in

the microbiota [204].

More abundant Collinsella spp. was observed consistently in high dosages DEHP- and DEHP+PVC-
co-incubated communities comparing with their respective no treatment controls. Studies comparing
bacteria in IBD and healthy mucosa revealed that Collinsella spp. was more frequently found in those
IBDs’ samples [205]. Collinsella spp. was found to be related to some inflammatory and metabolic
diseases. Patients with nonalcoholic steatohepatitis had high Collinsella abundance in their GI microbiota
[206]. Chen et al. reported that Collinsella spp. was found more abundant in rheumatoid arthritis patient
GI microbiota. Follow-up study on epithelium integrity assays on Caco-2 cell revealed that Collinsella
aerofaciens promoted Caco-2 barrier permeability by down-regulating ZO-1 and occludin. Besides
reducing tight junction protein levels, IL-17A expression was also enriched by this bacterium [207]. More
Dialister spp. was detected in DEHP+PVC co-fermented community. Dialister was correlated with some
inflammatory status. This genus was found more abundant in CD patient's ileum and colon biopsy samples,

its relative abundance was also positively correlated with spondyloarthritis [208].
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2. Extracts from altered microbiota due to DEHP+PVC downregulated

immunoregulatory genes

In cultural murine macrophage, slightly down-regulation of SOCS3 was observed in DEHP+PVC
groups, though not significant. Mild reduction in pro-inflammatory IL1B and anti-inflammatory IL10,
IL10R1 and TGM2 was observed in PVC-D3-treated RAW?264.7. Percentage reduction of mRNA levels
of 1L10, IL1RA and IRF4 were higher than those observed in PVC experiment. The drops in IL-10-1L-
10R autocrine loop genes could be resulted from the reductions of propionate and butyrate concentrations.
On the other hand, several pro-inflammatory taxa were enriched in the communities treated with dosages
2-3 of DEHP+PVE. Mediators from these bacteria could stimulate immune homeostasis skewing

RAW264.7 cells away from M2 tissue-repairing profile.

3. High-dose of DEHP+PVC fermenter extract affected Caco-2 epithelium integrity

Extracts from high dosages DEHP or PVC treatment groups among three different batch cultures
suppressed JAMA expression in Caco-2, in which PVC extracts reduced both mRNA and protein levels of
JAM-A significantly. Starting from dosage 2, DEHP and DEHP+PVC extracts repressed CDH1
expression. In addition to CDH1, OCLN coding for occludin, also down-regulated significantly in DEHP-
D3 extract treatment group. JAM-A protein in PVC-D3 extract treatment group reduced significantly. And
high dosage DEHP+PVC extract decreased occludin protein expression in Caco-2. Occludin has been
showed to be important for maintenance of intestinal paracellular barrier function preventing excessive
antigen from passing through the epithelium towards bloodstream [33, 34, 206]. It is possible that the

downregulated occludin contributed to the rapid drop in TEER of Caco-2.
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Summary

Phylogenetic distance of community became further apart between health and DEHP-dosed batch
cultures. Similar phenomenon was also observed in subsequent DEHP+PVC batch culture experiment. In
addition to that, consistently, resultant propionate and butyrate concentrations were slightly reduced.
Relative abundance of Collinsella, which has been linked to severity of intestinal inflammation, was
enriched in these DEHP-containing fermenters. On the contrary, genus Coprococcus, a health-associated
taxon, was observed suppressed in all PVC/DEHP included microbiota. Such extracts interfered OCLN,
JAMA and CDH1 expressions in Caco-2 cells; and IL10, IL1IRA and IRF4 in RAW264.7 cells. Though
limited studies were performed on accumulation and biomagnification of PVC and DEHP in human body,

these substances may pose threats on epithelial integrity and immune homeostasis in GI tract.

Modification on PVVC polymers by physical and chemical measures have been suggested as alternative
plasticizing method other than using phthalates [209]. Internal plasticization of PVC polymers prevents
plasticizers from leaking out of the plastic via covalent bonds. Plasticizing molecules are covalently bound
onto the PVC polymer chain to increase chain-chain distance and minimize the interaction among them.
These molecules to be bound onto PVVC chains includes phthalate derivatives or replacement of chlorine
atom on polymer chain with propargyl ether cardanol. Other than chemical modification on the polymer
chain, several methods with lower costs have also been proposed as replacement of phthalates. Hyper-
branched polyglycerol and vegetable oil derivatives have also been suggested as plasticizers for PVC.
These polymeric plasticizers or macromolecule plasticizers have been suggested as replacement for low
molecular weight plasticizers (DEHP and DINP) as they have been demonstrated to harbor low migration
and extractability in tests [210]. Migration of plasticizers can be reduced by surface plasma treatment or
UV irradiated modifications. Surface plasma treatment with thiosulfate, sodium azide and sodium sulfides

improve migration resistance of plasticizers within the plastic.
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PVC plastics are widely used in medical consumables, food processing chain and daily plasticware due
to its low price and convenience. Reduce usage of plastics dose decrease plasticizer contamination as
indicated in the mentioned literature about terminating usages in food processing in Japan [85]. Reduce
usages of plastics, plan medical processes so that minimum plastics will be used. Since the exposure route
of PVC and DEHP are mainly oral intake, it is always good to wash hands after contact with plastics to
reduce intake of contaminants from mouth. Besides avoiding intake, it has been demonstrated that certain
Lactobacillus species can prevent plasticizer absorption by bio-binding and retaining these compounds in
the Gl tract [211]. Maintaining a balanced gut microbiota may prevent us from absorbing plasticizers. The
Hong Kong government tends to control the usage of plastics through public education to encourage using
reusable alternatives and reduce unnecessary plastics. It may be more effective if the government could
provide incentive measures to promote usage of lunch box and food-wares made from glass or metal, and
support manufacturers to switch from traditional plastics to bio-degradable plastics. On the other hand,
Taiwan and France governments have and will ban the use of plastic food-wares in 2020 and 2030,
respectively, which the relevant legislation could be good references for Hong Kong to investigate and

develop one that suits the need of local community.
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Supplementary information

Supplementary Table 4.1. Primers used for 16S sequence amplification and 16S rDNA sequencing

Primers names

Sequences (5’-3”)

16S341F CCTACGGGAGGCAGCAG
16S806R ATTAGATACCCSBGTAGTCC
16S338F ACTCCTACGGGAGGCAGCA

Supplementary Table 4.2. Primers for RT-gPCR on gene expressions in Caco-2 (Adopted from Puitt,

2017 and 2Suzuki, 2011 [33, 124])

Gene Protein Forward sequence (5°-3”) Reverse sequence (5°-3”)

RPLPO Ribosomal protein PO ACTTCCTTAAGATCATCCAACT TATGAGGCAGCAGTTTCTCCA
OCLNM Occludin CCAATGTCGAGGAGTGGG CGCTGCTGTAACGAGGCT

CLDN1 Claudin-1 TGGTGGTTGGCATCCTCCTG AATTCGTACCTGGCATTGACTGG
CLDN2 Claudin-2 CTCCCTGGCCTGCATTATCTC ACCTGCTACCGCCACTCTGT
CLDN4 Claudin-4 ATCATCGTGGCTGCTCTGG ACACCGGCACTATCACCATAA
CLDN7 Claudin-7 TTTCATCGTGGCAGGTCTTG CTCATACTTAATGTTGGTAGGG
JAMA JAM-A GATCACAGCTTCCTATGAGGA ATGGAGGCACAAGCACGAT

CDH1 E-cadherin AAGAGGACCAGGACTTTGACTT CAGCCGCTTTCAGATTTTCATC
CTNNB1 Beta-catenin GGAATGAGACTGCTGATCTTGG ATCATCCTGGCGATATCCAAGG
TIP1M Z0-1 CAAGATAGTTTGGCAGCAAGAGATG ATCAGGGACATTCAATAGCGTAGC
TJIP2 Z0-2 GCACAGAATGCAAGGATCGA GTCTGGAACTCGTGTGCTGG

TIP3 Z0-3 GCGAGAAGCCAGTTTCAAGC GTCCTGGACACAGTCTCTGCGA
TRIC Tricellulin GGCAAAATACCCTGTGATTCAGACAG CATGGATTCTTGAAATTCTCTCATG
AFDN Afadin ACCGACAAGCAAGAGCACCACTAG TGCCTGCGATAATCTGGCTGCTG
NECT2 Nectin-2 CAGAGTCATAGCCAAGCCCAAGAAC GTCCAGGGATGAGAGCCAGGAG
NECT3 Nectin-3 TCTCCAGGCTCTGTGGTGCC ATGGTGAACTGCAACAGTCTGTGAA
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Supplementary Table 4.3. Primers for real-time PCR on gene expressions in RAW?264.7

Gene Protein Forward sequence (5°-3°) Reverse sequence (5°-3”)

HMBS Hydroxymethylbilane ATGGGCAACTGTACCTGACT ACCATCTTCTTGCTGAACAG
synthase

TNFA Tumor necrosis factor-o AAGGGATGAGAAGTTCCCAA CTTGGTGGTTTGCTACGACGT

IL1B Interleukin-1 beta AGGATGAGGACATGAGCACC GGAGAATATCACTTGTTGGTTG

IL6 Interleukin-6 CTGATGCTGGTGACAACCAC GCCATTGCACAACTCTTTTCTC

KC CXCL1 CCGAAGTCATAGCCACACTCAA CCGTTACTTGGGGACACCTTTTAG

1L12p40 Interleukin-12 p40 AGAGCAGTAGCAGTTCCCCTGA GGTTTGATGATGTCCCTGATGA

1L.23p19 Interleukin-23 p19 CCAGCGGGACATATGAATCTAC GCAAGCAGAACTGGCTGTTGTC

1L10 Interleukin-10 GCAGGACTTTAAGGGTTACTTGG AATCGATGACAGCGCCTCAG

IL10R1 Interleukin-10 receptor GTGGATGAAGTGATTCTGACAG GGTTGCATTCTTTAGTTCTGAG
1

IL10R2 Interleukin-10 receptor CGTGGAAGACACCATCATTG CGGAGACACAACTTGAAACTTC
2

TGFB1 Transforming growth CGCAACAACGCCATCTATGA TATTTCTGGTAGAGTTCCACATG
factor beta

ILIRA Interleukin-1 receptor GCCTTCAGAATCTGGGATAC CCAGACTTGGCACAAGACAG
antagonist

IRF4 Interferon regulatory CTCTCAGACTGCCGGCTGCA CTGGTCCAGGTTGCTAACATCA
factor 4

SOCS3 Suppressor of cytokine GCTTCGGGACTAGCTCCCCGG TTGGAGCTGAAGGTCTTGAGGC
signaling 3

MRC1 Mannose Receptor C- GAGCAAGCATTTGTTACCTATCAC CTTCTTCTTCCACCAGGATAGC
Typel

TGM2 Transglutaminase 2 GAGCGCCATGGTCAACTGCA AGCGCCGCAGAATGTCCACA
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Chapter 5 — Effect of polyethylene on human gut microbiome and its associated influences on

gut permeability in vitro and Simulator of Human Intestinal Microbial Ecosystem (SHIME)

Abstract

Polyethylene (PE) is one of the most utilized plastics in daily life. Fragmentation of plastics produces
smaller pieces microplastics (MPs) ranged from millimeter to nanometers. Studies have been conducted
to investigate MP and their plasticizers on aquatic lives and murine models. Yet, there was limited study
performed on assessing the effects of MP on human microbiota and cultural cells. In this study, we
employed batch culture and Simulator of Human Intestinal Microbial Ecosystem (SHIME) to detected
possible shift of microbiota composition due to exposure to PE. Total metabolic extracts derived from the
microbiota exposed to PE were tested to determine if they would compromise the intestinal epithelial

permeability via up- or down-regulation tight junction (TJ) and adherens junction (AJ) proteins.

In the batch culture of human fecal microbiota co-incubated with PE, several inflammation-correlated
gut bacteria taxa including Holdemanella, Collinsella and Allisonella were enriched in the PE treatment
groups. Moreover, SCFA-producing bacteria, such as Dorea, Roseburia and Faecalibacterium were less
abundant in the PE-treated microbiota. Though beneficial (Bifidobacterium) genus was enriched in the
PE-treated groups, the overall microbial extracts from PE fermenters reduced occludin expression up to

23% in the cultural enterocytes.

In the SHIME setting, more abundant pro-inflammatory diseases associated taxa, Bilophila and
Acidaminococcus were detected in PE-treated distal colon (DC) than the control. Extract from PE-
contaminated distal colon stimulated a more rapid drop of TEER in Caco-2 monolayer (up to 26%),

suggesting PE particles may alter human microbiota leading to leaky gut condition.
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Introduction
1. Microplastic PE

Fragmentation and weathering of landfill plastic waste, plastic manufacturing, food packaging, and
cosmetics waste may produce unwanted MPs. Due to the migration of small sized MPs, they can be
transferred to different environments. MPs have been found in various kind of foods and drinks including
sugar, seafood and tap/bottled water, etc., and the top five most frequently found microplastic in drinking
water are PE, polypropene (PP), polystyrene (PS), polyvinyl chloride (PVC) and polyethylene
terephthalate (PET) [69-72]. Over 400 microplastic particles per liter drinking water can be detected in
China, which includes mainly PE and PP fragments with size smaller than 50 um [74]. Most studies have
been reported on biodegradation, recycling and re-using plastics to minimize plastic waste production. In
addition to the damages to aquatic organisms, bioaccumulation of these substances occurs in higher
consumers of food chain including human, more researchers have started to investigate whether these

waste particles would bring consumers any health hazards recently.

2. Effect of direct PE treatment on experiment animal and cultural cells
Most studies on potential harmful effects of PE were based on animal models and cancer cell lines
through direct contact with PE particles. Powell et al. has suggested that MPs with size smaller than 150
pum could possibly pass through the epithelium by endocytosis, paracellular space, transcytosis and
persorption in a review [73]. MP particles can be phagocytosed directly by cultural macrophages in-vitro.
Such treatment also promoted significant increases of pro-inflammatory cytokines IL-1a, 11-13, IL-6 and
TNF-a production by the macrophages [77-79]. Furthermore, direct PE particles are able to induce TNF-

a production in murine fibroblast L929 and canine kidney epithelial cell (MDCK).[80].
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3. PE and the GI microbiota

There is limited study about the effects of PE consumption on microbial composition in Gl tract. A PE
intake experiment showed that Firmicutes/Bacteroidetes ratio was reduced in the gut microbiota of a
murine model, and mucin-2 levels was decreased in the PE-treated mouse [84]. Consistent with a study
on microbiome modification in a zebrafish model, phylum Bacteroidetes was enriched after the larval
zebrafish was exposed to polyethylene MP of 20 mg/L [83]. A recent study has been demonstrated that a
biofilm producing pathogen, namely Pseudomonas aeruginosa under Gammaproteobacteria, is able to
degrade PE particles [212]. This implies that MPs may provide support on the growth of particular type(s)

of bacteria affecting the homeostasis of gut microbiota.

In this study, batch culture and SHIME system utilizing health human origin microbiota were adopted.
Different dosages of PE particles were incorporated into the one-day batch community and long-term
continuous in-vitro Gl tract system to assess if any modification of microbial compositions will be resulted.
Final extracts from the culture supernatants were collected to investigate whether the shifted microbial
community produced substances affecting gut permeability, TJ/AJ gene and protein expressions in cultural

Caco-2 monolayer.
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Objective

In this study, we aim to determine:

1. The effect of PE on alteration of human gut microbiota;

2. The potential influences of PE-treated gut microbiota derived metabolites on the TJ/AJ
proteins of enterocytes and inflammation;

3. Whether luminal extracts of human microbiota retrieved from SHIME and exposed to PE

pose detrimental effects on intestinal epithelial permeability.
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Materials and methods
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Figure 5.1. Experimental setups of batch culture (A) and SHIME (B). Timeframe of SHIME (C).
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1. Batch Culture

Fecal samples were collected from healthy donor who had normal diet and did not intake any probiotics
or antibiotics at least 2 weeks before sampling day. Fecal material was stored in gas-tight sample bucket
with anaerobic sachet (Thermo Fisher Scientific, Waltham, USA) and inoculated within 4 hours after
collection. Final concentration of 10% w/v of fecal material was homogenized with anaerobic buffer inside
a stomacher bag with filter (Seward, Worthing, UK) for 5 minutes at 200 rpm. Sterilized Adult L-SHIME
growth medium (without starch) (ProDigest, Gent, Belgium) was adjusted to pH 6.9 mimicking distal
colon environment. Filtrate portion obtained after homogenization was inoculated in growth medium with
volume ratio of 1:10. Starting cultural volume in each chamber was at 200 ml. One of the four inoculated
chambers was used as no treatment control (D0). Three dosages of PE (Alfa Aesar, Haverhill, US) were
introduced into each treatment cultural chamber. Middle dosage (D2) was calculated by using possible
weekly microplastic intake (5 gram) and percentage of PE in total tap water microplastic contamination
from published studies (47% PE in total microplastic) [74, 201]. Total 3 dosages, namely D1/D2/D3 at
3.43 mg, 34.3 mg, and 343 mg were added into the batch culture pre-inoculated with human fecal samples,
respectively (Figure 5.1A). Culture chamber was purged by nitrogen for 10 minutes after inoculation and
maintained at 37°C by water circulation. pH values and culture mixtures in different chambers were

recorded and collected at 0, 4, 8 and 24 hours after inoculation, respectively.
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2, SHIME setup

Program and tubing of Simulator of the Human Intestinal Microbial Ecosystem (SHIME) was setup as
Twin SHIME according to the manufacturer’s guideline (ProDigest, Gent, Belgium) with stomach and
small intestine combined as ST/SI (Figure 5.1B). Fecal samples were collected from healthy donor who
had normal diet and did not intake any probiotics or antibiotics at least 2 weeks before sampling day. Fecal
material was stored in gas-tight sample bucket with anaerobic sachet (Thermo Fisher Scientific, Waltham,
USA) and inoculated within 4 hours after collection. 10% w/v of fecal material was homogenized with
anaerobic buffer inside a circulator strainer stomacher bag (Seward, Worthing, UK) for 5 minutes at 200
rpm. Sterilized Adult L-SHIME growth medium (ProDigest, Gent, Belgium) was pH adjusted to pH 5.6-
5.9 for proximal colon (PC) and pH 6.6-6.9 for distal colon (DC) mimicking large intestinal environments.
Filtrate portion obtained after homogenization was inoculated in growth media with volume ratio of 1:10.
Starting cultural volumes in each PC and DC were 500ml and 800ml, respectively. All chambers were
maintained at 37°C by warm water circulation. Ultra-high molecular weight polyethylene (UHMWPE)
sized 40-48 pum (Sigma, St. Louis, USA) at dosage 0.714 g/day was introduced into ST/SI-PE mimicking
ingestion of microplastic according to the estimated dosage (5 gram weekly) from published studies [74,
201]. After treatment period, luminal culture from all chambers were collected and stored at -20°C until

further analysis.
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3. Analysis of SCFA concentrations

Method for quantification of SCFA concentrations was adopted from Song, et al., 2018 and Zhao, et
al., 2006 [134, 135]. Suspensions were centrifuged at 13,6844 for 1 minutes at 4°C. 270 ul of supernatants
were transferred to a new tube and its pH was adjusted to pH 2-3 by 27 ul of 1M HCI (tested by pH paper).
3 ul of internal standard (100 mM 2-Ethyl-butyric acid) was added into each mixture. All mixtures were
centrifuged at 2,376g for 20mins at 4°C. Supernatant was filtered and transferred to a sample vial with
insert for GC-FID analysis equipped with Agilent GC column DB-FFAP (123-3232). Oven temperature
was set at: 80°C for 2 minutes followed by ramping 6°C per minute until 180°C and then hold for 2 minutes.

Concentration of different SCFAs were calculated from standard curves and respective dilution factor.

4. Preparation of luminal extracts
Resultant fermentation culture was defrosted from -20°C and centrifuged at 15,000g for 30 minutes at
4°C. Supernatant from centrifugation was filter-sterilized by 0.22 pum syringe filter. Filtrate was then

aliquoted into 2 ml micro-centrifuge tubes and stored at -20°C as luminal extract.
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5. 16S rDNA Sequencing and Analysis

Total genomic DNA from luminal fraction pellets after centrifugation were extracted by using
TIANamp stool DNA kit (TIANGEN, Beijing, China) according to the manufacturer’s protocol. The V4
region of 16S rDNA were sequenced by using 16S515F forward primer and 16S806R reverse
(Supplementary Table 5.1). 16S rDNA sequencing was performed by BGI using Illumina HiSeq 2000
sequencer. For sequence analysis, primer sequences will be trimmed, and raw data was analyzed by using
QIME2 with HPC provided by Information Technology Services Office, The Hong Kong Polytechnic
University. Paired-end sequences with quality data were denoised by DADAZ plugin, and taxonomy was
assigned according to SILVA database. Alpha-diversity indices, beta-diversity weighted UniFrac PCoA
plots were generated by using pipelines within QIIME2. Taxonomy heatmaps and barplots were generated

by RStudio with gplots and ggplot2 packages.
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6. Cell culture and viability assay
Human intestinal epithelial cell line Caco-2 was maintained in complete medium (Dulbecco’s Modified
Eagle’s Medium (DMEM) with 10% fetal bovine serum (FBS)) in a 5% CO», 37°C humidified incubator.
For Caco-2, cells were sub-cultured by tryptic digestion when they reached 80-90% confluence.
Enterocyte monolayers were differentiated in 24-well flat bottom cell culture plate starting at 2x10*

cell/well for 12-14 days before treatment or viability assay.

Viabilities of cells after incubating with a range of luminal extracts were determined by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma, St. Louis, USA) assay. Treatment
media containing different concentrations of luminal extracts from no plasticizer control chambers of each
experiment in complete medium were incubated with differentiated Caco-2 monolayer for 24 hours. Cells
were washed by phosphate buffered saline pH 7.3 (PBS) and incubated with 0.5 mg/ml MTT solution for
1-1.5 hours in triplicate. Luminal extract concentrations (v/v%) were employed as treatment percentage
for gene expression assay, which preserved >90% cell viability mimicking a sub-lethal chronic exposure

of to each cell-line.
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7. Measurement of trans-epithelial electrical resistance (TEER)

Epithelial tight junction integrity of Caco-2 monolayer was estimated by TEER assay. Resistances of
transwell membrane and transwell with differentiated monolayer were measured by epithelial voltohmeter
(EVOM2; WPI, Sarasota US). Caco-2 cells were seeded at 2x10* cell/transwell and allowed to
differentiate for 21-28 days until stable TEER was obtained (>600 Qcm?). 10% v/v of luminal extracts in
DMEM were loaded on the apical chamber while complete medium was placed in the basolateral region.
Initial TEER was recorded as TEER,, and TEER values at time t = 24, 48, 72, 96, 120 and 144 hours were

used for the calculation of percentage TEER change by (TEER+-TEER.)/TEER, x100%.

8. RNA extraction, reverse transcription, and real-time PCR gene expression analysis

Caco-2 cells were treated with 1 ml of 20% filter-sterilized extracts in DMEM for 48 hours inside a
cell culture incubator, respectively. Total RNA was extracted using RNAiso PLUS (Takara, Kusatsu,
Japan). RNA concentration was determined by NanoDrop spectrophotometer (Thermo Fisher Scientific,
Waltham, USA). cDNA was reverse transcribed using PrimeScript reverse transcription kit (Takara,
Kusatsu, Japan) according to the manufacturer’s protocol. Real-time PCR was performed on Applied
Biosystems QuantStudio 7 Flex Real-Time PCR System (Thermo Fisher Scientific, Waltham, USA) with
TB Green Premix Ex Taq Il (Takara, Kusatsu, Japan) reagent. Relative quantification of target gene
expression was calculated by 2”(-AACt). Ribosomal protein lateral stalk subunit PO (RPLPO) was used as
housekeeping genes for Caco-2 gene expression calculation. Primers for specific mRNA amplification are

listed in supplementary information (Supplementary Table 5.2).
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9. Western blot

Western blot was employed for comparison of tight junction and adherens junction protein expressions
after fermenter extract treatment. Caco-2 cells were seeded at 2x10* cell/well in 24-well plate. Cells were
cultured for 14 days before treatment. Cells was incubated with 20% extracts for 48 hours prior to protein
quantification. After treatment, cells were washed with PBS and then incubated in 200 pl RIPA buffer
(Merck Millipore, Burlington, US) with protease inhibitor cocktail (Sigma, St. Louis, USA) for 2 hours at
4°C. Total protein was obtained in supernatant after centrifugation at 20,0009 for 10 minutes. Protein
samples were stored at -80°C before protein concentration quantification by BCA assay (Thermo Fisher
Scientific, Waltham, USA). For SDS-PAGE, 10 pg of total protein from each sample was mixed with
sample buffer, heated at 95°C for 5 minutes before loading. SDS-PAGE with 4% stacking and 10%
resolving gels was used for electrophoresis. Western blot transfer was done in wet condition with 100V
for 120 minutes at 4°C. PVDF (GE Healthcare, Chicago, US) after transfer was blocked with blocking
solution (5% skimmed milk in TBST) for 2 hours, and then incubated with primary antibody in blocking
solution overnight at 4°C. Primary antibodies used for this study were: mouse monoclonal anti-p-actin
(1:2000, Sigma, St. Louis, USA) and rabbit polyclonal anti-occludin (1:2000, ABclonal, Woburn, US).
Horseradish peroxidase-conjugated goat anti-rabbit 1gG (H+L) secondary antibody (1:2000, Novus
Biologicals, Centennial, US) and goat anti-mouse 1gG (H+L) secondary antibody (1:2000, Thermo Fisher
Scientific, Waltham, USA) were used for chemiluminescent signal generation during image capture.
Densitometry of chemiluminescent signal was analyzed using Image J. Relative expression of target
protein was calculated by dividing its signal to B-actin signal. Normalized expression of target in each
sample was generated by dividing relative expression to average relative expression in control fermenter

extract group. Target protein expression in control fermenter treatment group was normalized as 1.
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Results

1. Effect of PE on the composition and diversity of gut microbiota in batch culture and
SHIME
Fermenter microbial genomic DNA was extracted and sequenced on Illumina platform. A total of
366,255 reads in 16 samples was qualified after DADA2 denoising pipeline withing QIIME2 and used for
diversity and taxonomy analysis on Majorbio online analysis platform. In the batch culture experiment,
community variation among starting microbiota was small as indicated in weighted UniFrac PCoA (Figure
5.2). After 24-hour incubation, the communities of microbiota in the presence of PE, regardless of the
dosages, clustered together and away from the no treatment control microbiota. Moreover, their variations
were not shifted according to the dosages of PE. There was less OTUs observed in the control resultant
community than those treated with PE. Together with Shannon diversity, Faith's pd in the control

community also had a lower value compared to PE batch communities.

As indicated in weighted UniFrac PCoA (Figure 5.3), overall resultant community phylogenetic
diversities of DC-control and DC-PE clustered together before or after treatment. Unexpectedly, two
original PCs phylogenetic diversities were deviated, however, community diversities clustered together at
the end stage of experiment. For alpha diversity, although two PCs shared similar observed OTU count
and Faith's pd, PC-PE chamber in the SHIME had a slightly higher Shannon diversity than PC-control. In
the region of descending colon, PE-treated SHIME had more observed OTU and higher Shannon diversity

(Table 5.1).

The overall abundances of Actinobacteria (24.5%) and Firmicutes (20%) in microbial community of
control fermenter were increased to >30% in PE-treated microbiota. Meanwhile, Bacteroidetes was less
abundant in PE-treated microbiota (<40%) than microbial community of control (54.6%) (Figure 5.4A).

On family level, Prevotellaceae and Erysipelatoclostridiaceae were reduced in all PE-co-fermented
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microbiota, while 5 families (Bifidobacteriaceae, Coriobacteriaceae, Erysipelotrichaceae,
Lachnospiraceae, Selenomonadaceae and Veillonellaceae) were enriched (Figure 5.4B). Genus
Collinsella, which contributed to all family Coriobacteriaceae abundance, was detected in all PE batch
fermenters. Alloprevotella, Prevotella and Catenibacterium, were less abundant in PE-treated microbiota.
Relative abundance of Roseburia was halved in PE-D1 and PE-D2 communities and nearly non-exist in
PE-D3 fermenter. Faecalibacterium contributed to 2.84% of control community, however, it was less
abundant in all PE-treated microbiota (at 1.64-1.80%). On the other hand, Bifidobacterium, Blautia and
Mitsuokella were increased in PE batch microbiota. Holdemanella was detected in PE contaminated
fermenters only. Its relative abundance was higher as PE dosage increased (1.38%, 1.74% and 3.17% in
D1, D2 and D3 microbiota, respectively). In addition to Holdemanella, Allisonella was another genus
detected in PE-contaminated communities but not in the control community. Its relative abundance also

grew with PE dosage (0.73%, 0.90% and 1.51% in D1, D2 and D3 fermenters, respectively.) (Figure 5.4C).

Different from the batch culture, fecal microbiota underwent dynamic changes in the SHIME system
and may reflect different influences of PE on the changes of gut microbiota. In the SHIME experiment,
from 16S sequencing analysis, phylum Firmicutes was enriched while Bacteroidetes was reduced in both
PE-treated PC and DC (Figure 5.5A). On family level, Prevotellaceae was reduced in PE-treated PC and
DC. Desulfovibrionaceae and Acidaminococcaceae were enriched in PE-treated DC (Figure 5.5B).
Genera Bilophila and Acidaminococcus were enriched in both PC and DC of SHIME in the presence of
PE (Figure 5.5C). On the other hand, genera Prevotella and Megasphaera were reduced. Taxa
Alloprevotella and Megamonas were reduced in PE-treated PC but increased in the subsequent DC. It was
observed that genus Prevotella was dominant in proximal colons, while in distal colons, Mitsuokella was
dominant genus. Comparing to PCs and DCs without treatment, relative abundances of Prevotella spp.

were reduced in PE-treated microbiota. Such reduction of taxon Prevotella was also observed in PE batch
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culture mentioned above. Overall microbiota modification did not alter SCFAs concentrations (Figure

5.6).

Axis 2 (7.113 %)

vis v

Axi-?—(-90.75 %)

Figure 5.2. Weighted UniFrac PCoA of PE batch culture of starting and resultant microbiota (0-hour

in blue and 24-hour in red; PE Control: ring; PE D1: square; PE D2: triangle; PE D3: sphere).

Axis 2 (4.“54;@ ‘

Figure 5.3. Weighted UniFrac PCoA of PE SHIME resultant microbiota. Day-0 in blue and Day-50 in
red; Control: square; PE: sphere; PC and DC fermenters were labeled with small and large symbols,

respectively.

204



Table 5.1 Alpha diversity indices of PE batch culture and SHIME microbiota.

Indices

Fermenters Observed Shannon Simpson Faith’s pd

OTUs
Batch culture
PE-DO 28 4.26 0.93 4.20
PE-D1 122 6.10 0.98 7.13
PE-D2 119 6.14 0.98 6.77
PE-D3 99 5.92 0.98 6.43
SHIME
PC-Control 62 4.57 0.94 3.37
PC-PE 60 4.80 0.95 3.30
DC-Control 96 5.66 0.97 5.95
DC-PE 108 5.87 0.97 5.95
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batch culture in the presence of PE.
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2. Effect of gut microbiota-derived metabolites on the TEER of enterocytes after PE
exposure
20% v/v extracts in cultural medium was selected as the treatment media for Caco-2 as Caco-2 cells
remained highly viable under this concentration (Figure 5.7). The TEER of Caco-2 allows determination
of potential permeability of intestinal epithelial cells. Caco-2 epithelium TEER changes were similar when

they were incubated with extracts from PE batch culture microbiota (Figure 5.8A).

TEER of Caco-2 monolayer varied with similar trend and no significant difference was observed
between PC-Control and PC-PE treatments (Figure 5.8B). Percentage drops of TEER in DC-PE treatment
group showed significant rapid decreases in several time points (Figure 5.8C). Difference of TEER
changes diverged when Caco-2 cells were treated with DC extracts for 48 hours. Maximum difference

(26%, p<0.01) between DC-Control and DC-PE treatments was observed after 96 hours (Figure 5.8D).
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Figure 5.7. Viability of Caco-2 cells (A: batch culture; B: SHIME DC extracts) cells in PE batch culture

or SHIME extracts.
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3. Effect of gut microbiota-derived metabolites on the TJ/AJ gene expressions after PE
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Figure 5.9. Normalized expressions of TJ/AJ genes in Caco-2 cells (A: batch culture and B: SHIME
DC extracts). Gene expressions in Caco-2 treated with batch culture PE Control extract or DC-Control

extract were normalized as 1 (A). t-test, n=3, *p<0.05, **p<0.01 and ***p<0.005.

After co-incubation of microbiota-derived extracts exposed to PE dosages 2 and 3, the mRNA levels
of OCLN in the Caco-2 cell were decreased significantly by 36% and 46%, respectively (p<0.05) (Fig.
5.9A). Reduction of OCLN expression was PE-dose-dependent (Figure 5.9A) in the presence of PE in the

batch culture setting.

By contrast, though the TEER was significantly reduced in cultural epithelium after DC-PE extract

treatment, the mRNA levels of major TJ and AJ genes remained stable (Figure 5.8C-5.8D and 5.9B).
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4. Effect of gut microbiota-derived metabolites on the occludin protein levels after PE
exposure
Caco-2 occludin protein levels in different batch culture extract treatment groups were assessed by
western blot. Consistent with the RT-gPCR results, 17%-23% occludin was lost in PE batch culture extract

treatment groups (Figure 5.10).
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Figure 5.10. Protein expression of occludin in Caco-2 (t-test; data shown as mean +/- SEM; n=2;

*p<0.05, **p<0.01 and ***p<0.005.)
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Discussion

1. PE modified community composition of human gut microbiota
16S sequencing results showed that, in both batch culture and SHIME, addition of PE to microbiota
fermentation promoted alpha diversities such as OTU counts and diversities. At the same time, community
phylogenetic distances of PE-treated microbiota deviated from that of microbiota without PE treatment.
Similar community diversity changes are consistent with a recent study about microbiota modification in
murine model feeding with PE. Though higher diversity was observed in the gut microbiota exposed to
PE, these PE-fed mice induced higher expressions of several pro-inflammatory receptor and transcription

factors (TLR4, AP-1 and IRF5) in the duodenum and colon regions [213].

2. PE reduced epithelium-protecting taxa with small relative abundance

Gl disorders such as IBD, IBS-D and CeD are commonly characterized by dysbiosis, leaky gut and
local to systemic inflammations. Intestinal epithelial integrity is often found impaired in patients with
these conditions. Modifications on relative abundance of different taxa by PE treatment were implicated
in both beneficial and detrimental effects on health status reported in some microbiota studies. Enrichment
of Bifidobacterium and Blautia was detected in PE batch fermenters. Numerous studies on Bifidobacteria
have demonstrated beneficial effects to human health [214-217]. Genus Blautia, one of the SCFA
producers in Gl microbiota which shows anti-inflammatory ability on peripheral blood mononuclear cell
cultures, was found negatively correlated with IBD and obesity [6, 218]. Meanwhile, reductions of pro-
inflammatory species, Alloprevotella and Prevotella, were observed in all PE batch fermenters [29, 30,

154].

On the contrary, some other SCFA producers, Roseburia and Faecalibacterium were all reduced in PE

batch fermenters. These taxa were reduced in inflamed GI microbiota [173, 203]. Some inflammation-
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related taxa were also enriched. Holdemanella, genus correlated with upregulation of TNF-a, IL-1p and
IL-6, and down-regulation of TJ adapter protein [219, 220]; and IBD/RA correlated genus, Collinsella,
was found more abundant in PE batch fermenters [205, 207]. Limited research was performed on genus
Allisonella about health and disease in human. However, Allisonella spp. utilizes histidine as energy
source producing histamine as product. Enrichment of genus Allisonella could intensify the severity of

local inflammation through histamine stimulation [16].

3. PE shifted distal colon microbiota composition

Batch culture provided a sketch and transient impact PE may have on the modification of gut microbiota,
showing whether the presence of PE favors the growth of certain taxon of microbes. On the contrary, the
setting of SHIME involved continuous culture flow, digestive enzymes, and real-time pH monitoring, all
of which were controlled and monitored by the software of SHIME. The microbiota analysis in SHIME
experiment allowed assessment of compositional change within a more realistic condition. Further tests
were mainly focused on the DC chambers as DC contained the most abundant gut microbiota in vivo and
there was significant TEER drop observed after treatment of DC-PE microbiota extract. More abundant
Megamonas, Bilophila, Acidaminococcus were detected in DC-PE. In which genus Megamonas were
described to harbor acetate- and propionate-producing abilities. Its low abundance was also correlated
with Behcet's disease (multiple organ inflammation) implicating the relationship between this genus and
immunoregulation [221, 222]. However, oral administration of Bilophila wadsworthia to mice stimulated
serum amyloid A and IL-6 levels [223]. This bacterium was also found to be positively correlated with
IBDs, and further promoted epithelium permeability, liver/ileum IFN-y and TNF-a levels in high fat diet-
fed mice [224, 225]. Acidaminococcus was significantly increased in IBD patient mucosal biopsy

microbiota and positively correlated with pro-inflammatory diet [226, 227].
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4. SHIME-DC-PE extract enhanced permeability and PE batch extracts reduced

occludin in Caco-2

Occludin has long been studied due to its importance on epithelial integrities in various kind of organs
such as vascular endothelium, kidney tubules and alveolar mucosa. Its upregulation promotes intestinal
barrier function and prevent excessive antigens such as Gram-negative bacteria derived endotoxin LPS
from crossing epithelium into circulatory system [34]. Microbiota derived extracts from PE batch culture
did not alter Caco-2 electrochemical permeability as indicated in the TEER results but decreased the
expression level of barrier-enforcing occludin. The inconsistent findings could possibly be due to slightly
enrichment of several other TJ and AJ genes which compensated the loss of occludin. Interestingly, a more
rapid drop of TEER in Caco-2 treated with SHIME-DC-PE extracts than control extract was detected,
however, all selected major TJ/AJ genes remained stable or showed limited changes. The exact mediator(s)
that affects the electrical resistance of Caco-2 monolayer remained unclear. TJ/AJ protein endocytosis and

degradation pathways related genes or proteins may provide further evidence to elucidate this observation.
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Summary

PE treatments in both batch culture and SHIME enhanced alpha and community phylogenetic
diversities, enriched Bifidobacterium while slightly decreased Prevotella, however, some IBD-correlated
taxa including Holdemanella, Collinsella and Allisonella, were enriched in the treatment groups. In
addition to that, Dorea, Roseburia and Faecalibacterium, which are SCFA-producers and important for
IBD remission, became less abundant in PE batch culture. The overall microbial extracts from all PE-
fermenters reduced occludin expression. On the other hand, though mRNA levels of TJ/AJ proteins were
stable, SHIME-DC-PE extract increased Caco-2 permeability as showed in TEER assay, showing the
tendency towards leaky gut. Meanwhile, this extract was collected from the microbiota with more
abundant Bilophila and Acidaminococcus that had been reported to involve in intestinal inflammation
studies, implying PE may deteriorate the integrity of gut via alteration of gut microbiota. Our results
showed that microbiota compositional changes in batch culture may induce down-regulation of OCLN
and its protein level in epithelial cells. Consistently, alteration of microbiota of SHIME distal colon due

to PE exposure promoted barrier permeability of enterocytes.

On top of being environmentally friendly, we should be aware of any detrimental effects on health
brought by the long-term intake of MP. Oral intake is the most possible pathway for solid MPs. It is
possible that ingested PE may accumulate and alter our GI microbiota, leading to dysbiosis and eventually
leaky gut We should use less plastics, recycle and dispose properly, to minimize production and exposure

of MP.
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Supplementary information

Supplementary Table 5.1. Primers used for 16S sequence amplification and 16S rDNA sequencing

Primers names Sequences (5’-3”)

16S515F GTGCCAGCMGCCGCGGTAA

16S806R ATTAGATACCCSBGTAGTCC

Supplementary Table 5.2. Primers for RT-gPCR on gene expressions in Caco-2 (Adopted from Puitt,

2017 and 2Suzuki, 2011 [33, 124])

Gene Protein Forward sequence (5°-3”) Reverse sequence (5°-3°)

RPLPO Ribosomal protein PO ACTTCCTTAAGATCATCCAACT TATGAGGCAGCAGTTTCTCCA
OCLNM Occludin CCAATGTCGAGGAGTGGG CGCTGCTGTAACGAGGCT

CLDN1 Claudin-1 TGGTGGTTGGCATCCTCCTG AATTCGTACCTGGCATTGACTGG
CLDN2@ Claudin-2 CTCCCTGGCCTGCATTATCTC ACCTGCTACCGCCACTCTGT
CLDN4 Claudin-4 ATCATCGTGGCTGCTCTGG ACACCGGCACTATCACCATAA
CLDN7 Claudin-7 TTTCATCGTGGCAGGTCTTG CTCATACTTAATGTTGGTAGGG
JAMA JAM-A GATCACAGCTTCCTATGAGGA ATGGAGGCACAAGCACGAT

CDH1 E-cadherin AAGAGGACCAGGACTTTGACTT CAGCCGCTTTCAGATTTTCATC
CTNNB1 Beta-catenin GGAATGAGACTGCTGATCTTGG ATCATCCTGGCGATATCCAAGG
TJIP1M Z0-1 CAAGATAGTTTGGCAGCAAGAGATG ATCAGGGACATTCAATAGCGTAGC
TJP2 Z0-2 GCACAGAATGCAAGGATCGA GTCTGGAACTCGTGTGCTGG

TJP3 Z0-3 GCGAGAAGCCAGTTTCAAGC GTCCTGGACACAGTCTCTGCGA
TRIC Tricellulin GGCAAAATACCCTGTGATTCAGACAG CATGGATTCTTGAAATTCTCTCATG
AFDN Afadin ACCGACAAGCAAGAGCACCACTAG TGCCTGCGATAATCTGGCTGCTG
NECT2 Nectin-2 CAGAGTCATAGCCAAGCCCAAGAAC GTCCAGGGATGAGAGCCAGGAG
NECT3 Nectin-3 TCTCCAGGCTCTGTGGTGCC ATGGTGAACTGCAACAGTCTGTGAA
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Chapter 6 — Summary and perspectives

¥ Megasphaera

A Turicibacter /:p/
v Clostridia UCG-014

v f_Prevotellaceae; __
V Streptococcus

A Colonic TGF-B
A Colonic IL-10
A MLN IL-10

A Splenic IL-10

A TEER
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7,
%,
<
Figure 6.1 Major observation in experiments related to S1 treatment in SHIME and SD rats

Probiotics have been demonstrated to provide beneficial effects on host for long time. Lactobacilli are
well-studied genera of probiotics and have been used in various kinds of natural and fermented food
products. The local-isolated L. rhamnosus strain S1 reduced Megasphaera spp. while increased
Bacteroides spp. especially in the distal colon region of SHIME. Resultant luminal extracts from S1-
treated SHIME distal colon upregulated TJ sealing occludin expression in cultural intestinal epithelial

cells and promoted epithelial integrity, which are possibly enhanced by up-regulation of occludin.
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In-vivo reduction of Bacteroides spp. was consistent in both SHIME and animal experiment after
treatment of S1. On top of that, an unclassified genus from family Prevotellaceae, Clostridia UCG-014
and Streptococcus spp. were decreased which have been shown to be positively associated with
inflammations, productions of anti-inflammatory cytokine IL-10 by local colon tissue, mesenteric lymph

node cells and splenic mononuclear cells were promoted in rats.

S1 reduced Megasphaera spp. in the SHIME microbiota, and pro-inflammatory taxa such as
Prevotellaceae and Streptococcus spp. in SD rats. Meanwhile, extract from SHIME promoted cultural
epithelial integrity, whereas anti-inflammatory cytokines in SD rats were increased. To sum up, L.
rhamnosus S1 has potential in maintaining epithelial barrier function and ameliorating inflammatory
diseases such as endotoxemia, IBDs and arthritis. Further study on usage of this novel strain in

inflammation can be performed in the future.
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Figure 6.2 Major observation in experiments related to plasticizer (DEHP and DINP) and

microplastic PVC which are often used together in food packing.

Microbial communities of microbiota treated with DINP had enriched Escherichia-Shigella and
Streptococcus, and reduced Megasphaera. Extracts derived from these communities reduced the mMRNA
levels of several anti-inflammatory cytokines and TJ/AJ proteins in RAW264.7 and HT-29 cells,
respectively. Interestingly, these extracts reduced pore-forming claudin-2 in HT-29. On the contrary,
bearing more abundant taxa associated with intestinal disorders, DEHP treated microbiota produced

mediators in extracts upregulated claudin-2 in HT-29.
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Microbiota exposed to sole DEHP or PVC had less Roseburia, whereas all DEHP treated microbiota
possessed more Collinsella. In addition to that, the relative abundance of Coprococcus was reduced in all
fermenters treated to PVC or DEHP. These taxa changes are also observed in correlation studies on
dysbiosis and inflammatory diseases. Consistently, downregulation of anti-inflammatory gene, IL10, in
cultural macrophage were also observed in PVC and DEHP+PVC experiments. In conclusion, DEHP has
a more significant adverse impact on the homeostasis of gut microbiota than DINP, in turn leading to more
severe degree of compromised gut permeability and intestinal inflammation. Common changes were
observed in DEHP and DEHP+PVC experiments. This suggests that DEHP is the major effector on
community modification. The combinational use of both DEHP and PVC also shows negative influence

on the intestinal permeability and reduced anti-inflammatory effects.

PVC and plasticizers (DINP and DEHP) modified microbiota compositions. DINP-modified microbial
extracts reduced tissue-repairing M2 gene expressions, whereas DEHP- or PVC-modified microbiota
decreased junction-sealing gene expressions. Among these batch cultures, inflammation-correlated
Collinsella was enriched in those DEHP containing fermenters, while health-associated Coprococcus was
reduced in all contaminated fermenters. Relationship between epithelial integrity / immunomodulation,
and these two genera of bacteria can be further investigated in in-vivo model for verification. Moreover,
L. rhamnosus S1 possesses anti-inflammatory ability as demonstrated in murine model. Bacteria under
genus Lactobacillus have been found able to retain DEHP in feces instead of being absorbed. It is also
possible that S1 could reduce plasticizer absorption from food and reduce oxidative and inflammatory

stimulations of plasticizers.
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Figure 6.3 Major observation in experiments related to PE

Studies of gut microbiota research are commonly conducted in a batch culture setting, in which a
bacterial consortium is introduced in a batch mode and allows for fermentation for a period of time, which
ranges from 24 hours to couple days. The Simulator of Human Intestinal Microbial Ecosystem (SHIME)
mimics the continuous fermentation of food components, contaminants, or other compounds of interests
as they are in the human digestive system. In this study, we adopted both batch and SHIME settings to
compare the similarity and difference of gut microbiota exposed to PE. Microbiota of batch and SHIME

cultures differed from each other.

In the batch culture, microbiota exposed to PE have less abundant health associated Roseburia and
Faecalibacterium regardless of dosages PE exposure. Meanwhile, enriched Gl inflammation-related taxa

Holdemanella, Collinsella and Allisonella was observed in PE treated fermenters. Though Bifidobacteria
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and Blautia were enriched; and Alloprevotella and Prevotella were reduced, overall microbial extracts
reduced occludin expression in cultural enterocyte. In SHIME, only distal colon region showed alteration
after PE treatment. Among the three enriched taxa, namely Megamonas, Bilophila and Acidaminococcus,
the latter 2 taxa were associated with GI permeability and inflammatory cytokine levels. Consistently,
cultural enterocytes stimulated by extracts from PE contaminated microbiota has a higher transepithelial

permeability compared with those treated with control extract.

Extracts from PE treatment groups in both batch culture and SHIME settings affected occludin
expression and epithelium permeability in Caco-2, respectively. Though exact target(s) responsible for
higher permeability in the treatment groups were not the same, these results still implied that both short-
term and chronic exposure to PE induced compositional changes in human origin microbiota, which may

impair GI barrier function.

In PE experiments, there were drops of occludin and TEER in PE batch culture extracts and SHIME
distal colon extract treatment groups, respectively. Yet the exact mediator(s) causing TEER drop in Caco-
2 after PE SHIME DC extract treatment cannot be explained by the expression levels of selected TJ or AJ
genes from RT-gPCR. In this study, we did not include assays in testing internalization and location of
junction proteins. Some studies have indicated that endocytosis with/without caveolin and clathrin
transfers membrane-integrated occludin or claudin into the cytoskeleton impairing paracellular sealing

function of barrier, which could be the candidates for testing in the future [228-231].
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