Dietary Gangliosides Modify Helicobacter pylori Adhesion to Human Gastric
Epithelial Cells

by

Irma Magaly Rivas Serna

A thesis submitted in partial fulfillment of the requirements for the degree of

Doctor of Philosophy
n

Nutrition and Metabolism

Department of Agricultural, Food and Nutritional Science
University of Alberta

© Irma Magaly Rivas Serna, 2015



Abstract

This research determined if alteration of plasma membrane by exogenous gangliosides
inhibits Helicobacter pylori adhesion to human gastric epithelial cells. The objective was to
evaluate the composition of gangliosides from bovine whole raw milk, bovine colostrum and
powder buttermilk using Liquid Chromatography/Mass Spectrometry (LC/MS). This research
determined if alteration of the GM3 and GD3 content of the apical and basolateral membrane of a
human gastric cell line was modified by exogenous gangliosides. The effect of ganglioside
treatment on the composition and content of phosphatidylcholine (PC) and
phosphatidylethanolamine (PE) and on H. pylori adhesion was assessed.

A rapid and sensitive LC/MS method was established and used to determine content and
composition of gangliosides. Ganglioside composition was analyzed in three different milk products
(raw milk, colostrum, buttermilk). GD3 was found to be the most abundant ganglioside species.
Human gastric cells fed with exogenous GM3 and GD3 modified ganglioside content, but most
abundant ganglioside was GM3. GM3 was found in the apical side and GD3 in the basolateral side
of the cell. After ganglioside treatments, composition of ganglioside content of membrane domains
was modified. Composition and content of phospholipids was not altered after ganglioside
treatment. Gastric cells treated with gangliosides decreased H. pylori adhesion, but concentration of
these gangliosides was not crucial for reduction. GM3 and GD3 decrease H. pylori adhesion. The
combination of GM3:GD3 also decreased H. pylori adhesion suggesting that human and bovine
milk might decrease H. pylori adhesion.

This thesis demonstrates that 1) gangliosides are taken up in gastric cells, 2) gangliosides
fed from the apical side also affect content of gangliosides in the basolateral side, and 3) GD3 and
GM3 reduce H. pylori adhesion to human gastric cells. This research suggests that gangliosides may

be an anti-adhesion strategy to decrease or prevent H. pylori infection.
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CHAPTER L. Introduction

1.1 Introduction

J.L.W. Thudichum has been called the father of brain chemistry or the father of
sphingolipid research due to his studies of the brain."* During the 19" century, Thudichum
isolated many lipids such as cerebroside, sphingosine and ceramide from human brain. Hence
sphingolipids and glycosphingolipids, the categories to which these lipids belong, were first
found and studied in neural tissues.’

Ernest Klenk (1941), one of Thudichum’s sucessors, isolated a new component of the
brain, which was called substance X, in patients with storage disorders such as Niemann-
Pick’s disease and Tay Sachs disease. This substance had a purple color reaction with the
orcinol reagent. Klenk renamed it substance X ganglioside because of its abundance in grey
matter and found that neuraminic acid was the ganglioside component responsible for giving
the purple color reaction.”

Lars Svennerholm (1956), a pioneer of glycobiology, discovered different kinds of brain
gangliosides. Svennerholm also identified the sequence of ganglio core structure, and
developed a well-accepted nomenclature. Methods for ganglioside quantification to analyze

human brain gangliosides were proposed by Svennerholm’s research group.’

1.2 Sphingolipids

Sphingolipids act in vital roles as both messengers in several signaling pathways, and
components of membrane domains or lipid rafts.® Sphingolipids, called long-chain bases, are

amphiphilic molecules distributed in the structure of cellular membranes of eukaryotic and



some prokaryotic cells,”® and are also found in Golgi membranes and lysosomes.’
Sphingolipids are composed of three main portions (Fig. 1.1): a sphingoid base, composed of
a long-chain (12-22 carbon atoms) aliphatic amino alcohol, a polar head group (R), and a fatty

acid which is linked to the sphingoid base via an amide bond (-NHCOR”).'°

= = = = = = - —
, M"”?’“EI
S ecans= NH g

M

D Folar Head Group

I__I Long Chain Base (LCB)
[ ] Long Chain Fatty Acid (LFA)

Figure 1.1 Main structure of sphingolipids (abstracted and modified from reference 11).

Sphingolipids are classified, according to head group, into three categories (Table 1.1):
simple sphingolipids, phosphosphingolipids, and glycosphingolipids.

Ceramide and sphingoid bases belong to the group of simple sphingolipids. Sphingosine is
an animal sphingoid.'® Sphingolipids contain a phosphocholine head group and a sphingoid
backbone. Sphingophospholipids have certain similarities to lecithin (phosphatidylcholine).
The most prevalent is cer-phosphocholine in mammalian tissues.*'® Glycosphingolipids, the
focus of this research, are found in all vertebrate cells such as molluscs, plants, fungi and

. . 22 . . . . . .
microorganisms.** The distribution varies according to both species and tissue.®



Table 1.1 Classification of sphingolipids

Name of sphingolipid Head group R Structure of R
SIMPLE SPHINGOLIPIDS
Sphingosine Hydrogen atom -H
Ceramide Hydrogen atom -H
PHOSPHOSPHINGOLIPIDS
Sphingomyelin Phosphocholine (l? I\ .
—P-0 NT
! VRN
o
Sphingosine-1- Phosphate -PO;>
phosphate
Ceramide-1-phosphate Phosphate -PO;>
Ceramide- Phosphoethanolamine 9
Phosphoethanolamine — |'3 o NH,
o
GLYCOSPHINGOLIPIDS
Cerebroside, e.g. Monosaccharide, e.g. galactose OH oM
galactosylceramide

|
Ganglioside Oligo-, polysaccharide + sialic \%/% N
acid - \%/

Hd d

Sulphatides Sugar with sulphate residue

Modified from reference 10.

Glycosphingolipids are composed of a hydrophobic portion and a hydrophilic portion.
The hydrophobic portion comprises a sphingoid long-chain base (normally sphingosine,
sphinganine or phytosphingosine) which is linked through an amide bond to a fatty acid. The
hydrophilic portion consists of hydroxyl groups for the simplest glycosphingolipids or
phosphate and sugar residues for the most complex glycosphingolipids.*'*!* The minimum
carbohydrate portion is a monosaccharide bound to a ceramide unit. In higher mammals, this

monosaccharide is glucose or galactose, producing glucosylceramide or galactosylceramide.



Glucosylceramide can be modified by adding a galactose, producing lactosylceramide. Other
carbohydrates present, in glycosphingolipids are N-acetylglucosamine (GIcNAc), N-
acetylgalactosamine (GalNAc), sialic acid and fucose (Fuc).”*"

Glycosphingolipids are usually classified with respect to the carbohydrate structure

into the following series ganglio-, isoganglio-, lacto-, neolacto-, lactoganglio-, globo-,

isoglobo-, muco-, gala-, neogala-, mollu-, arthro-, schisto- and spirometo- series (Table 1.2).

Table 1.2 Glycosphingolipid organization

Glycosphingolipids General structure

(Abbreviation) 1v 111 11 |

Glu (Glc) Glcp1-Cer
Gala GalP1-Cer
Ganglio (Gg) Galpl- 3GalNAcBl-  4Galpl- 4Glcpl-Cer
Lacto(Lc) Galpl- 3GIcNAcBl-  3Galpl- 4Glepl-Cer
NeoLacto (nLc) Galpl- 4GIcNAcBl-  3GalBl- 4Glcp1-Cer
Globo (Gb) GalNAcpB1- 3Galal-  4Galpl- 4GlcB1-Cer
Isoglobo (iGb) GalNAcpB1- 3Galal-  3Galpl- 4GlcB1-Cer

Modified from reference 8.

1.3 Definition of gangliosides

Gangliosides are a subclass of the larger group of sphingholipids, as gangliosides have
a similar structure to other members of this group15 (Fig. 1.2). Gangliosides contain a
sphingosine base with a free -OH group on carbon 3 with a fatty acid linked by an amide to
the 2-amino group. A carbohydrate is bound to a glycoside to the -OH group on carbon 1 of
ceramide.'® Sialic acid, is the representative characteristic of gangliosides, which is bound to a

carbohydrate residue by a ketoside linkage.'®'®



R4 R1: Glycan chain containing neutral saccharides and
/ at least one sialic acid .
OH o
R2: Chaing of sphingoid base containing
14 to 18 carbons and
Ry some double bonds

R3: Chain of fatty acids, containing
14 to 28 carbons
(saturated,mono- or poly-unsaturated carbon chain)

R3/\/ Figure 1.2 General structure of gangliosides

(modified from reference 18).

Zle
I

1.3.1 Components of gangliosides
1.3.1.1 Ceramide

A ceramide (Fig. 1.3) is a sphingoid long chain base (usually sphingosine, sphinganine
or phytosphingosine) attached via N-acylation by an amide linkage to a fatty acid with a chain
length greater than 14 carbons bound to an oligosaccharide chain.'®*° Ceramides change in
length, hydroxylation and saturation affecting both sphingoid base and fatty acid portions; this
alters the lipid structure and attachment to the glycan portion on the plasma membrane.”
Ceramides are bound to glycans. Usually, monosaccharides in higher animals such as a
galactose or glucose are [B-linked to ceramides forming galactosylceramide (GalCer) or

glucosylceramide (GlucCer), respectively.”

Figure 1.3 Structure of ceramide (d18:1/16:0) (modified from reference 23).



1.3.1.2 Sphingoid bases

All sphingolipids contain one molecule of sphingoid bases.”* The sphingoid base
backbone is composed of long-chain alkanes or long-chain alkenes (or with more
unsaturation) 14-20 carbons in length, with an amino group at position 2 and hydroxyl-
substituents at positions 1 and 3.° Three chemical structures of sphingoid bases are found in
nature: CI18-sphingosine (trans-4-sphingenine) and, in lesser amounts, C18-sphinganine
(dihydrosphingosine), and 4-hydroxysphinganine (phytosphingosine).

Sphingosine or sphingenine (sphing-4-enine, 2-aminooctadec-4-ene-1,3-diol, and
trans-D-erytho-2-amino-octadec-4-ene-1,3-diol) is the most common in mammal tissues,
including those of humans.*** In humans the sphingosine is 18 carbons in length.
Gangliosides with 20-carbon sphingosines appear as humans age.”> The 18- and 20-carbon
atom structures contain a trans double bond at position 4-5 (2-amino-1,3-dihydroxyoctadec-
4ene and 2-amino-1,3-dihydroxyeicos-4-ene). Of the four possible chemical configurations
only 28, 3R (or 3D(+) erythro) has been found to exist in nature. >

Sphinganine is a long-chain amino alcohol not containing a double bond at position 4-
5 ((2-amino-1,3-dihydroxyoctadecane and 2-amino-1,3-dihydroxyeicosane).**’ Ganglioside
species containing sphinganine are very minor components of the total cell ganglioside, and
have different chemical and physicochemical characteristics from ganglioside species
containing sphingosine.>*>°
Phytosphingosine is rarely found in mammals, some glycosphingolipids containing

phystosphingosine are in plasma membrane of cells in small intestine and kidney.?



1.3.1.3 Fatty acids

The fatty acid portion varies in chain length (14-32) carbon atoms including odd fatty
acids), degree of unsaturation (mostly saturated fatty acid), and presence or absence of a
hydroxyl group on the a-carbon atom. Stearic acid is the main fatty acid of mammalian
nervous system gangliosides and often forms over 80% of the total ganglioside fatty acid
content.>*'*> The most abundant fatty acids are C16 and C18 in bovine milk and human
milk.**” Monounsaturated fatty acids from 13:1 to 24:1, such as palmitoleic (16:1) and oleic
(18:1) acids have been identified. Polyunsaturated fatty acids (18:2, 18:3 and 20:2) are found

in gangliosides of human and bovine milk.>”*?

1.3.1.4 Sialic acids

In the 1960’s the nomenclature of sialic acids was established by pioneers in the sialic
acid field (Guntar Blix, Ernest Klenk and Alfred Gottshalk).*® Sialic acid is an electronegative
(pka 2.2) monosaccharide occurring in higher animals and some microorganisms.>”*" Sialic
acid is a family of 43 derivatives of a 9-carbon carboxylated monosaccharide.** Sialic acid is
well-distributed in glycolipids, glycoproteins, gangliosides and mucins.*' Sialic acid rarely is
free in nature.*’

The most predominant sialic acids in nature and the only two sialic acids present in
gangliosides are N-acetylneuraminic acid (NANA, NeuSAc, SIA) and N-glycolyneuraminic
acid (NGNA, Neu5Gc) (Fig. 1.4). NeuSAc is the most widespread sialic acid and is found in
humans.* Neu5Gc is common in animal species.*? Traces of NGNA have been detected in

. . . 4
healthy human tissues and in human cancer tissues. *°



Figure 1.4 Structure of (1) N-acetylneuraminic and (2) N-glycoloylneuraminic acid
(modified from reference 42).

Sialic acid has different substituents at the amino or hydroxyl groups. The amino
group of neuraminic acid is acetylated or glycosylated, while in non-glycosidic hydroxyl
residues one or various acetyl groups may occur.”” The distribution of sialic acids depends on
the animal and cell species. The distribution of sialic acids is also related to the function of a
cell and seems to be strongly regulated on the gene level. The animal with the major diversity

of sialic acids known is the cow.*’

1.3.1.5 Oligosaccharides

Gangliosides in mammals contain uncharged sugars such as glucose (Glc), galactose
(Gal), N-acetylglucosamine (GlcNAc), N-acetylgalactosamine (GalNAc), and fucose (Fuc) (in
other organisms mannose is present).”> Glucose or galactose is linked to ceramide by B-

conformation glycosidic linkage.”



1.4 Nomenclature of gangliosides
The nomenclature proposed by Svennerholm is well accepted and popular due to its

simplicity and ease of use. The nomenclature is shown in the following steps:

1. The letter G indicates the ganglioside component and is used to refer to all the
gangliosides.

2. To indicate the portion of sialic acid, the letter G is followed by the initial Greek term,
M (one sialic acid), D (two sialic acids), T (three), Q (four), P (five), H (six) or S
(seven). It is then called a monosialoganglioside, a disialoganglioside, a
trisialoganglioside, etc.

3. The number of oligossaccharide residues is indicated by a numeral calculated based on
5 minus the number of neutral sugars, so 1: four residues, 2: three residues, 3: two
residues and 4: one residue.

4. In addition, to indicate the pathway of a biosynthesized molecule, some additional

letters (a, b, ¢, d) are added, as a subindex."”

A more complete and complex nomenclature has been developed by the Commission of
the International Union of Biochemistry. Using the IUPAC-IUB nomenclature the
glycosphingolipids name is formed of (root name) (root size) -osylceramide.'”™ This
nomenclature uses three symbols for the sugar plus Cer for ceramide. GalCer is the
abbreviation for galactosylceramide. Complex glycosphingolipids are separated into families
using a subscript letter to categorize the sugars in the chain. Roman numeral prefixes indicate
the monosaccharide residue counting from the ceramide. The position of the glycosidic
linkage is indicated for a superscript Arabic number. II’-N-acetylneuraminosyl-
gangliolactosylceramide is II>-NeuAc-LacCer (GM3) or IP-N-acetylneuraminoslyl-

digangliolactosylceramide is II3-(NeuAc),-LacCer (GD3).'"*



1.5 Physical characteristics
Gangliosides are colorless crystallizable substances with a melting point of 189-190°C

and in aqueous solutions form micelles with a molecular weight about 200,000-250,000.16’48

2944 The distribution of

Gangliosides are mainly located on the outer layer of membranes.
gangliosides is assymmetrical.*® Gangliosides have an amphiphilic behavior due to
ganglioside composition of a two tail hydrophobic moiety, ceramide, and a hydrophilic head
group, carbohydrate portion with sialic acid.> Gangliosides are soluble in solvents such as
alcohols, tetrahydrofuran, dimethylformamide, dimethylsulfoxide or chloroform-methanol
(with a small part of water).* Unlike phospholipids, gangliosides are not flat in structure, and
have a curvature. The curvature depends on the number of sugars in the ganglioside.>**
Gangliosides are composed of both hydrophilic and hydrophobic portions and can
influence the dynamic environment. Gangliosides are present in domains called lipid rafts in a
liquid structure in the presence of cholesterol and form a solid disorder configuration.
Cholesterol preferentially interact with sphingolipids that differ from gangliosides.

Gangliosides separates from other lipids even in presence of cholesterol, as the liquid

arrangement can be formed in mixed systems without cholesterol.***’

1.6 Location and distribution of gangliosides
Gangliosides are distributed in vertebrate tissue, but few have been detected in
50,51

invertebrates.”® Ganglioside profile can vary because of different tissue functions and age.

Gangliosides occur more frequently in neural tissues, especially in the brain.>

10



1.6.1 Brain gangliosides and other neural tissues

Schengrund and Garrigan (1963) extracted brain tissue of 13 different species (cat,
dog, rabbit, ox, sheep, pig, rat, chicken, alligator, frog, cod, mink, and electric eel). The brain
contains more gangliosides than other tissues, especially in cats, dogs, pigs and sheep.’? Grey
brain matter contains 15 times more gangliosides than the liver, lungs and spleen, and brain
grey matter contains 500 times more gangliosides than intestinal mucosa.*

In humans, the ganglioside concentration is higher in the grey matter than in the white
matter, 2.54 and 0.75 pmol/g of brain tissue, respectively.”® Gangliosides are the major
components of neural membranes, constituting 10-12% of the total lipid content.” Four
gangliosides, GM1, GD1la, GD1b and GT1b, constitute 96-97% of total gangliosides, in the
normal human brain. The same gangliosides are present in mammals and birds.”*>**>>® The
ceramide portion of brain gangliosides is composed of 18-20 carbon sphingosine linked to a
saturated fatty acid amide, e.g. C18:0.” Gangliosides are highly abundant in the hippocampus
region of the brain, which performs memory and cognitive functions.’’ The concentration and
distribution of gangliosides changes during brain development.”® Ganglioside content
increases three fold from 10 weeks of gestation to 5 years of age. Increase in ganglioside
concentration level occurs during dendrite arborization, outgrowth of axons and
synaptogenesis.”®>’ GM3 and GD3 are also expressed by neuronal and glial precursor cells
from 8 to 25 weeks of gestation.”” During the synaptogenesis period, ganglioside synthesis
increases ganglioside biosynthesis via the a-pathway resulting in GDla and GMI, and
gangliosides such as GD1b and GT1b, derived via the b- pathway.®"** Ganglioside content

increases in the hippocampus from birth to a peak at the age of 40-50 years. Ganglioside
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composition changes with aging; however, this change is more remarkable after the age of 80
due to decrease in activity of sialyltransferases.®

GDI1b and GD3 are the most abundant gangliosides in human cervical and lumbar
spinal cord. Different ganglioside content and different ganglioside composition have been

found in both tissues, which suggests that gangliosides have different functions in these

different regions of human spinal cord.**

1.6.2 Gangliosides in gastrointestinal tract

Gangliosides are less abundant in the digestive system than in neural tissues.®
Ganglioside composition has been characterized in small and large intestinal mucosa in adult
monkeys. GM3, GM2 and GD1a were the most abundant in both tissues. The main fatty acids
of ceramide ganglioside composition were linoleic acid and oleic acids in the small intestine,
while in the large intestine, oleic and palmitic acid were the principal fatty acids.®® Differences
in ceramide composition of gangliosides between different regions of small intestine suggest
that gangliosides perform different functions.® GM3 is the major ganglioside of rat intestinal
epithelium and is distributed more abundantly in differentiated microvillus cells than in
undifferentiated crypt cells due to CMP-sialic acid: lactosylceramide sialyltransferase, an
enzyme that sialylates lactosylceramide to synthesize GM3, being higher in microvillus
cells.”” In rat, ganglioside variations exist along the small intestinal mucosa. GM3
concentration is highest in the distal segment, intermediate in the middle and lowest in the
proximal segment in the small intestine of rats with variations in composition of fatty acids.®®

Gangliosides have been located in the enterocyte membrane.”” GM3 is located in the

apical membrane. The role of GM3 is related to interception and inactivation of
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microorganisms and bacterial toxins.”®

By contrast, GD3 is located in the enterocyte
basolateral membrane, and is not directly exposed to the lumen. As a result, the role of GD3 is
related to immune cell functions.*®

Roth J. (1985) studied the distribution of GM1 in enterocytes to be visualized with
Cholera toxin and observed distribution of GM1 to be restricted to the apical plasma

membrane domain (brush border).”” The basolateral plasma membrane was free of GMI-

Cholera toxin binding.”

1.6.3 Gangliosides in liver and other extraneural tissues

Gangliosides have been also identified in plasma membrane of human liver. GM3 is

71,72

the dominant ganglioside representing around 90% of total gangliosides. Nine other

gangliosides have been identified by thin layer chromatography (TLC).”

Monosialogangliosides like GM3, GM2 and GM1, constitute 93.5% of total gangliosides.”"’?

Disialogangliosides, GD3, GDla, and GDI1b, constitute 5.1% of total gangliosides; while
polysialogangliosides, GTla, GTlb, and GQIlb, represent 1.4% of total gangliosides in
healthy human liver.”> The ganglioside fatty acid composition in liver contains fatty acids 16:0
to 25:1 carbon chain length.”

Gangliosides have been isolated from other human extraneural tissues and fluids such

i ) . 1 2,83,84
as skeletal and smooth muscle,73 7 heart,76 lung,77’78 k1dney,79’80 fat tlssue,8 placenta,8 83,8

86,87 88,89,90

amniotic fluid,*” pancreas, spleen, thymus,”® lymphocytes,”' and serum.”” The

ganglioside profile of each extraneural tissue/fluid is described (Table 1.3).
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Table 1.3 Distribution of ganglioside in different human extraneural tissues/fluids

Human Ganglioside Fatty acid Reference
Tissue/Fluid (% of total gangliosides) pattern
Skeletal GM3 (37%), GM2 (27%), GM1, GD3, GDl a, 18:0, 24:1, 22:0 74,73
muscle GD1b, GT1b
Smooth GM3 (60%), GM1, GD3, GD1a, GT1b 75
muscle
Heart GM3 (23%), GD3 (22%), GM1 (16%), GM2 76
(13%), GD1a (11%), GD1b (5%), GT?(10%)
Lung GM3, GM1, GM2, GDl1a, GT3 (40%) 24:1, 23: 0,22:0 77,78
Kidney GM3, GD1b, GT1, GDla 16:0, 22:0, 24:0 79,65
Pancreas GM3 (67%), GD3 (23%), GM1 (2%), GM2 (2%), 16:1 to 24:1 86,87
GDla (6%), GM2
Fat tissue GM3, GD3, GDla, GM1, GT1 81
Placenta GM3, GD3 and other undefined gangliosides 83,84
Amniotic GM3 85
fluid
Lymphocytes GM3, GM1 90,91,93
Spleen GM3 (84.5%), GD3 (1.9%), GM1, GD1a 65,90,94
Thymus GM3 (64%), GD3 (30.6%) 90
Serum GM3, GD3, GD1, GM2, GT1b, GD1b and GQ1b 92

1.7 Metabolism of gangliosides
1.7.1 de Novo ganglioside biosynthesis
Biosynthesis of ganglioside starts with formation of ceramide on membranes of the

15,19,45,95

endoplasmic reticulum by serine palmitoyl transferase. Ceramide is derived from

palmityl-CoA, L-Serine and Acyl-CoA."” Ganglioside biosynthesis results from the
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accumulation of carbohydrate units.” After ceramide biosynthesis, ceramide is transported to
the cytosolic surface of the Golgi apparatus, where glucosylceramide synthase
(UDPglucose:ceramide glucosyltransferase; encoded by GlcT) transfers a glucose residue to
ceramide to produce glucosylceramide.”” Glucosylceramide is transferred to the luminal
leaflet of the Golgi where lactosylceramide (precursor of almost all gangliosides) is formed
through galactosylation of GlcCer.'*>?%"

In ganglioside biosynthesis, three pathways have been assessed: series a-, b- and c-.
GMS3 is the precursor of series a- and is transformed into GD3 and GT3, which are precursors

. . . -1
of series b- and series c-, respectively”™ '

(Fig. 1.5). LacCer is the precursor of the 0- or
asialo-gangliosides. The 0- series, meaning asialo, indicates absence of sialic acid moieties.
The number (0, 1, 2, 3) of sialic acid residues at the “inner galactose” determines which series
(0-, a-, b-, or c-, respectively) a ganglioside of the ganglio-family belongs.”
Glycosyltransferases are enzymes that catalyze addition of monosaccharide units.””'*"'*
Sialyltransferases (SAT I, SAT II, and SAT III) catalyze formation of the three precursor
gangliosides, GM3, GD3, and GT3, respectively. Sialyltransferases are highly specific toward
lipid substrate, while other sialyltransferases can sialylate different lipid substrates.”*'” SAT
I, IV and V catalyze formation of a 2—3 sialosyl linkage to galactose. SAT II and III catalize
0-2—8 sialosyl linkage to sialic acid.*” When gangliosides have been synthesized;
gangliosides are transported from the site of synthesis to the plasma membrane within 20

. 104,1
17(111’1.0’05
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1.7.2 Catabolism of gangliosides
Ganglioside catabolism takes place in the lysosome® by sequential removal of sugar
moieties. Exohydrolases (or neuraminases) remove carbohydrates from the hydrophilic end of

9% This process requires an acidic pH inside the organelle.'® The first step

the ceramide core.
is degradation of the sialic acid terminal residue in the polysialogangliosides.”
Transformation of polysialogangliosides by corresponding sialidase occurs in order to form
monosialogangliosides. From GM1, galactose is removed to generate GM2, and from GM2,
the N-acetyl-galactosamine is divided to form GMS3, producing lactosylceramide.
Lactosylceramide is later converted to ceramide by B-galactosidase and B-glucosidase.'”® The

final products of degradation are individual monosaccharides, long chain bases and fatty

. 4
acids.”

1.7.3 Digestion and absorption of gangliosides

Digestion and absorption of gangliosides has been studied using human milk in vivo.
As GM3 and GD3 gangliosides reach the stomach, the sialic acid does not undergo change in
the acidic conditions.'”” In an infant stomach, over 80% of the sialic acids contained in GM3
and GD3 structure remain intact until reaching the intestinal tract.'” Exogenous gangliosides
are absorbed in the small intestine and transported to different cells.”” The small intestine
absorbs dietary gangliosides through passive diffusion. One mechanism proposed for
ganglioside absorption in the intestine explains that micellar gangliosides are taken up by
endocytosis or dissociation of gangliosides from micelles, crossing the water layer and being
inserted into the brush border membrane. Gangliosides may stay in the plasma membrane or
may be transported by endosomes or proteins.'” Gangliosides may also be modified in the

Golgi apparatus, or may cross through the basolateral membrane into the blood to be
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incorporated into different tissues.''” Dietary gangliosides are modified in the enterocyte and
provoke changes in membrane content of gangliosides.” An increase in concentration of
gangliosides in the apical membrane affects permeability of the intestine and also modifies

S
enterocyte function.

1.8 Dietary gangliosides

Gangliosides have been found in eggs, chicken livers and dairy products. The GM4,
GM3 and GD3 ganglioside content isolated from egg yolk are 2.5, 8.5 and 1.5 mg/yolk,
respectively.”® In chicken liver, the amount of ganglioside, GM4 and GM3, is 330 nmol/g.”®

Gangliosides were extracted from dairy products''? and illustrated (Table 1.4).

Table 1.4 Ganglioside concentration from dairy products

Dairy Ganglioside concentration
Product (ug/g dry wt.)
Sweet Buttermilk 42+ 10
Cultured Buttermilk 26+ 4
Yogurt 36+ 10
Whole milk ~4
Skim milk ~1

MW gyerage 2000g/mol of gangliosides(modified from reference 112).

Recently, one Canadian study determined ganglioside intake in a healthy human
population that consumed egg, tuna, beef, yogurt, milk and cheese. Minimal amounts of
ganglioside intake, around <200 mg/day, were detected in a healthy diet of 2000 kcal/day.""

There is no literature to suggest an optimal intake of gangliosides.
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1.9 Milk gangliosides
1.9.1 Milk fat globule membrane

Bovine milk contains 3.5 to 4.7% fat, which forms an unstable emulsion. The emulsion
is composed of very small spherical droplets, approximately 0.2 to 15 pm in size."**

Milk fat is made up of triglycerides surrounded by a complex membrane called the
milk fat globule membrane (MFGM). The thickness of the membrane is about 4-20 nm.
MFGM functions are to emulsify and protect the fat from enzymatic and microbiological
attack, flocculation and coalescence.''™''® The MFGM may play a role in transport and
delivery of lipid soluble nutrients in the gastrointestinal tract."'” This membrane represents 2-
6% of the total fat in milk, and is also composed of proteins, lipids and carbohydrates in a
ratio 4:3:1."" The most common MFGM proteins are Mucin 1, Mucin 15, CD36,
Butyrophilin, Lactadherin, Xanthine Oxidoreductase, Adipophilin, and FABP, the last three of

which are unglycosylated.'"” The composition of MFGM in bovine milk is shown (Table 1.5).

Table 1.5 Composition of milk fat globule membrane (MFGM)

Constituent % of total lipids Reference
Triglycerides 43-68, 120,121,122,123,124,125,126,127
Diglycerides 2-9 128, 123, 124, 125, 126, 127
Monoglycerides 0.4-8+0.5 128, 123, 124, 125
Free fatty acids 0.6-7 128, 130, 123, 124, 125, 126, 127
Polar lipids 15-54 121, 131, 132, 133, 123, 125, 127
(phospholipids and
glycolipids)
Neutral lipids 56-80 130, 123
Esters 0.1-0-8 128, 130
Cholesterol 0.2-6 128, 121, 128
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1.9.2 Advances on different models of MFGM

Models for the structure of milk fat globule membrane have been proposed. These
MFGM models are explained in chronological order.

Ascherson (1840) and Babcock (1885), cited by Brunner in his report Physical
Equilibria in milk in 1974, were the first to describe a membrane surrounding milk fat
globules. Ascherson reported that this membrane stabilizes emulsions, and he called it the
“haptogenic membrane”. Babcock also claimed to observe a membrane surrounding the fat
globule.'**

Since the 1950s, the MGFM has been recognized as a membrane derived from cellular
membranes.””> In 1969, Copius Peereboom, in his research regarding milk phosphate
reactivation, elaborated one of the first illustrated models representing the physical structure
of the milk fat globule membrane. In this model, the fat membrane was represented as being
surrounded by three layers: the inner layer, made up of lipid-proteins, the intermediate layer,
and the outer layer, constituted by lipoproteins and some minerals.'*

In 1972, Heinz Bauer observed the fat membrane using electron microscopy. Bauer
explained how fat globules are enveloped in a monomolecular layer of phospholipids
associated with other monomolecular layers of triglycerides'®’ and proposed a new vision of
the composition and structure of the MFGM.

The component arrangement is still not well known; however, several structural
models have been proposed to describe the way that the different proteins and lipids are
ordered in this membrane. Kanno (1980) introduced enzymes to his MFGM model."*® In the

1980s, McPherson and Kitchen (1983) incorporated the models proposed by Copius

Peereboom in 1969; Bauer in 1972 and Kanno in 1980."*""**® This MFGM representation
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incorporated knowledge of different components, including polypeptides, triglycerides,
cholesterol and phospholipids.

Danthine (2000) showed two simple models taken from King’s studies and Morton’s
studies.'” The most important components of these two different models are proteins,
lipoproteins, phospholipids, and vitamins.'* Danthine also proposed a new model which
incorporated many components including, polypeptides, glycolipids and different classes of
phospholipids.

Singer and Nicholson (1972) proposed the fluid mosaic model in order to understand
biological membrane behavior and function. A fluid mosaic model is composed of proteins,
lipids, and oligosaccharides. In this model, the highly polar moiety of proteins is oriented to
the membrane into the exterior of the membrane, while the non-polar groups are oriented to
the hydrophobic interior of the membrane.'*” The Singer and Nicholson model was proposed
to explain the structure of MFGM structure, which has been analyzed as a phospholipid
discontinuous bilayer serving as a backbone in the fluid membrane phase. Proteins are located
through the phospholipid bilayer.'2*!4%-14!

Keenan and Mather (2002) described the structure of the MGFM as consisting of a
trilaminar bilayer consisting of droplets, a dense proteinaceous coat, and finally a true bilayer

membrane originating from the secretory cell apical plasma membrane.'*

The phospholipid
bilayer, which is in a fluid state, is the backbone of the membrane. Membrane proteins are
inserted in the phospholipid bilayer. Glycolipids and glycoproteins are located toward the
exterior. Cholesterol is associated with polar lipids.''®

Recently, the MFGM has been described as a trilaminar membrane. The fat core is

surrounded by a surface-active layer from intracellular fat dropet. This is the first layer. The
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second layer is an active layer composed of proteins surrounding intracellular neutral lipids.
The external part or third layer is a bilayer membrane secreted by the apical plasma

membrane. Glycolipids and proteins are inserted into the phospholipid bilayer, forming a

glycolalyx.''!#

Phospholipids are located in the outer membrane of the fat globule. Phospholipids are
organized in two phases, liquid-disordered phase coexisting with a liquid-ordered phase
(called as lipid rafts), the latter rich in sphingomyelin and cholesterol. Glycoproteins and
glycolipids are heterogeneously distributed in the fat globule membrane and not located in the
lipid rafts,'**14>11

The importance of gangliosides in the MFGM structure was described for the first time
by Keenan et al. (1975)."*° Gangliosides are inserted in the MEGM, and are not hydrolyzed by
neuraminidase.'*® After components are extracted from MFGM by trypsin or EDTA-2
mercaptoethanol, the membrane gangliosides are accessible, and degraded by neuraminidase.

This extraction demonstrates that the carbohydrate portion of ganglioside is headed to the

. 12
external environment. 8

1.9.3 Modification of MFGM by mechanical treatments

The MGFM undergoes structural changes during transformation and preservation of
milk. Physical treatments such as cooling, drying, separation, shearing, agitation, heating and
homogenization can modify this membrane.'*’

The fatty acid composition and content were studied for milk sub-products.

Progressive heat treatment altered the content of total saturated and unsaturated fatty acids.'**.
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Greenbank et al. (1961) found that in bovine milk, losses of phospholipids of the MFGM
occurred when heated at different temperatures and times.'*’

Homogenization is a physical process that decreases in size of fat globules and
increases in the surface area.'”” McPherson et al. (1984) evaluated effects of homogenization
on loss of phospholipids in the MFGM. Phospholipid decreased after homogenization
compared to unhomogenized milk.""

Mechanical operations (automatic milking systems, storage, handling and processing
including pumping) introduce air and turbulence into the milk, damaging the MFGM.
Aeration and agitation may increase the absorbance of lipase from the milk serum to the
MFGM. This absorbance may cause loss of milk fat globule membrane and globule core due
to lipolysis and the hydrolytic rancidity of glycerides."**''"* Oxidation is caused by
introduction of air.'*® When a fat globule and a air bubble collapse, the MFGM is fractured
because of physical stress, producing coalescence.'” As a result of the internal and external
contact, material of the globule is spread along the oil/water interface. The casein coats are
free, and the lipase linked to the casein can induce lipolysis.'>® Lipolysis can be avoided by

inactivation of lipase by heat treatment. '**

Measurement of free fatty acid (FFA) and
determination of free triacylglycerols evaluates the impact of mechanical treatments on the

1.9.4 Milk lipids in MFGM
Milk lipids in the MFGM are divided into three groups: neutral lipids (tri-, di-, and mono,
acylglycerols), polar lipids (phospholipids and glycolipids), and miscellaneous lipids (sterols,

carotenoids, and vitamins).'*® There are two main kinds of polar lipids in the milk fat globule
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membrane, phospholipids and sphingolipids. Phospholipids, also called glycerophospholipids,
consist of a glycerol backbone with two esterified fatty acids, containing a phosphate part with
different hydroxy compounds (choline, serine, ethanolamine, inositol, serine) that may be
united on the third hydroxyl group. Phosphatidyl choline, phosphatidyl ethanolamine and
sphingomyelin are present in high amounts, while the anionic forms, phosphatidyl inositol and
phosphatidyl serine, are less abundant''® (Table 1.6). Overall, the fatty acid chain on the sn-1
position is more saturated than the sn-2 position of the glycerol backbone.''” The MFGM
phospholipids are important emulsifiers. Phospholipid destruction damages the milk fat
globule membrane. The phosphatidyl choline and phosphatidyl ethanolamine contain
unsaturated fatty acids (40-60%), and polyunsaturated fatty acids susceptible to oxidation and

flavor defects in dairy products.'®

Table 1.6 Phospholipid concentrations in bovine whole milk (4% fat)

Phospholipid Concentration (umol/L)
Phosphatidyl choline 70-150
Phosphatidyl ethanolamine 101
Phosphatidyl inositol 17
Phosphatidyl serine 9
Sphingomyelin 70-125

Modified from reference 157.

1.9.5 Gangliosides in different milk sources
In human and animal milk, gangliosides are associated with the outer membrane of
MFGM.*#15%13 Milk gangliosides differ in content depending on the type of milk (human,

bovine and other types).
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The two most important and abundant human milk gangliosides are GD3 and GM3.
Other gangliosides such as monosialoganglioside GM1.'® GD1a, GD1b, GT1b, GQ1b'’ GM2
and GT3'®" are present in low amounts. Takamizawa et al. (1986) calculated that GD3 and
GM3 together form 70-90% of the total gangliosides in human milk,'®® but Pan and Izumi
(1999) later found that GD3 and GM3 ganglioside constitute 50-60% of the total.'®> Some
authors have studied secretion of gangliosides in milk during different chronological

.1 163,159,164,19,168
postpartum periods,'>!3%164:19.16

The largest change is due to stage of lactation affecting
ganglioside concentration. GD3 is the major component in colostrum in the first 1-8 days,
while GM3 is the major ganglioside at the end of the lactation.'”'® Pan and Izumi (1999)
assessed the total lipid-bound sialic acid content (T-LBSA) in colostrum (2-6 days) and in
later milk (7-46 days). The variation is 9.51+1.61pg/mL and 9.07+1.15ug/mL, respectively.'®*
Pan and Izumi (1999) reported that GD3 is the main ganglioside in human colostrum (GD3,
42-56%; GM3, 2-6.5%), while GM3 decreases at eight days postpartum (GM3, 32%, 28%)
and increases after eight days (GM3/GD3, 0.8-2.6%).'®* A more recent study of mothers after
preterm delivery demonstrated that GD3 is also the main ganglioside in colostrum; there was
difference between preterm and full-term human milk until 8 days postpartum. In preterm
human milk, GM3 concentration was very low, compared to full-term human milk even at 10
days postpartum.'® This chronological alteration suggests that ganglioside species have
different roles at different stages of neonatal development." The influence of different ethnic
populations, dietary habits and way of life were evaluated in human milk from Spanish and
Panamanian mothers. No differences in ganglioside concentrations were found.'®® Other

studies have shown that total lipid and ganglioside content are positively correlated. In human

milk during milk lactation, total lipid content increases, while higher ganglioside
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concentration is only found after the third week of lactation.'””'”° Undefined
polysialogangliosides with branched oligosaccharide chains have also been found in human
milk suggesting structurally complex gangliosides may play an important role in developing
neonatal tissues.'"’

Bovine milk ganglioside originates in the apical plasma membrane in the mammary

gland secretory cells.'”!

The most abundant gangliosides in bovine milk are GM3 and GD3.
GD3 is most abundant in mature bovine milk.*'>"">!!12 The [ipid backbones of milk
gangliosides are composed of sphingosine (d18:1t4, with smaller amounts of sphinganine and
other chain length homologs) and 16:0, 22:0, 23:0 and 24:0 as the major fatty acids.'”>'”

The amounts of gangliosides detected in milk vary from different studies. GD3
ganglioside are reported >60% of total ganglioside concentration and GM3 ganglioside > 12%
of total ganglioside concentration.”'*"'® The total concentration of GD3,GM3 and GT3 is
60-92%.' 1% These variations also depend on the stage of lactation.*>'*'7?

Bushway and Keenan (1978) reported other ganglioside species, GM1, GM2, GDla
and GD1b, present in bovine milk.'’® Laegreid et al. (1986) also discovered GMI in bovine
milk. The concentration of ganglioside is 10 times higher in human milk than in bovine
milk."”” Twamori et al. (2008) assessed other ganglioside concentration, GM2, IV*NeuAca,
V3NeuAca, GT3 and GM1, as approximately 3.2%, 2.1%, 0.9%, 5.2% and 0.07% of total

gangliosides, respectively.'®'

Jensen (1995) reported that milk contains ~11 mg/L of
gangliosides and the levels of different ganglioside species are ~9—13 mg of GD3, 1.2 mg of
GD1b, 0.7 mg of GM2, 0.3 mg of GM3 and 0.001 mg of GM1.'"

Buttermilk has a higher content of gangliosides. The ganglioside concentration is 1-2%

of the total lipid mass in buttermilk.'” Two different gangliosides in buttermilk, GD3a and
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1 The difference is the ceramide moiety and

GD3b have the same oligosaccharide structure.
fatty acid content, representing 85% of the total lipid bound sialic acid. Takamizawa et al.
(1986) found 0.92 pm of T-LBSA/g dry weight of buttermilk, and GM3, GD3 and GT3 are
the major gangliosides in buttermilk.'®*

Martin et al. (2001) reported changes in fatty acid content of bovine milk depending on
stage of lactation. 18:0 was the major fatty acid in the colostrum stage and decreased in late
lactation. 16:0 followed a different trend, increasing in the late lactation milk, while a smaller
amount was present in colostrum. The long chain bases also undergo changes (3-ethoxy-15:0
sphinganine the major fatty acid). These fatty acid changes suggest differences in fluidity of
the milk fat globule membrane.>

GM3, GD3 and GT3 are predominant gangliosides in goat milk (66-92%). During
lactation, GM3 concentration decreases, while GD3 content increases. The highest ganglioside
concentration is in colostrum (974 ng T-LBSA/kg), and at the end of the lactation period
decreases to 175 pg T-LBSA/kg.'™ Other gangliosides detected in goat milk are GD2, GT1b,
GM1, GQ1b and GD1b.'"®" Sheep milk contains a smaller amount of gangliosides than goat
milk, and only about 6-7% of the ganglioside content of cows milk. Sheep milk gangliosides
follow the same trend as cow and goat milk; ganglioside content is higher at the beginning of
lactation and ganglioside content is lower at the end of lactation.'®’

Milk of different classes of buffalo contains 40-100% more gangliosides than Swiss
cow milk. In Pakistan, buffalo colostrum was higher in ganglioside content (24 nmol/g) than
mature buffalo milk (8-11 nmol/g). Buffalo milk has more polysialogangloside content than

cows milk.>?
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1.9.6 Factors affecting milk ganglioside profile

Stage of lactation, dietary manipulation, season, species and MFGM size are factors
that may modify ganglioside content or ganglioside composition in milk. In cows, goats and
ewes milk, ganglioside content change depending on the season; ganglioside content in fall is
higher than in other seasons.'® The amount of gangliosides also changes with animal species.
The average in cow and goat milk is very similar, 1.02+0.05 pmol/100 mL of milk (2.04
mg+0.1/100mL) and 1.05+0.05 pmol/100 mL of milk (2.1+0.1 mg/100 mL), respectively;
whereas the difference is greater in human milk 1.79+0.28 umol/100 mL of milk (3.58+0.5
mg/100 mL)."!

Fat globule size is related to fat content and associated with amount of milk fat.
Reducing the milk fat globule size would cause a reduction in MFGM and in the MFGM
constituents.'®

The stage of lactation also seems to be an important factor in variation of gangliosides
composition in milk. Lopez et al. (2008) determined the lipid composition of the MFGM after
modifying the cow’s feeding with a diet high in polyunsaturated fatty acids; they concluded
that this diet modifies the fatty acid composition of phospholipids, triacylglycerols and

sphingolipids in the MFGM.'*

1.10 Biological and physiological functions of gangliosides
Gangliosides perform different functions such as calcium homeostasis, neural repair,
and involvement in neurological diseases, immune diseases and infectious diseases in

mammalian cells. Other cellular functions of gangliosides are immunological factors, calcium
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homeostasis, apoptotic functions, cell recognition, cell signaling, cell differentiation and

proliferation, gangliosidoses, cell adhesion.'®

1.10.1 Immunity functions

Gangliosides regulate cells of the immune system, involved in immunosuppressive
activities. Gangliosides are involved in T-cell activation. Gangliosides modulate the response
of T cells and modify the immunological environment by promoting type-2 T cell
responses.'*® Activation of T cells requires different ganglioside species. In cells from
GM2/GD2 synthase-null mice (only synthesizing GM3 and GD3), CD4+ T-cell activation was
normal; however, CD8+ T-cell activation was deficient. Supplementation with missing
gangliosides restores normal activation.'®’ In the intestines, gangliosides are involved in
immunologic mechanisms.  Weanling mice fed with a gangliosides-enriched diet
demonstrated early development and significantly higher numbers of Thl and Th2 cytokine-
secreting cells in lamina propria and Peyer’s patch lymphocytes than weanling mice fed with a
diet without gangliosides.'® In weanling mice, dietary ganglioside increased Ig-A secreting
cell content as well as increases in the amount of IgA in the lumen.'®" In infants, different
ganglioside species and content promote intestinal immunity by stimulating or inhibiting
proliferative or inhibitory responses in intestinal lymphocytes.'”! Previous studies in our lab
show dietary gangliosides reduce pro-inflammatory mediators, platelet activating factor and

diglycerides in microdomains of the intestinal mucosa of weanling animals.'*
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1.10.2 Calcium homeostasis

Gangliosides are involved and induce changes in calcium regulatory mechanisms by
modulating ion channels, transporting/exchanging proteins and utilizing Ca" enzymes.'”
Gangliosides are abundant in neuronal cells which secrete certain ganglioside profiles, and are
involved in Ca+ regulatory mechanisms.'”® Studies have shown that exogenous or endogenous
gangliosides modulate calcium mechanisms, enhancing neuritogenic and neuroprotective
effects. For example: endogenous gangliosides influence neuritogenesis through influence on

Ca+ transport.'”*

In one study, treatment with GM1 in the nuclear membrane altered Ca2+
regulatory mechanism in the nucleus, increasing calcium release and stimulating
neuritogenesis.'”> In N18 neuroblastoma cells, GM1 modulates L-type calcium channels,
suggesting that it plays an important role in development and electrical excitability of
neurons.”® Cerebellar neurons from GM2/GD2 synthase-lacking mice are deficient in a
calcium regulatory mechanism that is regulated by the deleted gangliosides. This indicates that
calcium homeostasis is dependent on complex gangliosides, and the lack of ganglioside has
consequences for neuronal development.'”’

The nuclear envelope of neurons contains GMI associated with Na“/Ca*"; GM1
potentiates the transfer of Ca2+ from the nucleoplasm to the nuclear envelope. In one study, a
neuroprotective effect was observed in Na'/Ca®" - GM1 by culturing cells from GM1 lacking
mice that were vulnerable to Ca*" induced apoptosis.'”®

In cardiac myocytes, gangliosides are important to maintain transmembrane Ca

gradients. Gangliosides containing negatively charged sialic acid maintain Ca+ permeability

of cardiac cells, removing sialic acids on ganglioside increases Ca+ intake and produces a Ca+
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leak in the ion channels.'® In rabbit skeletal muscle, GM3 modulates the calcium level, which

. 200
regulates muscle contraction.

1.10.3 Apoptotic functions
GM3, GDI1 and GD3 are apoptotic inducers.””! Ceramide is converted into GD3. GD3
and induces apoptosis by disrupting the mitochondrial membrane potential and stimulating cyt

¢ release and caspase activation.*’

Mitochondrial permeabilization is inhibited by
antioxidants and cyclosporin A, indicating a role for ROS (reactive oxygen species)
production and Ca®" in GD3-mediated mitochondrial effects.”® The secretion of Fas or TNF-o
(Tumor Necrosis Factor--a) produce increase in the cellular concentration of GD3.%*2%*
Down regulation of GD3 synthase prevents Fas or p-amyloid-induced cell death.?**2%

GD3 is present in the plasma membrane as well as in the endosomal/Golgi apparatus.
After TNF-a exposure, GD3 is redistributed from plasma membrane to the endosome where
GD3 colocalizes with Rab5-positive early endosomes and Rab7-positive late endosomes. This
redistribution mechanism contributes to TNF-o mediated hepatocellular cell death.””
Increasing expression of GD3 synthase in U-1242 MG human glioma cells caused apoptosis

determined by cytological appearance, increased annexin V binding, and DNA fragmentation.

In glioma cells, GD3 secretion may regulate the mechanism of GD3 induced apotosis.**®

1.10.4 Cell recognition
Glycosphingolipids are located in the outer leaflet of plasma membrane and cluster to
form binding sites. Three different mechanisms explain the effect of glycosphingolipids

controlling cell recognition: recognizing lectins; regulating adhesion receptors as integrins and
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fibronectins; clusters of specific glycosphingolipids binding clusters from opposite
glycosphingolipids.”® Examples of each of these three mechanisms may be explained as
follows.

Glycans on one cell bind to lectins (glycan binding proteins) on a different cell to
mediate cell-cell interactions. The effect of lectin-glycan linkage is from cell-cell adhesion to
regulate intracellular signaling pathways. Gangliosides are receptors in glycan-driven cell-cell

" 210
recognition systems.

Lectins have greater ability to recognize gangliosides than
oligosaccharides alone.”!!

Highly sialylated gangliosides regulate the interaction of epithelial cells and
fibronectin through carbohydrate-carbohydrate interactions between GT1b and the a5 subunit
of a5pl integrin.’'> Carbohydrate-carbohydrate interaction has been distinguished by high
specificity, weak affinity, and high flexibility. Single carbohydrate-carbohydrate interaction is
a weak binding, but many such interactions produce a strong binding affinity.*"> GM3 links to
different types of glycosphingolipids, which contains a GalNac ending moiety, and a LacCer.
GM3 interacts with different glycolipids such as gangliotriaosylceramide Gg3Cer and
globotetraosyl ceramide Gb4Cer. GM3-Gg3 interactions are observed between mouse
melanoma B16 (which expresses GM3) and mouse lymphoma L5178 (which expresses
Gd3Cer).”'* GM3-Gg3Cer or GM3-LacCer interactions play a physiological role in adhesion

of melanoma cells to mouse endothelial SPE-1cells, suggesting that melanoma metastasis is

initiated by interaction of GM3 with Gd3Cer or LacCer.*"*
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1.10.5 Cell signaling

Some glycosphingolipids are located close to proteins, which are important for cell
signaling, so glycosphingolipids can regulate information transduction mechanism through
cell membranes.”'>*'® While glycosphingolipids in cell-recognition function based on the
carbohydrate moiety, cell-signaling depends on glycosphingolipid structure (lipid and
carbohydrate moiety). Signaling pathways are activated by cell surface receptors and manage
to activation of transducer molecules. There are three different types of receptor processes
obtained from signaling molecules: ion-channel linked; G-protein linked and enzyme linked
(tyrosine kynase dependent).””” Examples of each process are as follows.

Gangliosides are related to membrane proteins, which function as ion channels; the
former change the properties and functions of the cell environment.'’'" For example,
gangliosides regulate activity of Na'/K "ATPase by altering membrane lipid environment
around this enzyme.””” Exogenous GM1 injected into Mongolian gerbils with global ischemia
minimized the losses of Na"/K-ATPase, and Mg® ATPase suggesting that gangliosides

protect the structure of the plasma membrane against ischemic injury.”*’

Exogenous
gangliosides affect either muscle fibres or nerve terminals by resisting hypoxia and the
absence of K. Gangliosides affect head groups of channel molecules, altering membrane
fluidity in order to preserve membrane viscosity around ion channels independently of
environmental temperature.”'’ Gangliosides also regulate voltage-dependent sodium channels.
GDla, one of the main gangliosides in brain tissue, generates a hyperpolarizing shift in
voltage to activate sodium channels in brain to modulate excitability.**

G-protein coupled receptors are signaling molecules in charge of signal transduction

across plasma membranes responding to neurotransmitters and hormones. A B2 adrenergic
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receptor is a type of G-protein couple receptor that modulates catecholamine, epinephrine and
norepinephrine effects. A B2 adrenergic receptor varies between active and inactive states.
This conformational changing structure is regulated for lipid microdomains. A stable
hydrophobic interaction with cholesterol and B2 adregenic receptor in lipid membranes

224
d.

containing GM1 has been observe Translocation to lipid rafts of Ga°, heterotrimetric of G

protein, depends on gangliosides, which function as platforms on neuronal membranes for
appropriate interaction of Go®.**’

Insulin receptors (IR) are tyrosine kinase receptors on the surface of cells. IR signaling
is modulated by gangliosides.’’® The conversion of an insulin-resistant state induced in
adipocytes by TNF-o may depend on a high level of secretion of GM3 after up-regulated gene
expression of GM3 synthase, indicating that GM3 may suppress insulin signaling during
chronic exposure to TNF-q.?2¢*

An epidermal growth factor receptor (EGF) is a glycoprotein that regulates cell growth
in normal and cancer cells. The linkage of EFG autophosphorilate tyrosine residues on the
receptor stimulates the activation of Ras, Raf and mitogen-activated protein kinase in cell
proliferation. Gangliosides modulate the EFG proliferation pathway in many types of

15,228,22
cells.!32282%

1.10.6 Cell differentiation and proliferation

Cell differentiation and proliferation are processes most frequently studied in neuronal
cells to understand ganglioside neurobiological functions such as neurodifferentiation,
neuritogenesis, and synaptogenesis. Ganglioside analysis has noted the impact of composition

and structure of ganglioside on different types of cells. Gangliosides concentration changes
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among different brain sections. For example, GM1 and GM4 are more abundant in brain white
matter than in the cerebral cortex because these gangliosides are enriched in myelin. GT1b is
more abundant in the cerebellum than in the cerebrum.”’

Ganglioside profile on neuronal cells changes during different developmental

231,232

stages. Levels of GM3 and GD3 are highly abundant in the early embryonic vertebrate

brain stage and slowly decrease content during aging. In later developmental stages, more
complex gangliosides, GM1, GDla, GDIb and GTlb, increase in concentration,>*23423!
Mono-, di-, tri- and tetra- sialogangliosides (except for GM4) have the effect of inducing
neuritogenesis, while acidic glycosphingolipids, sulfatide and asialogangliosides have no
effect on neuritogenesis.”>> GM1 promotes neuritogenesis in a Ca2+ process.”>® GM2 is
associated with ectopic dendrite growth and plays a role in modulation of dendritogenesis in
neurons.”’ GD3 has been categorized as a marker for cell division and migration. GQ1b is
characteristic of nerve cell sprouting and arborisation. GD1a is a marker for synaptogenesis;
and GM1 and GM4 are indicative of myelination, in brain cortex.”® The secretion of
ganglioside species suggest the roles that gangliosides play during different developmental

2
stages.”’

Qualitative changes of gangliosides during development are illustrated (Fig. 1.6).
Genetically modified mice lacking gangliosides or glycosyltranferases expression,
contain neurological disorders such as axonal degeneration, sensory and motor and behaviour

.. 23924 . . . . . .
deficits.”’** These observations suggest gangliosides are involved in neuritogenesis,

. .2
axonogenesis and synaptogenesis.”’
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Figure 1.6 Neurodevelopmental milestones and changes in gangliosides
(modified from reference 240).

1.10.7 Gangliosidoses

Glycosphingolipids are implicated in the pathology of neuronal diseases. Metabolic
disorders implicating glycosphingolid pathway enzymes cause glycosphingolipidoses. This is
a deficiency in an enzyme that avoids degradation of specific glycosphingolipids, which then
accumulate in lysosomes neurons.”*"**'*** GM1 gangliosidosis and GM2 gangliosidosis (Tay-
Sachs disease and Sandhoff disease) are caused by defects in lysosomal glycosidases or co-
activators, and thus gangliosides accumulate.”* GMI1 gangliosidosis or PB-galactosidase
deficiency is a neurological disease, progressively attacking motor skills and contributing to
mental retardation. Patients succumb in the first years of life.**'** GM2 gangliosidases or f-
hexosaminidase deficiency is characterized by accumulation of GM2 in the central nervous
system. This abnormality appears in late childhood or adulthood, causing tetraparesis,
dementia, blindness. Only B-hexosaminidase degrades GM2 ganglioside; if it is not present

241,201

the substrate accumulates. Other ganglioside deficiencies are shown on Table 1.7.
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Table 1.7 Gangliosidoses and clinical manifestations

Disease Major clinical
manifestations
Glycosphingolipidoses Enzyme Deficiencies
Fabry disease a-galactosidase ceramide Painful numbness in the
extremities
Gaucher disease B-glucocerbrosidase enlargement of liver/spleen
Tay-Sachs disease -hexosaminidase A cherry red retinal spot,
seizures
Sandhoff disease 3-hexosaminidases A & B mental retardation, seizures
Peripheral neuropathies Anti-ganglioside antibodies
Guillain-Barre syndrome anti-GM1, GM2, GQ1b progressive  weakness  of
limbs, absence of reflexes.
Miller-Fisher syndrome Anti-GQ1b ophthalmoplegia, absence of

reflexes, lack of voluntary
coordination of  muscle

movements.
Chronic idiopathic anti-GM3, GD1b, GD3, GQ1b loss of kinesthesia, lack of
ataxic neuropathy voluntary  coordination of
muscle movements.
Multifocal motor neuropathy anti-GM1 motor weakness of nerve

trunk territories with slight
muscular wasting.

Modified from reference 201

1.10.8 Cell adhesion

Microbial attachment to the host is the initial phase of colonization or infection.**’
Bacterial adhesion requires a receptor on the surface of host epithelial cells. The receptors are
carbohydrate moieties of glycolipids or glycoproteins on the cell plasma membrane of the

host.'®

Various pathogens and toxins recognize sialic acid as targets for binding the host
surface. Pathogen-binding proteins, called extrinsic receptors, are produced for pathogens to
bind sialic acid on the host cell membrane.**® Gangliosides are well known receptors due to

sialic acid terminals, binding pathogenic and non pathogenic viruses, bacteria and protozoa.'*®
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Different pathogenic bacteria that bind sialic acids on human cells are:

Human Influenza A binds Siao2-6Gal(NeuAc) structure. **°

Avian Influenza A binds Siaa2-3Galp1-.

Vibrio Cholerae toxins bind Galp1-3GaINAcB1-4(Siaa2-3)LacCer structure. >*®
Clostridium botulinium binds polysialogangliosides. **®

Helicobacter pylori binds Siao2-3Gal structure on gangliosides. **°

During the initial event of infection, myxoviruses such as influenza and Sendai viruses

247 The attachment of influenza A virus to human

link to receptors on the host membrane.
erythrocytes and mucins of the respiratory system is controlled by lectins or hemagglutinins.
This binding is reversible, but it releases neuramidases (sialidases). Viral neuramidases help to
spread viruses in tissues by preventing adhesion to cells and to mucus layers protecting
epithelia of the respiratory tract. Inhibitors of neuramidases were synthesized to be used for
treatment of influenza.*****>° Markwell et al. (1981) demonstrated that gangliosides with
similar structure, GD1a, GT1b, and GQI1b serve as natural receptors for Sendai viruses.?*
Epand et al. (1995) also demonstrated that GD1a functions as a receptor for Sendai virus
binding to liposomes of certain lipid compositions.”' Rotaviruses, which cause gastroenteritis
in children, attach to gangliosides as GD1a. It has been suggested that rotavirus can adhere to
cell membranes, but gangliosides are required for cell en‘[ry.zsz’253

Bacteria develop sialic acid-binding adhesins, lectins or agglutinins which are located
in fimbriae or pili, over 100 examples of those have been detected.”*** Other pathogenic

246

bacteria express sialic acids on the surface.”™ When present, sialic acid is found in capsular

polysaccharides or lipopolysaccharides. Terminal sialic acids are present in

38



lipooligosaccharides. These terminal sialic acids mimic mammalian structures and function as
a protective barrier to avoid attack by the host’s immune system.*****°

Bacteria and bacteria toxins such as cholera, tetanus and botulinium toxins adhere to
sialic acids, situated on gangliosides.® Exogenous substances containing gangliosides might
inhibit bacteria adhesion to intestinal cells; many studies have been perfomed using breast
milk due to high ganglioside content, suggesting that human milk could confer a protective
effect against pathogens.'***

Some examples between bacteria toxins and ganglioside interactions are shown as
follows. Enterotoxins are produced by Vibrio cholerae, which produces cholera toxin (CT),
and some strains of E. coli, which produce heat labile toxin (LT), both causing acute
diarrhea.””® Both toxins are similar in structure and in action. These toxins consists of an A
subunit, which is responsible for enzymatic activities, and a pentameric B subunit, this last is
responsible for attachment to the intestinal lumen.”>”**® GM1 ganglioside species has been
recognized as a receptor for CT and LT toxins.****%**°® Holmgren (1973) reported that CT has
more affinity to GM1 than to GM3, GM2, GD1a, GD1b and GTx. Enterotoxins of some E.
coli strains bind to GMI1, but the affinity is much less than cholera toxin.>® Teneberg et al.
(1994) also reported that LT shows a high affinity for GM1 ganglioside species and much less
affinity to GM2, GD2 and GD1b species.*®’

To cause toxicity, CT must bind GM1 at the plasma membrane, access the cell by
endocytosis and then traffic retrograde into the endoplasmic reticulum. Before causing
toxicity, the time between CT binding to GM1 at the cell membrane surface is called the lag

258

phase.”” An extended lag phase is dependent on temperature, cell membrane viscosity and

low levels of GMI1. A prolonged lag phase is reduced by adding exogenous gangliosides.”®* It
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was suggested that the ceramide tail of GMI is too short to interact with the submembrane
cytoskeleton. GM1 receptor could help activate a membrane protein, involved in translocation
of receptor-bound toxin.***?** Otnaess et al. (1983) reported that E. coli LT and CT toxin
activity was inhibited by GM1 human milk ganglioside species and also reported that
ganglioside human milk inhibited cholera toxin binding to the rabbit intestine.”®

Angstrom et al. (1994) reported that tetanus and botulinum toxins bind selectively
GT1b, GD1b and GQ1b; and cholera toxin binds specifically GM1.%% Other bacteria toxins
such as Bordetella pertussis, produces pertussis and causes the disease whooping cough in
humans, binds GD1a.2¢%2%

Idota and Kawakami (1995) reported that GM1 and/or GM3 inhibit adhesion of
enteropathogenic (EPEC) and enterotoxigenic (ETEC) E.coli to Caco2 cells.*® Sanchez-
Juanes et al. (2009) reported that GD3 and GM3 bind to enterotoxigenic E. coli strains.*®’
They studied inhibition of the bacterium-mediated agglutination of erythrocytes, and found
that bacterial hemagglutination was inhibit by MFGM and glycosphingolipids.”® Ono et al.
(1989) reported the affinity of E.coli strains possessing K99 fimbriae binding structures

2 . . . . .
0 Microbe-free mice were fed with a solution contained

gangliosides containing NeuGc.
GM3, after 3 days mice were infected with EPEC E. coli. The number of adherent bacteria
was studied in duodenum, jejunum and colon; mice that were fed with GM3 had a lower
number of EPEC E. coli. GM3 inhibits adhesion of EPEC E. coli to the intestinal mucosa.'®®
GM3, GD3, GM1 ganglioside species and free sialic acid NeuSAc interfere with
adhesion of diarrhea-causing bacteria pathogens such as ETEC E. coli ETEC, EPEC E.coli,

Listeria monocytogenes, Salmonella entericaserovartyphi, Shigella sonnei, Campylobacter

Jjejuni, and also Helicobacter pylori.*’' The latter bacterium is found in human stomach and

40



causes gastric inflammation and possibly peptic ulcer disease or gastric cancer. The

characteristics and main features of H. pylori are shown in the next sections of Chapter 1.

1.11 Epidemiology of Helicobacter pylori

Helicobacter pylori was isolated in 1982 by Marshal and Warren?’**”* They found, in
58 patients with chronic gastritis or gastric ulcer, a gram negative, flagellate and
microaerophilic bacteria which was related to the genus Campylobacter.””* In 1989,
Campylobacter pylori was renamed to Helicobacter pylori. DNA studies, cellular fatty acids
profile, ultrastructural tests, thermoplasmoquinosas profile, growth conditions and enzyme
content confirmed the discovery of a new bacterium. Genus Helicobacter was established.
Helicobacter means in Latin “spiral rod of the lower part of the stomach.”*’**’
Approximately half of the world’s population is infected with H. pylori.*’’*’® Epidemiology
changes depending on the country. In developing countries, between 70-90% of the
population is infected, while in developed countries the infection varies from 25 to 50%.2"*%
Only 15% of H. pylori infected individuals will develop peptic ulcer disease and <1% develop

. 2
gastric cancer.”’”’

1.11.1 Prevalence
Prevalence of H. pylori infection 1s defined by the proportion of a population that has a

particular disease for a given period of time and is calculated as the ratio of those who

281,282

acquired to those who have recovered from the disease. Prevalence of H. pylori infection

is different from country to country.”® The World Gastroenterology Organisation reported a

global prevalence of H. pylori infection (Table 1.8).2*

41



Prevalence of infection increases with age (Table 1.8). In the Eurogast study, the
detected prevalence was 35% in people 25-34 years of age and 62% in people aged 55-64
years old.”® Prevalence of H. pylori infection in developing countries is more than 50% by the

age of 5 years, and increases to about 90% by the age of 20 years.?**

In developing countries
such as India, Saudi Arabia or Vietnam, the infection is acquired at an early age; 80% of the
population infected by the age of 20.**" Prevalence of H. pylori varies between developing
countries, in the same geographical area. For example, in Brazilian adults the prevalence was
82% compared with 65% in Guatemalan adults.”® Prevalence of infection is decreasing in
some Asiatic countries, presumably because of a better socioeconomic status. In China, the
prevalence decreased from 63% in 1993 to 47% in 2003. In South Korea, the prevalence of
infection decreased from 67% in 1998 to 60% in 2005.**" In Artic Canada, Aboriginal
Communities present high prevalence rates of H. pylori infection compared to the rest of

1
Canada.”

1.11.2 Incidence

Incidence is defined as the rate of development of a disease in a population and is
determined by the number of diagnosed new infections in the population and the proportion of
new infections that typically remain undiagnosed.”' Incidence data are not as abundant as
prevalence data. Banni-Hani et al. (2006) suggested that incidence of H. pylori in developed
countries is about 1% per year until the age of 50 or 60 years, when it stabilizes.*”® In
developing countries, the incidence is higher than 1% or 2%. In a study from Bangladesh

tracking new infections in children from birth to 2 years, the incidence was 49% by 2 years of
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age.””! In Bolivian children over a period of 2 years, the incidence was 18% per year.”> The

reason for the dramatic difference between developing and developed countries is unknown.

Table 1.8 Prevalence of H. pylori globally

Country Age groups Prevalence Country Age groups Prevalence
(years) (%) (years) (%)
Africa India Adults 88
Ethiopia 2-4 48 India, south 30-79 80
Ethiopia 6 80 Japan, 3 areas 20-70+ 55.4
Ethiopia Adultos >95 Japan, western Adults 70.1
Nigeria 5-9 82 Siberia 5 30
Nigeria Adults 91 Siberia 15-20 63
Central Siberia Adults 85
America
Guatemala 5-10 51 South Korea 16 56
Guatemala Adults 65 South Korea >16 40.5
Mexico 5-9 43 Sri Lanka 6-19 67
Adults 70-90 Sri Lanka Adults 72
North Taiwan 9-12 11
America
Canada 5-18 7.1 Taiwan 13-15 12.3
Canada 50-80 23.1 Taiwan >25 45.1
Canada Adults 95 Adults
(Manitoba Kids 56
aboriginal
communities)
Aboriginal Adults 51 Middle East
communities
USA / Canada Adults 30 Egypt 3 50
* Other Canadian aboriginal communities Egypt Adults 90
Aklavik 61 Autralasia
Old Crow 69 Australia 1-59 15.4
Tuktoyaktuk 58 Adults 20
South Europe
America
Bolivia 5 54 (Eastern) Adults 70
Brazil 6-8 30 (Western) Adults 30-50
Brazil 10-19 78 Albania 16-64 70.7
Brazil Adults 82 Bulgaria 1-17 61.7
Chile 3-9 36 Czech Republic 5-100 42.1
Chile Adults 72 Estonia 25-50 69
Asia Germany 50-74 48.8
Bangladesh 0-2 50-60 Iceland 25-50 36
Bangladesh 0-4 58 Netherlands 2-4 1.2
Bangladesh 8-9 82 Serbia 7-18 36.4
Bangladesh Adults >90 Sweden 25-50 11
Hong Kong 6-19 13.1 Switzerland 18-85 26.6
India 0-4 22
India 10-19 87

Abstracted and modified from reference 284, 528, 529, 530,531.

43



1.12 Factors of transmission
Epidemiological studies have suggested that the transmission of H. pylori is associated
with three risk factors: socioeconomic status; childhood acquisition; and hygienic

conditions.”” Other factors such as ethnicity and gender have also been studied.

1.12.1 Socioeconomic status

H. pylori prevalence is associated with low socioeconomic status including variables
such as low income, high density of children in the household, low education and low hot
water supply.*”***"?*? Low-income families have high numbers of children or adults living in
a home, high number of people in a room, having to share a bed with parents or other siblings,
or living in overcrowded spaces are also associated with H. pylori infection.”* These factors
could explain differences in H. pylori prevalence rates between Mexico and the United States.
O’Rourke et al. (2003) studied prevalence of H. pylori infection in children living on both
sides of the Rio Grande River.””” The proportion of Mexican cases infected with H. pylori was
higher than that of the US cases because of the higher number of low income-families in
Mexico.”> Malaty et al. (1996) studied socioeconomic factors such as income, living
conditions and education levels influencing the acquisition and prevalence of H. pylori
infection in Russia. Income was not relevant due to similar salaries among families.*”®
However, H. pylori prevalence in children whose mothers completed only 8 to 10 years of
school was higher than that of children whose mother completed college.”® Bastos et al.
(2013) also detected the importance of living in a poor environment. Individuals living in a

more deprived neighbourhood were associated with higher risk of infection.”’
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1.12.2 Childhood acquisition

Acquisition of the H. pylori likely takes place in childhood. The infected childhood
population varies from 10 to 80%, depending on the region. By the age of 10 years more than
50% of children are infected.””” Rothenbacher et al. (2000) suggested that the acquisition of A.
pylori occurs in the first or second year of life.””® Jafar et al. (2013) reported that in Iran,
acquisition of the H. pylori infection occurs before the fourth month of age.’® In Turkish
children living in Germany, prevalence of the infection was 9% among one-year-old children
and 37% among two-year-old children.”® Thomas et al. (1999) reported that in Gambian
children prevalence of H. pylori infection increased from 19% at 3 months of age to 84% by
30 months of age.’”' In Mexican school-age children, H. pylori infection is dynamic. H. pylori
infection has different intermittent phases: persistent acquisition, spontaneous clearance, and
transient events of reinfection and clearance. The loss of the H. pylori infection is due to
antimicrobial drugs used for other infections, but incidence of H. pylori infection is due to the
crowded environments and the number of siblings where children are reared.’” In Russia,
30% of 5-year olds and 49% of 19- year olds and 29-year olds are infected.”*® Mitchell et al.
(1992) suggested that acquisition of H. pylori occurs during early childhood and also during
adult life. They mentioned two important points to consider: how infection in childhood
affects the prevalence in adults in different regions or countries, and the importance of

determining the factors of acquisition.’”
1.12.3 Hygienic conditions

Effects of sanitation and hygienic conditions on prevalence of H. pylori infection have

been evaluated. Ahmed et al. (2007) examined the importance of hygienic conditions, such as
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accessing clean water, taking showers and storing and reusing water safely, to reduce
transmission of H. pylori infection. Acquisition of H. pylori will likely decrease with
improved household hygienic practices such as establishing waste disposal as well as boiling
water for drinking.”’® By contrast, poor hygienic practices that can be implicated in H. pylori
transmission are not using soap when washing hands, not washing hands after going to the
washroom, sharing chopsticks or kitchen utensils and living in a small area with limited

sanitary facilities.”*

1.12.4 Gender

H. pylori infects both males and females at the same rate.””” Zaterka et al. (2007)
detected in a Brazilian study, prevalence of H. pylori infection in both genders; in men it was
67% and in women 63%. The rate of infection increases with age but independent of

gender.*”

1.12.5 Ethnicity

Ethnicity is likely an important factor in H. pylori infection. Staat et al. (1996) studied
American children and adolescents from different ethnic groups. Seroprevalence of H. pylori
was 42% for Mexican-Americans, 40% for Non-Hispanic African-Americans and 17% for
Non-Hispanic Caucasians.’” Staat et al. (1996) attributed to genetic susceptibility the fact that
social and cultural factors differ in the prevalence among ethnicities.’”> H. pylori infection was

higher in African-American children than in Caucasian children.’*
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1.13 Mechanisms of transmission

H. pylori is an opportunistic bacterium that seeks any possible access to the human
stomach.”’ Different studies have suggested that the transmission of H. pylori occurs in
multiple modes such as zoonotic, iatrogenic, person-to-person (either oral-to-oral or fecal-to-

273,280,294
oral), foodborne or waterborne.?’*2802%4307

1.13.1 Person-to-person transmission
Person-to-person transmission within the same family is called vertical transmission;
or when the infection is transmitted outside of the family is called horizontal transmission.

Horizontal transmission is typical in developed countries.***>%

1.13.1.1 Intrafamilial transmission

Intrafamilial transmission has been evaluated as a major contributor to H. pylori
transmission, due to the close person-to-person association within families.*'® Goodman and
Correa (2000) evaluated whether sibling-to-sibling transmission was the source of H. pylori

infection.>!!

Age of rural Colombian children (being younger than 10 year old), birth order
and birth spacing influence prevalence of H. pylori infection independently of the number of
children in the home. H. pylori infection is more frequently transmitted between siblings close
in age, and from older to younger siblings.’'' In Taiwan, number of children in the family
(below 17 years), birth order and current number of children in the home had a positive

association with the risk of H. pylori acquisition.’'? A Brazilian study reported how mothers

infect their offspring, and how younger siblings are the infected source for older siblings.*'* In
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Japanese communities, grandmother-child transmission is an important mechanism to spread
H. pylori infection in a three generation household.>'*

Morris (2000) analyzed intraspousal transmission of H. pylori. The risk depends on the
amount of time the spouse has lived with the partner. The same H. pylori strain was found in a
small percentage of spouses and siblings because family members had close interpersonal
contact, shared a genetic predisposition to H. pylori infection or were exposed to the same
source of infection.”*

Twins studies are often conducted to determine environmental risk and genetic factors
involved in acquiring H. pylori infection. Malaty et al. (1994) performed a twin study and
found that genetic conditions influence acquisition of H. pylori infection, as suggested by the
greater similarities within Swedish monozygotic twin pairs. Environmental factors are also
important to the susceptibility to H. pylori infection, since twins who were reared together

were more susceptible to H. pylori infection than twins reared apart.*'”

Person-to-person transmission can occur as oral-to-oral or fecal-oral transmission.>'
Oral-to-oral mode has been hypothesized as a transmission route. H. pylori is an intermittent
microorganism of the mouth. Routes of transmission are saliva, dental plaque and vomitus.”*
H. pylori has been identified in saliva of African women who fed premasticated food to their
children. Deepika et al. (2010) found a relation between H. pylori in dental plaque and
dyspepsia. Dental plaque can act as a reservoir for H. pylori.*'® H. pylori has been cultured
from vomitus.’'” Perry et al. (2006) found that being in contact with the vomit of H. pylori—
infected person increased the risk of a new infection.”'®

Fecal-oral is another route of transmission because H. pylori has been isolated from

human feces. Namavar et al. (1995) used PCR to detect feces with H. pylori in 10% of

48



patients evaluated with H. pylori which can suggest that diagnosis of H. pylori by fecal
analysis is not an efficient tool to detect the infection.’" Mapstone et al. (1993) using PCR
found that H. pylori was present in 90% of patients with dyspepsia.*?® The challenge is to
investigate whether H. pylori in stool can represent a pathway of transmission.””> Montaz et al.
(2012) compared different genotypes of H. pylori extracted from saliva, dental plaques, gastric
biopsies and stools. Montaz et al. (2012) found that H. pylori strains isolated from saliva,
gastric biopsy and stool had the same genotype.’*' Moreno and Ferrus (2012) studied viable
and cultivable H. pylori strains isolated from wastewaters to understand the mechanism of
transmission and positive H. pylori cultures were detected by molecular techniques. Fecal

.. . .. . 22.324
transmission could be a route of transmission for H. pylori infection.’**?

1.13.2 Zoonotic transmission

Houseflies are a vector for transmission of enteric bacteria.’® If H. pylori is
transmitted by flies it has been examined since culturing H. pylori from body flies in contact
with colonies of H. pylori under lab conditions.*** Domestic cats, primates or sheep can be
zoonotic reservoirs for H. pylori. H. pylori has been isolated from saliva and gastric juice of
cats, and from milk and gastric juices of sheep. No evidence that these animals may be routes
of transmission for humans has been shown.”®** Grubel and Cabel (1998) suggested that fly

control is essential in eradicating H. pylori in developing countries.**
1.13.3 Waterborne transmission

Water has been studied as a source for H. pylori transmission, probably by way of

fecal contamination.””” Hulten et al. (1996) reported that H. pylori might be present in
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drinking water in Peruvian communities.**’ Then, H. pylori may be considered a waterborne
pathogen. This microorganism has been found for a long period of time in water, present as

. . .. 28
coccoid form and in nonculturable condition.>

1.13.4 Foodborne transmission

Food might be a source of infection by H. pylori. H. pylori can survive in fresh fruits,
vegetables, fresh poultry, meat, fish and some dairy products in which the level of acid is low
and the level of moisture is high under low temperature conditions. H. pylori found in foods
has been isolated in a viable but nonculturable state.’**”> Food could be a vehicle for fecal
contamination to spread the infection, but the precise process has still not been established

with certainty.?”?

1.13.5 Iatrogenic transmission
The least common route of infection is iatrogenic, since endoscopic equipment comes
in contact with gastric mucosa.””” Good practices of disinfection on fiberoptic endoscopes kill

H. pylori.**

1.14 Diagnosis

Since the discovery of H. pylori in 1982, many tests have been developed to identify
H.pylori infection. Diagnosis involves either invasive tests requiring endoscopy and biopsy,
such as culture, histology, rapid urease test and molecular techniques, or non-invasive tests

such as urea breath test, serology and stool testing.
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1.14.1 Invasive tests
1.14.1.1 Endoscopy

Gastrointestinal endoscopy is an expensive dyspeptic technique that is not always
readily available. Endoscopy is recommended in patients over 45-50 years with alarm
symptoms (vomiting, dysphagia, bleeding, anemia, weight loss).*>' Endoscopy may be
necessary to examine the stomach mucosa to determine presence, size and location of
ulcers.**
Endoscopy is needed to obtain multiple mucosal biopsies for culture, PCR, histology

. 1
and rapid urease test.”

At least two biopsy samples must be taken from 5 cm proximal to
pylorus.*? If the patient has been on recent acid inhibitory therapy, additional two biopsies are

taken from the gastric body due to the presence of hypoclorhydria, H. pylori migrates

proximatly.

1.14.1.2 Culture
H. pylori cannot be reliably cultured from stools.”** Culture is a tedious, challenging
and time consuming method, but it is the most reliable method to diagnose H. pylori from

331333334 1 experienced laboratories, the sensitivity of culture is greater than 95%,

biopsies.
but the sensitivity falls dramatically when it is performed in laboratories which are
inexperienced with methods used for H. pylori culture or not enough biopsy samples have
been taken 279331333
Histologically, H. pylori can be identified as translucent colonies with positive

. . 1 ..
catalase, oxidase and urease reactions.’®'”>® Positive cultures grow after 3 or 5 days. Use of

multiple media with antibiotics and albumin could increase the sensitivity. Salts of tetrazolium
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279,331

help to identify H. pylori colonies. Two biopsies from the antrum or the corpus of the

stomach as samples are recommended. Taking samples of two sites of the stomach is the

optimum condition to obtain specific results.**

1.14.1.3 Histology

Histology is the standard method to diagnose H. pylori infection.”****’ Histology
detects the presence of H. pylori as well as the presence of gastric inflammation (acute or
chronic inflammation), lymphoid aggregates, intestinal metaplasia, glandular atrophy,
dysplasia or cancer.”'*® Histology has a great sensitivity (from 66 to 100%), but it depends

on site, size and numbers of the biopsy, as well as expertise of the pathologist.”

1.14.1.4 Rapid urease test

H. pylori produces large amounts of urease to the special niche where the
concentration of urease that comes from blood to the gastric mucosa is low, H. pylori
produces large amounts of urease. Rapid urease test (RUT) is based on activity of urease
produced by H. pylori. RUT consists of a gel or membrane containing urea and phenol red. In
presence of urease produced by H. pylori, urea is hydrolyzed into carbon dioxide and
ammonia. Ammonium ions increase pH and change the colour of the indicator from yellow to
red or violet.”””** PyloriTek® and CLO® tests are the most popular kits which are
commercially available. PyloriTek™ has a sensitivity of 99% after 2 h in incubation of analysis
and CLO® test of 90-95% after 24 h of analysis.”****>** The sensitivity of the test depends
on the load of bacteria: to have valid results (based on histology detection), it is necessary to

have a bacteria load of 10°.2%
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1.14.1.5 Molecular methods

Polymerase Chain Reaction (PCR) technique is a highly sensitive and specific
technique to identify H. pylori infection. PCR detects and quantifies some H. pylori-associated
genes (cagA, vacA). Factors that affect the accuracy of the PCR are the primers, DNA target,
bacterial charge and procedure.”” The sensitivity of the PCR for H. pylori is between 96 and
100%. When using gastric mucosal biopsies, the sensitivity of PCR for H. pylori falls when
testing saliva or environmental sources.”’”>****> PCR with SYBR green targeting in VacA
gene is specific, faster and less expensive than the normal PCR to evaluate the presence of H.
pylori in wasted water.>*°

PCR can also be used as non-invasive test for H. pylori detection in feces to detect
antibiotic resistance to clarithromycin.>’

FISH (Fluorescent in situ hybridization) is a sensitive molecular technique that has the

potential to analyze frozen biopsies for H. pylori.**?

1.14.2 Non-invasive techniques

Non-invasive techniques are the simplest and most popular techniques used in
epidemiological studies for screening H. pylori.**' Application of diagnostic tests depends on
the analysis of the circumstances such as evaluation of cost-benefit and use of tests on pre and

o 1,342
post-treatment situations.”'

1.14.2.1 Serology

Serology technique for diagnosis of H. pylori is based on the immunological response

which the gastric mucosa shows after H. pylori infection.”®® Antibodies produced by the
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gastric mucosa can be analyzed by three different techniques: ELISA, Latex agglutination and
Western Blot. These serological tests detect a specific antibody that is called anti-H. pylori Ig
antibody. Some tests also can detect IgA in the saliva and IgG in the urine. The sensitivity of
the serology tests depends on the test antigen used. Serological tests are easy to perform;
however, serological testes cannot distinguish between an active versus a past infection.
Furthermore, when serology is negative, there is a high likehood that patients do not have a
current H. pylori infection. Zuniga-Noriega et al. (2006) compared the serological against the
invasive test such as culture, RUT and histology. Serology obtained the better performance for
patients with peptic ulcer disease. The combination of invasive RUT and serology could be
one of the best options to detect H. pylori infection because the high specificity, but it is an

. . 4
invasive approach.’*’

1.14.2.2 Stool tests

Stool tests for H. pylori detection have the advantage of detecting bacterial DNA in the
stool sample. H. pylori is in competition with other bacteria, and is susceptible to biliary salts,
and could be in a non-culturable state in the stool sample.>** Stool tests can detect monoclonal
and polyclonal antibodies, using ELISA stool antigen.’** Stool test antigens are highly
sensitive and specific tests and are being recommended for detecting H. pylori infection in
children with recurrent abdominal pain.** Also, stool monoclonal tests have been recognized
as very reliable for diagnosis H. pylori infection in infants and toddlers.**°

PCR also can be performed on stools to detect the presence of H. pylori. Since H.
pylori is not the only bacterium living in stools, PCR analysis is a challenge. Detection of H.

pylori DNA using PCR in children after treatment of their infection showed a sensitivity of
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only 69%.%*” PCR allows to detect the pathogenicity of H. pylori, and to compare genotypes in
stool and biopsy samples.**® In stools, PCR can be performed to determine antibiotic

. . . . . 4
resistance to clarithromycin, macrolides, and quinolones.*

1.14.2.3 Urea breath test

Urea breath test (UBT) is based on the capability of H. pylori to transform orally taken
BC-urea or '*C-urea to ammonia.”*® A solution of C'* or C"* labelled urea is ingested, and it is
hydrolyzed to C'* or C'?0, by H. pylori urease. If this bacterium is present in the stomach,
ammonium and *CO, or '*CO, are produced and gone through the blood stream where are
exhaled in the breath. If the patient is not infected with H. pylori, labelled CO, is not
produced.™ UBT is the most common test used today to detect H. pylori infection. This
technique is also used to evaluate eradication of infection in epidemiological and
pharmacological studies.**’

Proton Pump inhibitors can affect sensitivity of UBT, causing false negative test
results.**’ Since urease activity is greater in acidic pH. Citric acid may be taken to improve
results. Dominguez-Mufioz et al. (1997) observed that *C-UBT performed with a solution of
a citric acid improves *CO, recovery values and intraduodenal infusion that inhibits the antral
motility and relaxes the fundus in the stomach.**® A *C-urea breath test is a highly accurate
test in young and elderly patients, compared to invasive and other non-invasive tests. In
elderly patients, diagnosis of H. pylori infection is difficult since prevalence of chronic
atrophic gastritis is higher than in adult patients, and H. pylori may be located in the fundus or

body and not in the antral gastric mucosa. '>C urea breath has shown to be a reliable test and
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to be unaffected by co-treatments representing an option for patients whom endoscopy is not

L 4734
recommended before or after the eradication treatment, 73433

1.15 Morphology of H. pylori

H. pylori is a non-spore forming gram negative bacterium, 2.0 - 4.0 pm long and 0.5-
1.0 pm wide. The cellular morphology can be spiral or rod-shaped.****>'*** The morphology
is shown in Fig. 1.7. H. pylori can be transformed into coccoid forms after a long time under
in vitro conditions, milk or water, antibiotic treatment, nutrient starvation, osmotic stress,

oxygen tension, an increase in nitric oxide. Coccoid forms are a viable form, but not

culturable,?*?~%->
/
/ '
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/ 1 Figure 1.7 Representation of Helicobacter
i pylori (modified from reference 285).
2
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H. pylori has between one and five sheated flagella, with terminal bulbs located at one

pole.*>?*’ Flagella measure 3-5 pm in length and 30-35 nm in diameter.”®

1.15.1 Growth characteristics
H. pylori is a microaerophilic bacterium growing at O, levels of 2-5%, in CO,
enriched environment of 5-10% CO,_ and a high humidity (96-100%)>"***! Optimal conditions

in the laboratory to culture H. pylori are 85% Na, 10% CO, and 5% O,”' on a standard
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3 H. pylori can survive at pH <3 by changing its helical form to

Campylobacter medium.
coccoid form, but it grows in the range of 5.5 to 8.0, and optimal pH is 7.0.%°%"!

The optimal temperature for the growth of H. pylori is 37°C. H. pylori does not need
glucose to grow, but does depend on amino acids, such as arginine, histidine, isoleucine,
leucine, methionine, phenylalanine and valine. Some strains need alanine, serine, proline and
trypthophan.*®'%

To be cultured, H. pylori requires agars supplemented with blood, serum, corn starch,
or egg yolk emulsion and appropriate antibiotics.’® Davood et al. (2009) demonstrated that
the optimum growth of H. pylori occurs in horse blood agar with trimethoprim, vancomycin,
amphotericin, L-cysteine and ferric pyrophosphate. Glucose, some lipids and high amounts of
antibiotics are factors that encourage H. pylori to develop in coccoid forms.**

H. pylori has been cultured in different media including: Skirrows medium,*”
Mueller-Hinton agar, Brain-Heart infusion agar,’>> Wilkings-Chalgren agar,’>>>>> Columbia
agar enriched with 5% horse blood and Dent-Supplement as a selective medium, BBL liquid
medium supplemented with 5% horse serum, Johnson-Murano agar, H. pylori special peptone
agar (HPSPA),”” Brucella agar supplemented with either (lysed) horse or sheep blood

1
newborn or fetal calf serum,”

Brugamann agar, Pylori agar, BD Helicobacter agar and
Helicobacter agar.>®

Positive results can be detected 3-5 days after incubation at 37°C. H. pylori colonies
are grown from 0.5 to 2 mm in size as translucent or yellowish, on horse blood agar; or
greyish in appearance when cultured on blood agar. H. pylori colonies look like motile curved

rods. H. pylori is positive to oxidase, catalase and urease tests.®
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1.15.2 Lewis antigens in H. pylori LPS

Cell envelope of H. pylori is composed of an inner membrane, a periplasm with
peptidoglycan and an outer membrane. The outer membrane is composed of phospholipids
and lipopolysaccharides (LPS). The phospholipid moiety contains cholesterol glucosides that
is very rare in bacteria. The LPS moiety consists of lipid A, core oligosaccharide and O-side
chain. The lipid A moiety of H. pylori LPS has low biological activity compared to lipid A

from other bacteria.>!

The O-side chain of H. pylori can be fucosylated and mimics Lewis
blood group antigens (Le* and Le”). The O antigen can also mimic other blood group
antigens.”®” O-polysaccharide side chains of H. pylori LPS that have been involved in
colonization and pathogenesis of H. pylori-related diseases.’®® Around 80-90% of H. pylori
strains express Type 2 chains such as Le™ and Le”, while the expression of Type 1 chain such
as Le* and Le® is common in Oriental or South American isolates. In H. pylori isolates from
Europe, Le* and Le” is the predominant expression. Some strains that lack of Lewis antigens
are disclosed in asymptomatic hosts. One study showed that infected with H. pylori expressing
Lewis antigen had more severe diseases that those people infected with H. pylori that did not
express Lewis antigen.’®® H. pylori strains with high Le* expression mediated through anti-Le*

antibodies to adhere on the host’s Le* gastric epithelium.’”

1.16 Colonization

Mucosal surface of the human stomach is the main habitat for H. pylori.*>

H. pylori is
also rarely found into the proximal duodenum or distal esophagus.’”’

After H. pylori is introduced into the human stomach, the process of colonization of

the gastric mucosa begins.>’> Some factors limit the colonization of the human gastric mucosa
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to other microorganisms; these include acidity, peristalsis, nutrient availability, immunity and

371

competing microorganisms. Unlike other microorganisms, H. pylori has different

characteristics such as urease, flagella, a particular shape and adhesins to colonize and to

infect the human gastric cells. >’

1.16.1 Flagella
Motility and chemotaxis allow the bacteria to detect nutrients and to reach niches to

4
37 In

colonize.’” The chemotactic motion using flagella is essential to H. pylori colonization.
a study with gnotobiotic piglets, the most motile strain of Campylobacter pylori was the most
virulent with a 100% infection rate, and the least motile strain was the least virulent, with an
infection rate of only17%.*"

H. pylori has a right-handed helical morphology with unipolar flagella. The flagellum
is composed of a basal part (which is embedded into the cell membrane and is made up of the
proteins required for rotation and chemotaxis) which contains the flagellar motor and hook
structure, the central filament, and a membranous sheath that envelops each filament.*’®

The filament is composed mainly of two proteins of similar molecular weight (around
53 kDa), and the amino acid composition of the two flagellins is 58% similar. The minor
flagellin, FlaB, is located proximal to the hook whereas FlaA forms the bulk and the rest of
the filament.>**”® The importance of these two flagellins has been studied. Gnotobiotic
piglets, inoculated with H. pylori strains lacking FlaA and FlaB do not colonize;

demonstrating that flagellins are important to full colonization of the stomach by H. pylori.

Colonization over 4 days is possible in the absence of one flagellin, but not both.>”®
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The flagellar hook is a flexible structure that binds the filament to the motor structure
in the basal body. The flagellar hook protein, FlaE, is larger than in other bacteria such as
Salmonella or E. coli.>”

The flagellum contains a sheath that protects the flagellar filaments against mechanical
and enzymatic digestion. The flagellar sheath is composed of proteins, phospholipids and
lipopolysaccharides (LPS). This flagellar sheath composition is also similar to that of the outer
membranes of bacteria, although some differences in protein and fatty acid composition were
noted.”® The flagellar motor is powered by proton force and H. pylori moves quickly at low
pH. H. pylori can evade the acidic periphery of the mucous layer into the gastric cells by
chemoattraction of substances. While urease neutralizes the gastric acid, it may also facilitate
the rotation of the flagellar motor.>”

H. pylori shows a chemotactic movement toward various compounds such as
glutamine, histidine, lysine, alanine, mucin, urea, sodium bicarbonate and sodium chloride.
Flagellar motility is regulated by different signal transduction proteins, referred to as the
“chemotaxis pathway”. The function of this pathway is to drive the bacteria into a safe
environment, away from harmful conditions. This migration involves a smooth and straight
swimming response, with some tumbles. Smooth swimming occurs when the flagella rotate
counterclockwise while the tumbles occur when the flagella rotate clockwise.*®'

Transduction of the signal from the receptors to the flagellar motor is achieved by four
different regulatory proteins: CheA, CheY, CheW, and CheZ. Chemotaxis pathway is
composed by a chemoreceptor bound to the protein CheW; in turn CheW bound to the CheA
histidine kinase sensor in the cytoplasm. CheA phosphorylates the regulator CheY.

Phosphorylated CheY (CheY-P) interacts with a protein called flagellar switch [methyl-
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accepting chemotaxis proteins (MCP)], switching the direction of movement the flagellum
from counterclockwise to clockwise. Chemotaxis helps H. pylori to arrive up at the mucosa

381,382

and to locate H. pylori in the antrum. Under alkaline conditions in the antrum (such as

when the infected person is taking a proton pump inhibitor), the flagellum drive the H. pylori

376

upwards to colonize the mucus of the gastric body.””” One recent study reported that FaaA

(flagella-associated autotransporter A) protein is localized to a sheath that overlies H. pylori

flagella. The absence of FaaA decreases motility and stability of the H. pylori flagella.**

1.16.2 Cag Pathogenicity and Vac A

Bacterial determinants also contribute to the disease appearance. H. pylori strain
factors may influence the pathogenicity of different H. pylori isolates. H. pylori strains can be
divided into types I and II. Type I express cagd and vacA. Type 1l strains do not express.
Virulent strains induce morphological changes, vacuolizations and successive degeneration.*®®

H. pylori gene cagA is a component of the Cag pathogenicity island (cagPAl). Several
genes inside this island encode other proteins such as adhesions and neutrophil activing
proteins.*®® The cagA (cytotoxin-associated gene A) gene is the most studied of the H. pylori
genes.””’ CagA leads to the development adenocarcinoma thought the derangement of cellular
architecture and signalling.*” The CagA protein is a highly immunogenic protein encoded by
the cagd gene.**® This gene is present in 50 to 70% of H. pylori strains.*' Patients infected
with CagA positive strains have a higher inflammatory response and at more risk of
developing peptic ulcer or gastric cancer in Western populations™”*° demonstrated the
association between H.pylori CagA positive strains and the risk for gastric cancer. CagA

positive H. pylori strains are more virulent and associated with higher grades of inflammation
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compared to CagA negative H. pylori strains.*® The cagA gene product, CagA, is translocated
into gastric epithelial cells and localizes to the inner surface of the plasma membrane, in
which it undergoes tyrosine phosphorylation at the Glu-Pro-Ile-Tyr-Ala (EPIYA) motif.*”
Phosphorylated CagA interacts with host signaling compounds which results in morphological
changes in the epithelial cells.*”"*”* CagPAI alters cell signaling, cell-cell junctions, host cell
polarity, and also stimulates gastric epithelial cells to secrete pro-inflammatory cytokines, for
example IL-8. It has been demonstrated that 15 genes on the cagPAl (cagd, cagc, virBll,
cagy, cagX, cagW, cagV, cagU, cagT, cagM, caglL, cagl, cagH, cagE, cagC) are crucial for H.
pylori to induce IL-8 production; in some H. pylori strains, cagA is also necessary.*’>**4"8

H. pylori has a single copy of the vacA (vacuolating cytotoxin A) gene encoding the
VacA proteins. VacA induce apoptosis in epithelial cells. TVacA protein has been proposed
to be a potent immunomodulatory toxin that targets the adopted immune system in order to
suppress the local immune response and prolong the outcome of infection.”'*** Around 50%
of all H. pylori strains secrete VacA and it is mostly associated with populations of northern

Europe, and Southeast Asia.*’”’ VacA and CagA might function together to acquire iron from

the host and establish a replicative environment.*’®

1.16.3 Urease

Urease (EC 3.5.1.5; urea amidohydrolase) production is essential for H. pylori to
survive in the acidic environment of the stomach.***** H. pylori produces large amounts of
urease; approximately 10-15% of H. pylori total proteins by weight, to neutralize its

environment.**® Urease has a low Michaelis constant (Km 0.17 to 0.48 mM) and a high
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maximum velocity, which indicate that it is an efficient catalyst for converting millimolar
concentrations of urea.””*"’

Urease hydrolyzes small amounts (~3 mM) of urea in the stomach to produce
ammonia and carbon dioxide, thereby neutralizing pH close to the gastric membrane for a
short period, allowing H. pylori to penetrate the gastric mucosa.*®’8>76-388

The enzymatic procedure is described as urease hydrolyses urea to produce ammonia
and carbamate. The latter products spontaneously decompose to yield another molecule of
ammonia and carbonic acid:

H,N-CO-NH; + H,O — NH; + H,N — C(O)OH
H,N- C(O)OH + 2H,0—NH; + H,CO:s

In aqueous solutions, the carbonic acid and ammonia (two molecules) are in
equilibrium with deprotonated and protonated forms. The effect is an increase in pH.*"’
H,CO3 <> H+ HCO5
2NH; + 2H,0 <> 2NH, " + 20H"

The neutralization of gastric acid by ammonia is produced by urea hydrolysis and
helps H. pylori to retain 50-60% of its metabolic activity at pH of 2.5. In the absence of the
urease, H. pylori only performs metabolic functions at pH 4.0-8.5. H. pylori can survive in
acidic pH only in presence of urea.**’

Urease production and motility of H. pylori are likely associated. Chemotactic activity
of the bacteria increases in response to urea and sodium bicarbonate as attractants. Urea is
synthesized in the liver and circulates in the blood stream, and through gastric capillaries into

the gastric lumen. Bicarbonates are secreted by the chloride-bicarbonate (CI-HCOys')

exchanger located in parietal cells and sodium ions are secreted by the sodium-proton (Na'-
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H") exchanger in the mucous cells. Urease and sodium bicarbonate play a chemotactic role in
a high-viscosity environment, since the cytoplasmic urease is more important for the
chemotactic motility of H. pylori under viscous conditions, and treatment with fluorodamide
(urease inhibitor) decreases the chemotactic motility to sodium bicarbonate under high-
viscosity conditions.***~**

Urease has a molecular mass of 540 Da, and is a nickel-containing hexameric enzyme
containing 2 main subunits, UreA (30 kDa) and UreB (62 kDa).>*'**'?" H. pylori urease gene
cluster encodes nine genes. Only seven of these genes are essential for urease expression and
functional activity: ured, ureB, urel, ureE, ureF, ureG and ureH. ureA and ureB encode the
urease structure. ureE, ureF, ureG and ureH encode accessory proteins for joining and
inserting Ni*™ to activate urease.””' 25231392393

urel increases permeability of the bacterial membrane to urea. Urea helps to maintain
the appropriate intracellular ammonia (NH3) concentration and to export any excess of

. . +
intracellular ammonium (NH,")*!-30%3313%2

H. pylori urease is located in the cytoplasm and
cell surface.” Urease in the outer membrane has the function of neutralizing the gastric acid,
whereas cytoplasmic urease hydrolyzes the urea produced from arginine. Ammonia produced
by cytoplasmic urease is used to produce the amino acid glutamine. Cytoplasmic urease is also
used to establish the proton gradient. Proton motion and redox potential from respiration are a
motor for flagella movement.’” Cytoplasmic urease activity is important to maintain neutral
conditions in which the organism can survive in spite of a harsh (low pH, high H"
concentration) intragastric environment.>*®

Each active site of the urease contains two-nickel ions. H. pylori has six active sites, so

it contains 12 nickel ions. Nickel is present in very low concentrations in human serum. To
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overcome this nickel limitation, H. pylori has developed at least two mechanisms for
obtaining nickel ions. The first mechanism is NixA, a protein located in its cytoplasmic
membrane which transports nickel ions. H. pylori by NixA transports Ni** from the outside
the cell across the membrane into the cytoplasm.’”> Mutation of the nixA gene results in a low
activity of urease, and also reduces colonization efficiency in a mouse model H. pylori
infection. The second mechanism is a putative nickel transport system which may be encoded
by the abcCD locus.***!

Urea produces ammonium ions which are not toxic to mucosal cells, however
hydroxide ions generated by the equilibrium between NH,4, NH; and water.>>* Urease
activity may also damage the gastric epithelium through its interaction with immune system

395

interaction.””” H. pylori can stimulate an oxidative burst in human neutrophils. When

neutrophils, H. pylori, and urea were incubated with rabbit fetal gastric mucosal cells;

cytotoxicity was observed due to the presence of shrunken gastric cells.””>>"’

1.16.4 Other enzymes

Besides urease, H. pylori secretes other enzyme, such as catalase, superoxide
dismutase (SOD) and protease to assist in the colonization of the gastric mucosa.’’® Catalase
protects H. pylori from neutrophilic attack. Catalase enzyme protects bacteria against the
damaging effects of hydrogen peroxide.”*® SOD mediate the attack by oxygen-dependent
mechanisms of phagocytes since this enzyme catalyzes the dismutation of superoxide to H,O,
348,399

(20, + 2H" — H,0, + 0,) which is subsequently remove for catalase and peroxidase.

The role of protease produced by H. pylori is to degrade gastric mucus.’’® H. pylori infection
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weakens the gastric mucosal defense by causing proteolytic digestion of mucin component of

the protective mucus layer.*”

1.17 Adhesins

To colonize gastric cells, H. pylori has moved across the gastric mucus must adhere to
membrane of gastric cells. This adhesin is a protein-carbohydrate interaction mediated by
proteins on the outer membrane of H. pylori binding to carbohydrate structures on the host
gastric cell surface.*"'

H. pylori genome (1.65 million bp) codes about 1500 proteins including approximately
4% of outer membrane proteins (OMP). Adhesins are OMP virulent factors that deliver toxins
into the gastric epithelium, help to colonize and maintain H. pylori infection, delivering toxins
into the gastric epithelium.”***** Several adhesins have been identified, including blood
antigen binding adhesion (BabA), sialic acid binding adhesion (SabA), adherence associated
lipoprotein (AlpA and AlpB), outer membrane inflammatory protein (OipA), HopaA and

HopZ.

1.17.1 BabA

Ilver et al. (1998) showed that 66% of 95 H. pylori isolates produced a surface-
associated protein. This protein is a 78 kDa adhesin on H. pylori that recognizes Lewis b
(Leb). This adhesion is designated as “blood group antigen binding adhesion” (BabA).*” The
function of BabA is to bind Le® antigen (the dominant antigen in the gastric mucosa), and to
fucosylate ABO blood group antigens such as O-Le®, A-Le®, or B-Le. #0440 Subsequent

analyses demonstrate two clones which encode two similar proteins, BabA and BabB, but
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only BabA has Le” binding ability.*”” There are two different BabA alleles, babA1 and babA2,
but only babA2 is functionally active in binding Le” antigen. The difference between babA 1
and babA2 is that bbAI lacks a 10 bp deletion in the signal peptide sequence that makes
babAl be inactive.*™

A mucous gel layer covers the gastric mucosa; mostly of mucins.*® Mucins are high
molecular glycosylated compounds that are synthesized by epithelial cells. Mucins act as a
physical barrier, and protect cells in the respiratory and gastrointestinal tracts.*”’” Human
mucins include 21 different types (MUC1 to MUC 21). These mucins are constituted by a
repeated sequence of amino acids (Proline-Threonine-Serine) as well as by a glucosylated
structure (GalNAc-O-linkages).””” The healthy human mucosa is constituted by MUCI,
MUC5AC and MUC6. MUCS5AC is composed of Le* and Le® blood group antigens; MUC6 is
associated with Le* and Le” antigens.**® H. pylori may be colonized with MUC5AC gastric
mucin. BabA mediates the binding of H. pylori binding to MUCS5AC, even in “non-secretors”,
i.e. those without Le”.**

Bacterial adhesive factors are recognized by the immune system. BabA-positive strains
have higher levels of IL-8 in the mucosa of infected patients. BabA also promotes expression
of sialyl-Lewis x/a.**®® In western countries, the prevalence of babA2-genopositivity of H.
pylori is relatively lower (from 38 to 43%). In contrast, in Japan, the prevalence of H. pylori
BabA strains is over 96%.*” Yamaoka (2008) analyzed geographically diverse patients by
immunoblot ar1alysis.404 A total of 150, 100, 150 and 120 strains from Colombia, the US,
Korea and Japan, respectively. All of the strains from Asia expressed BabA protein. Twenty-

four (9.8%) of the Western strains were BabA-negative and were associated with milder
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gastric damage and lower H. pylori infection rate.” More studies are needed since BabA

. . . . . . 410
increases the risk for cancer gastric precursor lesions and gastric adenocarcinoma.

1.17.2 SabA
In 2002, Mahdavi et al. reported another adhesin that adheres to sialated glycoproteins,

specifically to sialyl-Lewis-X/A (sLe* and sLe?).*!?

This protein is called SabA (sialic-acid
binding adhesion).”® The concentration of sialylated glyconjugates is very low in healthy
human mucosa. Severe gastric mucosa inflammation due to H. pylori infection produces
Lewis antigens (sLe® and sLe®). The minimal structure required for SabA binding is
NeuAco2-3Gal.*” SabA is not a universal gene among H. pylori isolates.*'? SabA is encoded
by sabA gene and is regulated by an on off switch,*'? suggesting that SabA expression can
respond to different conditions in the stomach or different regions in the stomach.*"’

SabA likely increases the inflammatory response to H. pylori and facilitates the
utilization of nutrients from damaged host cells.*'® The expression of SabA may be switched
off when the inflammatory response is too strong.*'?

Mahdavi et al. (2002) proposed that when there is chronic gastritis, H. pylori regulates
the inflammation process associated with sLe*/sLe” antigens in the host tissue. SabA binds
sLe*/sLe” glycosphingolipids. In some sites with inflammatory response including neutrophils
carrying sialytated carbohydrates on their surface, H. pylori might lose s-Le”* binding because
of “on/off” switching of SabA.*'?

SabA, unlike BabA, may mediate binding of H. pylori to sialylated carbohydrates on
neutrophils and erythrocytes to induce an oxidative burst in these cells causing oxidative

414

damage to the gastric epithelium.” ™ SabA is involved in the nonopsonic activation of human
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neutrophils, and is a virulent factor in the pathogenesis of H. pylori infection.*”® SabA
expression correlates inversely with the acidic environment of the stomach; H. pylori grown
under high acid conditions (pH 5.0) shows a dramatic decrease in SabA expression compared
to H. pylori grown at pH 7.0.*"

SabA-positive infection and high s-Le* cause a higher H. pylori load in the host
stomach. This effect is more remarkable in H. pylori with weak or lacking Le” expression.
SabA may induce serious gastric inflammation and expression of sLe*.*®

SabA production is also positively associated with gastric cancer, intestinal metaplasia
and corpus atrophy. SabA positive status is associated with decreased neutrophil infiltration.

SabA production is negatively associated with development of duodenal ulcer in patients from

the United States and Colombia.*"

1.18 Binding sites for H. pylori

Bacterial adherence to gastric cells of the target tissue is an important virulence factor of
H. pylori. Most microbial attachment sites on host cells are glycoconjugates. A number of
different techniques, such as hemoagglutination or hemoagglutination-inhibition, binding to
glycosphingolipids separated on thin-layer plates or in-situ analysis of the binding of H. pylori
to gastric epithelial cells, have been performed for elucidating carbohydrate receptors for H.
pylori.*”
Hemoagglutination (in vitro assay) has been performed to investigate the interaction of
H. pylori with red blood cells (RBC). In vivo, H. pylori is unlikely to interact with RBC.*'® H.

pylori has at least two kinds of hemoagglutinins, of which one binds an N-acetylneuraminic

part of receptors. The interaction is mediated by different sialic acid linkages to carbohydrate
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moieties of host glycoconjugates (a-2,3 or a-2,6). The second hemoagglutinin has a molecular
weight of 59 kDa and this interaction is sialic acid-independent, but the receptor is
unknown.*'®*!7

A TLC-immunostaining procedure with rabbit anti-H. pylori antiserum has been used
to characterize glycolipid receptors isolates from human gastric mucosa. Solid-phase overlay
has been able to demonstrate that gangliosides and sulfatides are receptors for H. pylori.*"

In-situ analysis, alternative animal models such as ferrets and non-human primates
which are naturally infected with closely related Helicobacter spp. as well as gnobiotic piglets
and dogs models which are experimentally infected with H. pylori have been used to study H.
pylori infection.*”” Sections of human gastric mucosa are also used to study carbohydrate-

protein adhesion of H. pylori infection.*”’ Single carbohydrates have been identified as

potential H. pylori carbohydrate receptors.

1.18.1 Sulfated carbohydrates.

Structure of sulfatides from human gastric mucosa was confirmed as SO3-3Galp1Cer
with a-hydroxy fatty acids. Sulfatides are present in all the regions of the stomach and
duodenum; the highest content of sulfatides is found in the antral mucosa. Saitoh et al. (1992)

demonstrated H. pylori binds sulfatides.**!

1.18.2 Lactosylceramide

A large number of bacteria express lactosylceramide specificity including H. pylori.

Lactose saccharide (GalP4Glcp) is recognized by the bacterial adhesin and the extension
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(ceramide) is tolerated for steric reasons, while in other molecules, the extensions make the
lactose inaccessible to bind.*”* Angstrom et al. (1998) found that a high percentage of
cholesterol (~40%) is required for maximal binding of H. pylori to lactosylceramide having
phytosphingosine and hydroxyl fatty acids, coupled to the low amount of incorporated

glycosphingolipid.**

1.18.3 Lactotetraosylceramide

Lactotetrasylceramide (Galp3GIlcNAcPB3GalB4Glcp1Cer) has been identified in human
meconium, normal human gastric mucosa and human gastric cancer tissue. An
immunohistochemical study using polyclonal antibodies binding to the GalB3GlcNac
sequence showed the presence of lactotetraosylceramide in the brush border of human
jejunum and ileum of blood group O-Le of non secretor individuals.*** Teneberg et al. (2002)
analyzed 74 H. pylori isolates and 65 H. pylori strains (88%) expressed the
lactotetraosylceramide binding specificity. H. pylori binding to lactotetraosylceramide was

inhibited by incubating H. pylori with free univalent lactotetraose but no with lactose.**

1.18.4 Galactosylceramide and glucosylceramide

Abul-Milh et al. (2001) reported that H. pylori binds galactosylceramide (GalBCer)
with sphingosine and both hydroxyl and non-hydroxy fatty acids. H. pylori bound
glucosylceramide and sphingosine and hydroxy fatty acids. Binding of H. pylori strains to
GlcpCer and LacCer glycoconjugates was very similar, which can indicate H. pylori
recognizes the internal glucose moiety of the GalB4Glcp1Cer. The galactose linked at the 4

position of glucose is likely accepted in the binding but not the binding epitope.**®
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1.18.5 NeoLacto carbohydrate chains

H. pylori also binds the neolacto (GalBaGlcNAcB) core structure, this bacterium
prefers binding carbohydrate chains with repetitive neolacto elements. Degradation of
sialylneolactohexasylceramide  (NeuGca3GalB4GIcNAcB3GalB4GlcNAcB3GalB4GlcB1Cer)
showed that the preferred binding epitope in this context is the GlcNacP3GalB4GIcNAcP
sequence. The terminal B3-linked GIcNAc can be exchanged for GaINAcB3, GalNAca3 or

Galo3 without loss of H. pylori binding.**’

1.18.6 Sialic acid-dependent binding

H. pylori sialic acid binding was initially discovered by hemoagglutinating activity in
1988.**® Hirmo et al., 1996 demonstrated that some H. pylori strains express sialic acid
binding adhesions. Some strains recognize oligosaccharides chains with terminal o-2,3- linked
sialic acids. Only one of fourteen H. pylori strains, that was studied, bind a-2,6-linked besides
a-2,3-linked sialic acids, although with 10-fold lower afﬁnity.429 Johansson et al. (1999)
investigated sialic acid dependent binding by H. pylori to polyglycosylceramides
(glycosphingolipids with branched poly N-acetyllactosamine cores and terminal structures
which are composed of unsubstituted N-acetyllactosamine, blood group determinants or sialic
acid) of human erythrocytes. They found that the binding is dependent on NeuSAca3 rather
than Neu5Aca6.*” Polyglycosylceramides (PGC) can constitute different epitopes to bind H.

pylori, although PGC are present in lower amounts in cells.*!
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1.18.7 Host Lewis antigens
Human Lewis antigens are polymorphic fucosylated glycoconjugates and are
biochemically associated with the ABO blood group.””” Human Lewis antigens are present in

279 The structure of human Lewis

many epithelial cells including those in gastric mucosa.
antigens is composed of two different backbones. The type 1 chain contains galactose (Gal)
and N-acetylglucosamine (GIcNAc) composed of Gal-f(1,3)-GlcNAc, which is also termed
N-acetyllactosamine (LacNAc); Lewis antigens give rise to Lewis a (Lea), sialyl-Le* and
Le"*®  The type 2 chain is composed of Gal-p(1,4)-GlcNAc, also termed N-acetyl-
lactosamine (LacNac); Lewis antigens give rise to Lewis x (Le"), sialyl-Le* and Lewis y
(L ey)'432

The terms secretor and non-secretor indicate the capacity of an individual to secrete
such substances. Secretors produce ABH, Le® and Le¥ and non-secretors produce Le* and Le*
in their saliva.**® In the human stomach, Le* and Le® are distributed on the surface of the
gastric epithelium. Le* and Le” are located deeper in the glands, such as mucous, chief and

parietal cells of the gastric glands. In non-secretors the surface and foveolar epithelia express

. 432
Le®, whereas in secretors Le® and Le” are expressed.®

1.18.8 Gangliosides

Effects of gangliosides on the hemoagglutinating activity of H. pylori have been
studied. GM3, GDla, GD1b and GM1, inhibited the erythrocytes agglutination by H. pylori.
Inhibition of hemagglutination by GM3 was 4-fold greater than that by GD1a ganglioside and

8-fold greater than that by GD1b and GM!1 gangliosides.** Hemoagglutination inhibitory
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effect tests are present in Table 1.9 and the inhibitory effect of gangliosides was abolished by

the removal of sialic acid is also shown.

Table 1.9 Gangliosides and asialogangliosides inhibit H. pylori adhesion to erythrocytes

Type of ganglioside Hemagglutination inhibition ratio

GM3 1:512
GM1 1:64
Asialo -GM3 and -GM1 1:8
GDla 1:128
GDI1b 1:64
Asialo -GD1a and -GD1b 1:4

Modified from reference 434.

Saitoh et al. (1992) found that GM3 is a receptor for H. pylori. Glycoconjugates are
abundant in the gastric mucosa and sialic-acid containing chains can be used as receptors for
the attachments of H. pylori to the gastric epithelium.*'

Hata et al. (2004) examined the inhibitory effect of milk gangliosides on H. pylori
adhesion on MKN-45 cells. GD3 inhibited H. pylori adhesion more significantly than GM3
and sulfatides.*

Bennett and Roberts (2005) identified a H. pylori protein that can be an outer
membrane protein to bind gangliosides. Recombinant HP0721 protein was expressed in E.
coli and binds different gangliosides. Binding was determined by TLC This protein shows
strong binding to GDla and GM3 moderate binding to GM1 and weak bindint to asialo
GM1.%°

Data on the distribution of gangliosides in human gastric mucosa show that the
gangliosides in the antral mucosa are higher than those in the fundus mucosa. The antral

amount of GM3 was found to be around 72% higher than that of the fundus (Table 1.10). The

74



difference in ganglioside content could explain why H. pylori prefers antral mucosa more than

4
fundus mucosa.**’

Table 1.10 Ganglioside content of human gastric mucosa (in pg/g of dry mucosa)

Ganglioside Gastric Mucosa
Species Fundus  Antrum

GM3 140 240
GD3 400 560
GMI1 200 280

MW yerage 2000 g/mol of gangliosides (modified from reference 437).

1.19 H. pylori-associated diseases

H. pylori has been recognized as the main cause of chronic gastritis and is associated
with the development of gastric carcinoma, peptic ulcer and mucosa-associated lymphoid
tissue (MALT lymphoma). Although the role of H. pylori infection is a causative factor for

many gastrointestinal diseases, questions remain for dyspepsia and GERD.

1.19.1 Gastritis
Inflammation of the gastric mucosa is called gastritis which can be grouped as acute or

1438351 Acute gastritis refers to the transient inflammation of the gastric

chronic gastritis.
mucosa.”’ Clinical symptoms of acute gastritis include heartburn or sour stomach, transient
gastric distress, vomiting, fullness, nausea and in some severe situations bleeding.3 87

Acute H. pylori gastritis can cause transient hypoclorhydria and can last for

440,351

months. Hypoclorhydria was also noted in asymptomatic subjects with H. pylori

. . ... 441
infection and gastritis.
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Chronic gastritis will develop in almost all individuals who are colonized with H.
pylori, 80% to 90% will never have symptoms or clinical disease.** Chronic gastritis is
identified by the absence of visible erosions and by the presence of chronic inflammatory

changes as atrophy of the glandular epithelium of the stomach.**’

H. pylori infection increases
levels of gastrin (hormone that regulates acid secretion). Effects of H. pylori on gastric acid
are likely mediated through somatostatin. Somatostatin (hormone that suppresses the release
of gastrin hormone) seems that is up or down regulated due to the severity and distribution of

442

H. pylori-associated inflammation.”™ Whether H. pylori is eradicated, gastrin levels return to

normal.**’

Atrophic gastritis is the endpoint of a chronic gastritis that is associated with H. pylori
infection.** Individuals with atrophic gastritis have a high risk for gastric cancer. About 10%
of the patients with moderate-severe atrophic gastritis will develop gastric malignancies into
7.8 years.* %

Gastric mucosal atrophy is defined as the loss of appropriate glands. When glands are
damaged by inflammatory response; these glands are replaced either by connective tissue or
by glandular structures in appropriate for location.****

Effects of H. pylori infection on gastric physiology are complex. H. pylori induces a
chronic, active inflammation in the mucosa releasing chemokines and cytokines such as
interleukin-8, tumour necrosis factor-a and interleukin-1p have a suppressive effect on parietal
cell function. This immune response cannot eradicate the organism and leads to persistent
gastric mucosal damage, secreting neutrophils, lymphocytes and plasma cells lead to

perpetuate the inflammatory state.******
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1.19.2 Peptic Ulcer

Gastric or duodenal ulcers (peptic ulcers as common name) are mucosal defects with a
minimum diameter of 0.5 c¢m, which penetrates through the muscularis mucosa.”' Gastric
ulcers mostly occur along the curvature of the stomach between the corpus and the antrum
mucosa.*” While duodenal ulcers occur in the duodenal bulb, which it is the site most
exposed to gastric acid.*"

H. pylori infection is present in all the subjects with duodenal ulcer and between 70%

and 85% of those with gastric ulcer.”*’*”'

Duodenal ulcers occur five times more frequently
than gastric ulcers. Duodenal ulcers affect people between 20 and 50 years of age; gastric
ulcers mainly occurs in individuals over 40 years old.*"

Peptic ulcer can damage one or all layers of the stomach or duodenum. In some cases,
peptic ulcers can penetrate the outer wall of the stomach or duodenum.”®’. Ulcer occurs where
mucosal inflammation is more severe.**’ In people with low acid secretion levels, this occurs
in the gastric transitional site between corpus and antrum, rising to gastric ulcer disease. If
acid production is normal to high, the most severe inflammation is located in the distal
stomach and proximal duodenum, rising to juxtapyloric and duodenal ulcer disease.***>"!

Clinical symptoms of peptic ulcer are discomfort and pain. Pain is manifested as
burning, gnawing or cramp-like and frequently occurs when the stomach is empty. Pain is
located in a site proximate to the pain middle of the epigastrium near the xiphoid and may
radiate below the costal margins, into the back.*** Another feature of peptic ulcer pain is that
the pain tends to recur for periods of weeks or months. During exacerbation, it occurs daily for
a period of several weeks and then resolves until the next recurrence. Pain is relieved by food

or antacids.*®’
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Complications of peptic ulcers include haemorrhage, obstruction and perforation.**’>*!

Haemorrhage is caused by bleeding from granulation tissue or from erosion of an ulcer into an
artery or vein. It occurs to 10-20% of persons with peptic ulcer.*® Bleeding may be severe or

be insidious, producing only occult blood in stool.”*’

Obstruction of blood flow is caused by
oedema, spasm or contraction of tissue and interference with the passage of gastric contents
through the pylorus or adjacent areas. A feeling of epigastric fullness and heaviness is
produced after meals; with severe obstruction and there is vomiting of undigested food.
Perforation of peptic ulcer develops in around 5% of subjects with peptic ulcers from the
anterior wall of the stomach and duodenum.’® Peptic ulcer perforation requires surgical
therapy.***

H. pylori is not the only cause of peptic ulcer disease; the other most common cause of
peptic ulcer is non-steroidal anti-inflammatory drug (NSAID) and aspirin.**?*"*! The
prevalence of gastric ulcers is between 10-20% and 2-5% prevalence of duodenal ulcers
among NSAID users. Aspirin is the most ulcerogenic of NSAIDS. Ulcers that are caused by
NSAID are dose-dependent, the risk dose is >325 mg/day.*** Pathogenesis of NSAID-induced

ulcers involves a mucosal injury and inhibition of prostaglandin synthesis. In some cases,

NSAID-induced gastric injury does not produce clinical manifestations.>®’

1.19.3 Dyspepsia

Dyspepsia is defined as epigastric or discomfort in the upper abdomen. Patients who
are analyzed by endoscopy for upper gastrointestinal symptoms with no abnormalities
detected are diagnosed with functional dyspepsia.*>' Clinical manifestations include anaemia,

vomiting, weight loss, dysphagia and previous history of peptic ulcer.*”' Those symptoms are
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present by 20 to 40% of the adult population at the western world. Some patients, from 30% to
60%, with functional dyspepsia have H. pylori infection.*?

The effect of H. pylori eradication on patients with dyspeptic symptoms is unclear. A
randomized controlled trial reported that after one year, the proportion of patients suffering
from dyspepsia is more that 80% after acid suppression therapy or H. pylori eradication.*”?

In contrast, Patchett et al. (1991) evaluated patients with dysfunctional dyspepsia at H.

pylori eradication after a follow-up of 5 years and demonstrated that patients were

asymptomatic.**

1.19.4 Gastric cancer
Gastric cancer is the second frequent cancer worldwide approximately one million new
. 4 . . .
diagnoses appear each year.*” Gastric cancer is more common in Japan, Europe, the

387455 Incidence of

Scandinavian countries, South and Central America, China and Korea.
gastric cancer is the most important risk factor in all geographic areas. H. pylori has been
classified as a class I human carcinogen by the International Agency for Research on Cancer
of the World Health Organization.

Gastric cancer begins with the acquisition of H. pylori and subsequent chronic active
gastritis, developing multifocal gastritis and intestinal metaplasia. H. pylori begins with a
sequential paradigm of gastric carcinogenesis that it has become known as Correa’s
cascade®**’

Chronic active nonatrophic gastritis is characterized by infiltration of the gastric

mucosa by lymphocytes, plasma cells and macrophages. Eosinophils and mast cells are

characteristics in this type of gastritis. Gastritis is called “active” when neutrophils are present.
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Neutrophils may form small aggregates and are prominent in the glandular necks; sometimes
neutrophiles form intraglandular microabscesses. This phase does not show loss of glands
(athrophy), so it is called nonatrophic gastritis. Active non-atrophic gastritis is located in the
corpus mucosa.*>°
Multifocal atrophic gastritis is the focal loss of glands (atrophy) and takes place in the
antrum-corpus junction. The mechanism of cell loss is related to effect of bacterial products
and the cytokine environment in the gastric mucosa. Fibrous tissue replaces the lost glands.
Loss of cell-cell cross-talk and fibrous stromal tissue controls the influx of blood borne stem
cells responsible for subsequent tissue changes.*°
In Intestinal metaplasia, the original glands and foveolar epithelium are replaced by cells
with intestinal phenotype. Metaplastic intestinal cells in the initial phases seem the small
intestinal mucosa: lined by eosinophilic absorptive enterocytes with a brush border.*® This
type of metaplasia has been named as small intestinal type due to its morphologic structure; or
type 1, based on mucin histochemistry.**® It reflects the fact that secrets the normal set of
digestive enzymes such as sucrose, trehalase and alkaline phosphatase.*”” Later, the
metaplastic cells lose their small intestinal phenotype in order to acquire morphologic
characteristic of the large intestine and are lined only by goblet cells of different sizes and
shapes. This type of metaplasia is called incomplete or colonic metaplasia and includes type 11
and type III. The mucin histochemistry reveals that MUC2 (absent in normal gastric mucosa)
1s positive in goblet cells in complete and incomplete intestinal metaplasia. MUCSAC 1is
absent in complete intestinal metaplasia and present in the incomplete type. MUCS6 is absent

in both types of intestinal metaplasia.*®
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Dysplasia is characterized by atypical changes in nuclear morphology and tissue structure.
The nuclei of the epithelium in dysplasia phase, are enlarged, hyperchromatic, irregular in
shape and devoid of polarity. The structure is irregular, frequently forming adenomas (tubular
structures) with irregular lumens.**®

Invasive cancer can be described as an abnormal organ composed of multiple diverse cell
types in several stages of differentiation and with different proliferative capacities.**
Recently, a population of cancer cells within tumours has been identified that serves to
provide of the cancer cells of the tumour, named “cancer stem cell.”**"*** All tumours are
adenocarcinomas present from mucus-secreting cells in the base of the gastric crypts. Between
50 and 60% of gastric cancers occur in the pyloric region or adjacent to the antrum.**

An important factor in the pathogenesis of H. pylori is the ability to produce an
inflammatory response. Proinflammatory cytokine IL-1f is regulated during H. pylori
infection.*®® E1-Omar (2001) found that IL-1p polymorphisms significantly increase the risk of
precancerous conditions.*®* TL-8 is another interleukin related with high risk of cancer. IL-8
functions as a key regulator for proliferation, angiogenesis and metastasis. Studies focus on
IL-8 represent a scenario for succeessing in the treatment of gastric cancer.*®

Gastric cancers are asymptomatic until the late phase. Clinical symptoms, when they

occur, are indigestion, anorexia, weight loss, vague epigastric pain, vomiting and an

abdominal mass.>®’
1.19.5 MALT lymphoma

In healthy humans, MALT (mucosa-associated lymphoid tissue) is found in the

intestine and is more common in the terminal ileum in the form of Peyer’s patches. The
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function of MALT is to protect the permeable membrane of the gastrointestinal tract. A
Peyer’s patch is an encapsulated nodular site of lymphoid tissue. Lymphoid follicle is the most
important component of a Peyer’s patch, which is composed of small B lymphoid cells.*”’ A.
pylori infection is associated with the accumulation of organized lymphoid tissue since
lymphoid follicles appear in the stomach after H. pylori infection. This accumulation of
lymphoid tissue in the stomach forms the soil form which low grade gastric MALToma
emerges. H. pylori negative subjects rarely have lymphoid tissue in their gastric mucosa.****!
Gastric MALT lymphoma is a B-cell lymphoma but results from chronic T-cell antigenic
stimulation.”® Gastric MALT lymphoma is less common than gastric carcinoma. MALT
lymphoma represents only 3% of all gastric tumours.***

MALT lymphoma may be associated with H. pylori infection. H. pylori is present in
the gastric mucosa of more that 90% of patients with gastric MALT lymphoma.*"'
Wotherspoon et al. (1991) observed that 92% patients with gastric MALT lymphoma were
infected with H. pylori.*”’

Incidence of MALT lymphoma associated with H. pylori infection affects only some
geographical regions. Feltre, Italy is a region with a high incidence of gastric lymphoma and a
high prevalence of gastritis related to H. pylori infection. In contrast, in some regions from
UK, H. pylori infection is very low and MALT lymphomas are uncommon.*'

H. pylori eradication can lead to a complete recovery in around 80% of cases of low
grade MALT lymphoma. High-grade lymphoma rarely returns after H. pylori treatment.**

MALT lymphomas progress very slowly. Clinical manifestations are very different rom

dyspepsia to vomiting and gastrointestinal bleeding. ***
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1.20 Treatment for H. pylori eradication

The purpose of H. pylori treatments is the eradication of the organism.*® A successful
H. pylori elimination must have cure rates >80% without severe side effects and with minimal
bacterial resistance.*®***>**> The most popular regimen is a triple therapy that consists of two
different antibiotics and a proton pump inhibitor (PPI) or ranitidine bismuth citrate. PPIL, such
as omeprazole or ezomeprazole, increases the effectiveness of some antibiotics because
luminal acidity affect it.****34 This treatment requires from 7 to 14 days for a successful H.
pylori eradication.®®* The combination of two or more antibiotics increases rates of cure and
reduces the risk of H. pylori resistance.”® The main antimicrobial agents used in these

therapies are amoxicillin, clarithromycin, metronidazole, tetracycline and bismuth.

1.20.1 First-line therapy

The Maastricht Consensus Conference recommended that first-line therapy be a legacy
therapy that consists of PPI-clarithromycin-amoxicillin taken twice a day for 7 to 14 days.
Metronidazole has been recommended to substitute clarithromycin, if the resistance to
clarithromycin exceeds 15-20%.**® Treatment with clarithromycin and metronidazole may
contribute to development of antibiotic resistance of H. pylori and other important bacterial
pathogens.”"** H. pylori resistance to amoxicillin has not been described.**

First-line therapy fails in approximately 20% of patients. Failures in first therapy have
been attributed to inadequate patient compliance, poor choice of regimen, inadequate duration
of treatment and the development of antibiotic resistance. A more effective second-therapy is

: 285,489.4
obviously needed. %48
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1.20.2 Second-line therapy

The failure of first line therapy is related to secondary antibiotic resistance. It is
recommended a quadruple therapy that includes bismuth in addition to the two antibiotics and
a PPL. An alternative is PPI, bismuth, tetracycline and metronidazole have has reported an
efficacy of 76% in patients who failed first-line therapy.**® This therapy has to be given for 10
days and taken four times daily or a 14 day therapy taken twice daily. The exact action of

bismuth is not clear, but H. pylori is susceptible to these compounds in vivo and in vitro.*"

1.20.3 Third-line therapy

Patients who fail both first-line and second-line therapy for H. pylori represent an
interesting challenge. The challenge is to treat the patient with two underused antimicrobials
such as ribafutin and furizoladone.**** Ribafutin is an antituberculous agent with low
minimum inhibitory concentration (MIC) for H. pylori.**** For H. pylori elimination, it must
be prescribed PPI, ribafutin (150 mg), amoxicillin (1g), twice at day for 14 days. Ribafutin
might increase resistance tuberculosis infection.*”> Furazolidone is a monoamine with broad
antibacterial activity that interferes with bacterial enzymes. H. pylori resistance to
furazolidone is rare.*”® Furazolidone-based therapy with amoxicillin and PPI eradicated 60%

of H. pylori infection.***

1.20.4 Sequential therapy
Sequential therapy has been suggested as an alternative treatment to first-line therapy.
This treatment reduces the bacterial load, which makes the presence of an existing small

population less resistant to antibiotics. A sequential treatment regimen uses PPI plus
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amoxicillin for 5 days subsequently clarithromycin (500 mg) and tinidazole (500 mg) for an
additional 5 days. During the first part of the therapy, amoxicillin weakens the bacteria cell
wall to prevent the formation of the channels that block clarithromycin from binding to the
bacterium and hence causes resistance to the antibiotic. H. pylori eradication levels have
succeeded in approximately 90% of patients. Sequential therapy has not been approved in the

United States.*”

1.20.5 Adverse effects

Adverse effects associated with H. pylori eradication treatment occur in up to 50% of
patients. At least 10% of patients stop treatment because of side effects.*”® Nausea is the most
common side effect and is related to most antibiotics. Metallic taste can occur with
metronidazole or clarithromycin use. Diarrhea is associated with all antibiotics, but it is more
common with amoxicillin. Tetracycline can induce a photosensitivity reaction. Bismuth salts

produce dark stools.*™

1.20.6 H. pylori resistance to antimicrobial agents

Antimicrobial resistance is the main cause of a H. pylori eradication failure.*”’” The
most commonly used antibiotics for eradication of H. pylori infection that present a well
studied mechanism of resistance are, clarithromycin, amoxicillin, metronidazole and
tetracycline.

Prevalence of clarithromycin resistance is between 20 and 25%.>** After a first-line
therapy failure with a treatment including clarithromycin; the prevalence of clarithromycin

resistance is very high, in the range of 60%.** In southern Europe, the prevalence of
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clarithromycin-resistant H. pylori strains in children is higher than in adults because in this
region the use of macrolides for other infections is common.*” Clarithromycin resistance is
caused by mutations of H. pylori 23S ribosomal RNA inside 50s ribosomal subunits.’”® These
mutations decrease the linkage of clarithromycin to H. pylori ribosomes which reduces or
prevents inhibition of protein expression.”" In Japan, the origin of clarithromycin resistance
starts in the pediatric, respiratory and otorhinolaryngology fields.’® Clarithromycin resistance
cannot be overcome by increasing the dose or duration of therapy.””!

Prevalence of H. pylori resistance to amoxicillin and to tetracycline is very low
(<1%).>” Except in Japan and South Korea where the resistance to tetracycline is around
5%.°* Amoxicillin inhibits the synthesis of the bacterial cell wall.*® The site of action of
tetracycline is the bacterial ribosome which interrupts protein biosynthesis of the bacteria.*

The prevalence rate of metronidazole resistance among H. pylori strains is high; in
developed countries; the prevalence of resistance ranges from 11 to 70% and in developing
countries is greater than 95%.%” The high resistance to metronidazole is associated with the
frequent use of metronidazole to treat parasitic infections such as giardiasis and amebiasis.*”
Metronidazole penetrates into the bacteria and the nitro group of its imidazole ring is reduced
to form derivative. The reduced product causes damage to the DNA and cell death.*”’
Alteration in the bacterial enzymes that is required to transform the toxic derivative results in
metronidazole resistance.’”> Metronidazole resistance can be partially overcome by increasing
the dose of metronidazole and the duration of treatment.™"

Ierardi et al. (2013) reported no ideal treatment to eradicate H. pylori infection since

antibiotic resistance is different among geographic regions. lerardi et al. (2013) suggested
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evaluating minimal and maximal values of resistance to different antibiotics for different

countries to identify the best therapy.506

1.20.7 H. pylori and probiotics

Probiotics are living microorganisms that help maintain normal gut flora and prevent
colonization by pathogens.*” Probiotics prevent infection from pathogens activating the host’s
immune system and competing with the probiotic bacteria with the pathogenic bacteria.>!
Probiotics could represent an adjunctive therapy to prevent or to decrease H. pylori

. . 4
colonization.”*7#%

Various mechanisms have been identified by which probiotics can inhibit H. pylori:=>"’
Non-immunological mechanisms. The intake of probiotics strengthens the gastric mucosal
barrier since probiotics produce antimicrobial agents that compete with H. pylori for adhesion
receptors. Probiotics also stimulate mucin production and stabilize the gut mucosal barrier.*”
Antimicrobial substances. Probiotics secrete antibacterial substances, such as lactate and
bactericins that can inhibit H. pylori growth. Lactobacilli are known to produce large amounts
of lactate (sometimes more than 10 mM). Lactate has been implicated as inhibitory factor in
vitro studies. Lactobacilli strains implicate in this bactericidal mechanism are Lactobacillus
acidophilus CRL 639, L. casei dairy starter; L. johnsonii Lla; L. salivarius WB 1004.°%

In the gastric mucosa, H. pylori adheres to epithelial cells through secretory
components.”” Some in vitro studies, L. johnsonii Lal, L. salivarius, L. acidophilis and W.

510-513

confusa inhibit attachment of H. pylori to intestinal HT-29 cells. or to MKN gastric cell

lines.”'**"® L. reuteri can inhibit the attachment of H. pylori to asialo-GM1 and sulfatide.”"*
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Animal studies have demonstrated that previous colonization by probiotics prevented H.pylori
infection in germ-free mice.

Mucosal barrier reduces mucus secretion and is frequently found in patients with H.
pylori-associated gastritis. H. pylori suppresses MUCI and MUCS5A gene expression in a
human gastric cell line.”?” In vitro, L. plantarum and L. rhamnosus increased the expression of
MUCS3 genes and the subsequent extracellular secretion of mucin by colon cell cultures.’'®
The inflammatory response to gastric H. pylori infection is characterized by the production of
various inflammatory mediators such as chemokines and cytokines. The immunologic
response by the host could be modified by probiotics. Probiotics could interact with the
epithelial cells and could modulate the secretion of anti-inflammatory cytokines that results in
a reduction of gastric inflammation.’'® In vitro, L. salivarius inhibited IL-8 release in H. pylori

infected gastric epithelial cells.’"

1.20.8 Probiotics as an adjunctive therapy

Probiotics could represent an alternative treatment as adjunctive therapy for H. pylori
elimination. Probiotics improve gastrointestinal adverse effects such as nausea, taste
disturbance, diarrhea and epigastric discomfort.*”> Therapy with probiotics co-administrated
with antibiotic-PPI treatment would improve H. pylori eradication rates. Lactic acid or other
antimicrobial substances secreted by probiotic bacteria could increase the potential of
antibiotic therapy.’”’

One hundred and twenty H. pylori positive patients randomly assigned to a 7 day
antibiotic-PPI therapy supplemented with a lyophilized culture of L. acidophilus increased

significantly the eradication of H. pylori from 72 to 87%.”'" However, results of 7 studies
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evaluating the effect of probiotics added to conventional antibiotic therapy are inconsistent
(Table 14). Four studies reported better eradication rates with probiotics, whereas the other 3
studies observed no effect. Limitations probably to account for the discrepant results include
the lack of placebo controls and the short duration of probiotics treatment. The frequency of
side effects was decreased by the administration of probiotics in 3 studies and 1 study found
no effect (Table 1.11). Administration of probiotics can decrease the frequency of diarrhea, a

frequent side effect of the triple therapy H. pylori elimination.

1.20.9 Other adjuvants

Lactoferrin is a natural antibacterial glycoprotein that is found in mammalian milk.
Lactoferrin possesses activity for gram negative bacteria, including H. pylori.*®® In a 1 week
triple-antibiotic regimen that supplemented with bovine lactoferrin was more efficient than did
the same regimen without lactoferrin. This suggests that lactoferrin administration with a
conventional therapy might represent a possible H. pylori eradication treatment.”**

N-acetylcysteine (NAC) is a mucolytic agent and a thiol-containing antioxidant. NAC
inhibited the growth of H. pylori in agar and broth susceptibility tests. NAC may alter the
establishment of H. pylori infection in the gastric mucus layer and mucosa.**

Other components have been studied for anti-H. pylori activity such as garlic has a
synergistic in vitro effect with omeprazole; honey and propolis since its phenolic constituents
were shown to inhibit H. pylori. Cranberry juice due to the sialic acid and sialyllactose that

has a specific adhesion of H. pylori to human gastric mucus is inhibited by a high molecular

constituent of this juice.’*’
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Table 1.11 Clinical trials using probiotics in association with antibiotics in the treatment of H.
pylori eradication

Subjects, n Eradication therapy Probiotics Results Results Reference
E.R. A.E.
Asymptomatic, Clarithromycin, L. casei for 2 No l 518
60 tinidazole, weeks effect
rabeprazole for 1
week
Dyspeptic Rabeprazole, L. acidophilus 1 No 517
adults, 120 clarithromycin, LB for 10 days effect
amoxicillin for 1
week
Dyspeptic Lansoprazole, L. acidophilus + 1 - 519
adults, 160 clarithromycin, B. lactis for 4
amoxicillin for 1 weeks
week
Asymptomatic Rabeprazole, L. rhamnosus, No ! 520
adults, 85 clarithromycin, S. boulardii effect
Tinidazole for 1 week  Lactobacillus
LAS
+ B. lactis ,
for 2 weeks
Duodenal ulcer, Amoxicilin, L. acidophilus 1 - 521
Dyspepsia, 84 Omeprazole, for 2
weeks
Symptomatic Clarythromycin, L. casei for 10 ) l 522
children, 86 amoxicillin, days
omeprazole for 1
week
Asymptomatic Clarythromycin for 2 L. johnsonii for 3 No - 523
adults, 52 weeks weeks effect

E.R.= Eradication Rate A.E.= Adverse effects
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CHAPTER II. Research Plan
2.1 Rationale

Cell membrane lipids consist of phospholipids, cholesterol and glycolipids such as
gangliosides. The content of these components varies with the cell cycle or age and in
response to a variety of stimuli or changes in environment and physiological state (for
example, with diet and in disease states).' A great deal of research has investigated how
alterations in diet phospholipid and cholesterol composition can change membrane lipid
composition. Much less is known about the ability of alterations in diet ganglioside
composition to alter membrane composition and function.

Dietary gangliosides are taken up by cells. For example: Caco2 cells were exposed to
GD?3 on the apical side or basolateral side and membrane ganglioside increased in content.”
Gangliosides are located and distributed in different sides of intestinal cells. GM3 is located
on the apical membrane domain while GD3 is located in the basolateral membrane domain.
Location of gangliosides might determine the role of the gangliosides.’

Membrane phospholipids might be affected for the metabolism of gangliosides.
Ceramide is a lipid mediator for the metabolism of sphingomyelin, glycosphingolipids and
sphingosine-1-phosphate. Sphingosine-1-phosphate can be degradated to
phosphoethanolamine and fatty acids.” Ganglioside increase in plasma membranes may affect
lipid mediators important for the synthesis of phospholipids.

Adhesion is mediated by bacterial surface glycoproteins to receptors of host gastric
epithelial cells. The receptors appeared to be carbohydrate residues of glycoconjugates on the
gastric cell membrane such as gangliosides.” The mucosal surface of the human stomach is the

main habitat for H. pylori.° After H. pylori is introduced into the human stomach, it starts the

135



process of colonization of the gastric mucosa.” Gangliosides act as receptors for H. pylori due
to gangliosides contain sialic acids which are a binding site for this bacterium.®’

H. pylori has different affinity for different ganglioside species. H. pylori adhesion to
MKN-45 cells (undifferentiated gastric cells) was inhibited by GD3, but not by GM3.” In
other study, GM3 has been recognized as a strong epitope for H. pylori.' Abul-Milh (2001)
reported that some H.pylori strains bind GM3 but no other glycosphingolipids.'® Tang et al.
(2001) reported the importance and requirement of ganglioside structure for H. pylori
adhesion to bind glycolipids consisting of both carbohydrate portions and ceramides with o-
hydroxyl fatty."

In vitro models provide a useful tool to study H. pylori adhesion assays, but these

%I which do not

studies were performed with undifferentiated gastric cells or colon cells
imitate the characteristics of the human stomach. A well-differentiated polarized gastric cell
line forming tight junctions (zonula-occludens-1), adherens junctions (E-cadherin, forming
monolayers, secreting mucus, pepsinogen and gastric lipase such as NCI-N87 cell line that
might provide more reliable information about H. pylori adhesion assays.'” There is no
information about alterations in ganglioside plasma membranes of gastric human epithelial
cells by dietary gangliosides (GD3 and GM3) as a nutritional strategy to prevent H. pylori
adhesion.

Colostrum, raw whole milk and powder buttermilk from cows have been recognized

for the abundance and contribution of gangliosides to the diet. *'*!>

However, the ganglioside
profile and ganglioside composition of milk products have not been fully analyzed by LC/MS

method. On the other hand, pasteurization remains the main method to preserve milk products.

Previous studies in human and bovine milk show no alteration of ganglioside content, but
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concentration was analyzed by TLC and colorimetric methods which are not very
accurate.'®!” Other analytical methods such as LC/MS may provide information about the

effects of pasteurization on ganglioside content and composition.

2.2 Hypothesis

Exogenous gangliosides will modify ganglioside content in human gastric epithelial
cells, which will alter H. pylori adhesion to human gastric cells. It is specifically
hypothesized that:
Hypothesis 1. Pasteurization treatment does not affect ganglioside content measured in whole
milk.
Hypothesis 2. Ganglioside profile will be different in the three different dairy products
analyzed (whole raw milk, colostrum, buttermilk).
Hypothesis 3. Human gastric epithelial cell membrane will be modified by GD3, GM3 and a
ganglioside mix enriched powder.
Hypothesis 4. Human gastric epithelial cell membranes enriched with GD3 and GM3 will
modify apical membrane domain and not the basolateral membrane domain
Hypothesis 5. Exogenous gangliosides will modify phospholipids (PC and PE) in human
gastric epithelial cells.
Hypothesis 6. Human gastric cells treated with a ganglioside mix enriched powder will
decrease H. pylori adhesion.
Hypothesis 7. Human gastric cells treated with purified GD3 ganglioside will reduce H.

pyvlori adhesion more than human gastric epithelial cells treated with GM3.
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2.3 Objectives

This research is conducted to determine if dietary gangliosides from milk modify the
ganglioside content in the apical membrane domain of human gastric epithelial cells. The
main focus of this study is to determine if dietary gangliosides from milk reduces H. pylori
adhesion to human gastric epithelium.

The particular objectives of this project research are to determine:
1. the composition of gangliosides from bovine whole raw milk, bovine colostrum and powder
buttermilk using LC/MS.
2. ganglioside content of the human gastric epithelial cell line (NCI-N87)
3. whether the alteration of GM3:GD3 ratio of the apical and basolateral membrane of human
gastric cell line can be modified by exogenous gangliosides.
4. the influence of dietary ganglioside on the composition and content of PC and PE.
5. whether adhesion of H. pylori decreases in GD3 and GM3-modified human gastric

epithelial cells.

2.4 References

1. Clandinin, M.T.; Field, C.J. Hargreaves, K.; Morson, L.; Zsigmond, E. (1985). Role of
diet fat in subcellar structure and function. Canadian Journa of Physiology and
Pharmacology, 63:94-106.

2. Schnabl, K.L.; Larcelet, M.; Thomson, A.B.; Clandinin, M.T. (2009). Uptake and fate
of ganglioside GD3 in human intestinal Caco-2 cells. The American Journal of Physiology:
Gastrointestinal and Liver Physiology, 2297(1):G52-G59.

3. Park, E.J.; Suh, M.; Ramanujam, K.; Steiner, K.; Begg, D.; Clandinin, M.T. (2005).
Diet-induced changes in membrane gangliosides in rat intestinal mucosa, plasma and brain.

Journal of Pediatric Gastroenterology and Nutrition, 40(4): 487-495.

4. Duan, R.D. Physiological functions and clinical implications of sphingolipids in the
gut. Journal of Digestive Diseases, 12(2):60-70.

138



5. Idota T & Kawakami H. (1995). Inhibitory effects of milk gangliosides on the
adhesion of Escherichia coli to human intestinal carcinoma cells. Bioscience, Biotechnology,
and Biochemistry, 59(1):69-72.

6. Hill, M. (1997). The microbiology of Helicobacter pylori. Biomedicine and
Pharmacotherapy, 51:151-153.

7. Andersen L.P. (2007) Colonization and Infection by Helicobacter pylori in Humans.
Helicobacter, 12(2): 12—15.

8. Saitoh, T.; Natomi, H.; Zhao, K.; Okozumi, K.; Sugano, K.; Iwamori, M.; Nagai, Y.
(1991). Identification of glycolipid receptors for Helicobacter pylori by TLC-immunostaining.
FEBs, 282(2): 385-387.

9. Hata, Y; Murakami, M.; Okabe, S. (2004). Glycoconjugates with NeuAc-NeuAc-Gal-
Glc are more effective at preventing adhesion of Helicobacter pylori to gastric epithelial cells
than glycoconjugates with NeuAc-Gal-Glc. Journal of physiology and Pharmacology. (55) 3:
607-625.

10. Saitoh, T.; Sugano, K.; Natomi, H.; Zhao, W.; Okuzumi, K.; Iwamori, M.; Yazaki, Y.
(1992). Glycosphingolipid receptors in human gastric mucosa for Helicobacter pylori.
European Journal of Gastroenterology & Hepatology, 4:5S49-S53.

11. Salcedo, J.; Barbera, R.; Matencio, E.; Alegria, A.; Lagarda, M.J. (2013). Gangliosides
and sialic acid effects upon newborn pathogenic bacteria adhesion: an in vitro study. Food
Chemistry, 136:726-734.

12. Basque, J.R.; Chénard, M.; Chailler, P.; Ménard, D. (2001). Gastric cancer cell lines as
models to study human digestive functions. Journal of Cellular Biochemistry, 81(2):241-251.

13.  Huang, R.T.C. (1973). Isolation and characterization of the gangliosides buttermilk.
Biochimica et Biophysica Acta, 306, 82—84.

14. Moore, K.H.; Ettinger, A.C.; Yokoyama, M.T. (2000). Variation in Ganglioside
Content of Bovine Dairy Products . Journal of Food Composition and Analysis, 13:783-790.

15. Pham, P.H.; Duffy, T.L.; Dmytrash, A.L.; Lien, V.W.; Thomson, A. B.; Clandinin,
M.T. (2011). Estimate of dietary ganglioside intake in a group of healthy Edmontonians based
on selected foods. Journal of Food Composition and Analysis, 24:1032—1037.

16. Ewaschuk, J.B.; Unger, S.; O'Connor, D.L.; Stone, D.; Harvey, S., Clandinin, M.T.;

Field, C.J. (2011). Effect of pasteurization on selected immune components of donated human
breast milk. Journal of Perinatology: 31:593-598.

139



17. Puente, R.; Garcia-Pardo, L.A.; Rueda, R.; Gil, A., Hueso, P. (1996). Seasonal
variations in the concentration of gangliosides and sialic acids in milk from different

mammalian species. International Dairy Journal, 6:315-322.

18. Abul-Milh, M.; Foster, D.B.; Lingwood, C.A. (2001). In vitro binding of Helicobacter
pylori to monohexosylceramides. Glycoconjugate Journal, 18: 253-260.

19.

FEBS Letters, 504(1-2):31-35.

Tang W, Seino K, Ito M, Konishi T, Senda H, Makuuchi M, Kojima N & Mizuochi T.
(2001). Requirement of ceramide for adhesion of Helicobacter pylori to glycosphingolipids.

140



CHAPTER III. Profiling gangliosides from milk dairy products using LC/MS

3.1 Introduction

Gangliosides are complex amphiphilic lipids associated with the plasma membrane of
mammalian cells and other biological membranes.'™ Gangliosides and all glycosphingolipids
are composed of a glycan moiety linked to a ceramide portion.” The distinguishing
characteristic of gangliosides is the presence of one or more sialic acid residues® within the
glycan chain. Gangliosides are divided into different classes based on the number of sialic
acids present; GM (mono-sialilated), GD (di-sialilated) GT (tri-sialilated).”® Further
classification is based on oligosaccharide chain length. The ceramide consists of N-
acylsphingosine in which the acyl residue is linked by an amide bond to a long-chain fatty

acid (Fig. 3.1).*’
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Figure 3.1 Schematic representation of GM3 and GD3. 1= glucose, 2=galactose, 3= sialic acid
(modified from 58).

The amphiphatic nature of milk gangliosides determines the biological function; the

hydrophobic ceramide determines how gangliosides are embedded in biological membranes

10,11

while the glycan moiety modulates various recognition and adhesion processes. In milk,

for example, gangliosides are linked to the milk fat globule membrane (MFGM) where the
ceramide portion is anchored into the membrane and the glycan moiety is interacting with the

12,13

external environment. Dietary milk gangliosides may promote intestinal immunity
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development in the neonate, growth of beneficial microflora such as Bifidobacteria and
suppress growth of pathogens such as E. coli. *'"'"* Gangliosides have been recognized as
regulators in signaling pathways,'” immunomodulators'® and modulators of ion channels.'’
Thus gangliosides represent a very interesting, although challenging, class of biomolecules
to study. Challenges in ganglioside analysis are due to high levels of variability in ceramide
composition (carbon number, degree of saturation) and carbohydrate core (number and nature
of saccharides) and also due to the relatively low abundance of gangliosides in biological
membranes. Conventional analysis involve the use of thin layer chromatography (TLC) and
high performance thin layer chromatography (HPTLC),'®" followed by colorometric methods
using-hydrochloric (HCI) acid or orcinol-sulfuric acid reagents which quantify total lipid
bound sialic acid (T-LBSA).”* These approaches are very time-consuming and do not

provide simultaneous information regarding ceramide or carbohydrate composition.

3.1.1 Methods of extraction

Methods for the extraction and separation of gangliosides from tissues and body fluids
are based on the use of solvents. Chloroform:methanol solvent system is the most common
first step to extract gangliosides. The second step is the use of a salt such as CaCl, to enhance
phase separation, to increase ganglioside yield and to minimize the loss of phospholipids in
the aqueous phase.” Folch et al. (1957) has been recognized as the first to extract gangliosides
from neural tissues. Some authors such as Suzuki (1964) and Svennerholm and Fredman
(1980) have modified the Folch method; however, the Folch method remains as the most
important due to simplicity. After Folch extraction, the use of reverse phase chromatography

is an option to remove contaminants. Solid phase extraction (SPE) using C18 Sep-Pak
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cartridges removes salts, water-contaminants and glucose which possibly remain after Folch
extraction.”!

Folch extraction has been recognized as a satisfactory and acceptable method to
analyze milk with different fat content.”>* Folch extraction inactivates lipolytic activity and
recovers phospholipids effectively.”> The simplicity of the Folch method is the separation of
total lipid extraction in two partition phases and the recovery of individual lipid classes.** The
upper phase or aqueous phase is composed of sphingolipids including cerebrosides and
gangliosides.”* Lactosylceramides and monohexosylceramides are in the organic phase.”
The Folch extraction method was modified by Timmen and Dimmick to extract lipids in
human and bovine milk.’**” Other methods such as Svennerholm and Fredman, 1980, also

involve modification of the the Folch-extraction procedure.”*”’

3.1.2 Ganglioside analysis by MS
An emerging tool in ganglioside analysis is mass spectrometry (MS). '*?*** An MS based
approach offers several key advantages, including sensitivity (>1 pg) and selectivity
(distinguising different species)."” MS based methods offer direct information on both the
ceramide and carbohydrate composition.”’ The application of gas-phase dissociation
experiments, such as collision induced dissociation (CID), can also provide structural
information. Using CID the position and anomeric configuration of the glycosidic linkages
can be determined.”
Although these MS-based approaches represent significant improvement in analysis of
gangliosides, some limitations remain. For example, the existing MS methodology is still

quite time-consuming, with long liquid chromatography (LC) runs prior to MS detection.
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Existing techniques require the use of expensive high resolution mass instruments, such as

2931
3T present a

Orbitrap or Fourier transform ion/cyclotron resonance mass spectrometers.
method for rapid profiling of gangliosides from various biological membranes using a low
resolution triple-quadrupole MS operating in multiple reaction monitoring mode (MRM).

In the MRM mode, the first quadrupole scans multiple masses of gangliosides selected
with precursor ion to pass (Fig. 3.2). In this case the precursor ion is one sialic acid (NeuSAc).
In the second quadrupole or collision cell, some fragmented ions are generated. Finally, the
third quadrupole is set to allow sialic acid to pass and to collect fragments. >

This method provides key advantages in terms of sensitivity, specificity and
quantitative analysis. Every aspect of the method was optimized for MS detection; this
included optimizing the extraction of gangliosides from dairy products and the LC separation
prior to MS analysis. This method was optimized using bovine whole milk, colostrum and
powder buttermilk as a source of gangliosides and is applied to evaluate the effect of the

pasteurization, decrease sample size, modify ganglioside extraction and detect the ganglioside

profile in these milk products.
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Figure 3.2. Illustration of MS operating in MRM. Quad 1 only target specific
ganglioside masses. Quad 2 or collision cell breaks ion 290 (Neu5Ac) apart by inert gas. Quad
3 monitors only characteristic ions from ion m/z 290 for detection (modified from reference 32).
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3.2 Materials and Methods

3.2.1 Materials. Bovine buttermilk powder (7% of fat) was provided by Parmalat (Toronto,
Ontario, Canada). Bovine buttermilk powder was reconstituted with Milli-Q water at 25%
(w/v). Fresh unpasteurized pooled whole milk (~3.5% of fat) and colostrum (~5.5% of fat)
was obtained from the University of Alberta Dairy Research Technology Centre from
Holstein cows. All LC/MS solvents were of LC/MS grade and solvents for ganglioside
extraction were ACS grade (Fisher Scientific Company, Ottawa, Ontario, Canada). Whole
milk samples were pasteurized in a preheated water bath at 63.7°C for 30 min for the low
temperature, long time (LTLT) pasteurization treatment (62°C for 30 min), and at 72.7°C for
15 s for the treatment of high temperature, short time (HTST) pasteurization. Both

pasteurization treatments were followed by cooling in a water bath (<5°C).

3.2.2 Ganglioside extraction and purification. Samples were extracted according to a Folch
method for extracting animal tissue lipids.*> This method consisted of a chloroform: methanol
(2:1, v/v) extraction with a solvent to aqueous ratio of 20:1. The mixture was homogenized
and shaken vigorously (20 min). After shaking, CaCl, (0.025%, w/v) was added to the mixture
followed by another 20 min of shaking. The solution was either left overnight at 4°C or
centrifuged to allow the phases to settle. The upper methanolic phase (aqueous phase) was
purified by SPE passing through Sep-Pak C18 cartridges. Prior to sample loading, cartridges
were prewashed with 5 mL of Milli-Q water, 5 mL of methanol, 5 mL of chloroform-
methanol (2:1, v/v), 5 mL of methanol and 5 mL of Milli-Q water. The aqueous phase was
passed through a prewashed Sep-Pak C18 cartridge and then washed with 10 mL of Milli-Q

water to remove salts. Gangliosides were eluted with 2 mL of methanol and 10 mL of
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chloroform-methanol (2:1, v/v),>* dried under N, gas, and re-dissolved with 500 uL of
methanol/water (1:1, v/v). To evaluate the optimal sample size for a MS-based approach, the
Folch method was applied to various milk aliquots, from 50 uL to 5 mL. The ratio of all
organic solvents to sample size was kept constant at 20:1. The necessity of the solid phase
cleanup was also evaluated, as direct injection of the aqueous phase phase was analyzed as

well as a reconstituted sample of the entire aqueous phase after drying under nitrogen.

3.2.3 Standard ganglioside preparation. Gangliosides were extracted from whole milk as
described by Jennemann and Wiegandt (1994).>> Nonhomogenized whole fresh milk was
centrifuged (Beckman Coulter Avant J-26XP centrifuge) at 6238 xg at 4°C. Methanol was
then added to the milk fat at a ratio of (2:1, w/v). This mixture was stirred for 15 min at room
temperature then centrifuged (Jouan CR422) at 1811 xg at 4°C. The supernatant was collected
and kept at 4°C. The pellet was extracted two more times with the same amount of methanol.
Gangliosides were extracted from the supernatants using a Folch extraction as described in the
previous section.

To separate gangliosides based on the degree of sialylation, TLC using silica gel G
plates (20x20 cm, 250 pm) (Analtech Inc., Newark, DE) was used. TLC plates were washed
with methanol, dried at room temperatura and washed with hexane. TLC plates were
activated by heating at 110°C for 60 min. Aqueous phase from Folch extraction was used to
prepare TLC plates. The solvent system used for TLC separation of individual gangliosides
was chloroform/methanol/28% ammonia/H,0 (60:35:7:3, by volume). Filter paper was
collocated in the walls of the standard separation chambers to balance the solvent.

Gangliosides were visualized using 8-anilino-1-naphthalene-sulfonic acid (ANSA) 0.1%.
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Bands containing gangliosides were excised and gangliosides were extracted from silica by
vortexing and sonicating in methanol. Tubes were centrifuged at 250 xg for 10 min and an
aliquot of supernatant was subjected to LC/MS analysis to confirm ganglioside identity. The
remaining supernatant was dried under nitrogen and subjected to quantitative analysis using
the resorcinol-HCI based assay.® The resorcinol-HCI based assay detects the sialic acid bonds
and produce a blue-violet color.*® The resorcinol-HCI based assay was used to quantify the

standards that will be use in LC/MS method.

3.2.4 High performance liquid chromatography. Prior to MS analysis, ganglioside extracts
were subjected to reverse-phase chromatography with a Poroshell 120 EC-C18 column (3.0 x
50 mm, 2.7 um particle size) using an Agilent 1260 Infinity LC system (Santa Clara, CA).
Two mobile phases were used; phase A was composed of a 50:50 water/isopropanol mixture
containing 5 mM ammonium acetate and 0.05% acetic acid, phase B consisted of 100%
methanol. A gradient elution consisting of an increase in mobile phase B from 70% to 95%
over 6 min was used, with a total LC run time of 12 min at a flow rate of 0.5 pL/min. The

retention time of the detected ganglioside species ranged from 3 to 9 min.

3.2.5 Mass spectrometry. All MS measurements were obtained using an Agilent 6430 Triple-
Quad LC/MS system (Santa Clara, CA) operating in negative ion mode. Deprotonated gas-
phase ions of various ganglioside species were obtained using electrospray ionization (ESI),
with the electrospray needle held at -4500 V. The MS was operated in multiple reaction
monitoring mode (MRM). A library of theoretical precursor ions was generated for over 600

gangliosides of specific ceramide and carbohydrate composition. The first quadruple mass
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filter was set to scan for these specific precursor ions, allowing each to sequentially pass into
the hexapole collision cell where ions were fragmented using CID. Gangliosides readily lose
a sialic acid moiety when subjected to CID, thus the second quadrupole mass filter was set to
only allow this characteristic fragment ion (m/z 290) to reach the detector. The CID and ion
source voltages for each ganglioside class (GM, GD, and GT) were optimized using the
Agilent Optimizer software. Data acquisition and analysis was carried out using the Agilent

Mass Hunter software package.

3.2.6 Ganglioside library screening. For each class of ganglioside (GM, GD, and GT), a
theoretical m/z library was generated in which the ceramide composition was varied in its’
extent of saturation and total carbon chain length. Ganglioside masses were calculated
assuming a sphingosine of d18:1 and d18:0 (prefix d indicates dihydroxy bases). The fatty
acid (FA) side chain was then varied from 10 to 26, and included the odd carbon FA species
19, 21, 23, and 25. The library also included mono- and polyunsaturated FA. For each
ganglioside of a specific carbohydrate composition, there were 52 variations on the ceramide
composition included in the library search. The library searched Neu5Ac, and different sugar
units (glucose, galactose, N-acetylgalactosamine following Fig. 1.6). Thus in total, the library
consisted of 624 gangliosides from 12 classes (GM1, GM2, GM3, GM4, GD1, GD2, GD3,

GD4, GT1, GT2, GT3, GT4).

3.2.7 Statistical analysis. Statistical analysis was performed using SPSS software (version

21). The effect of pasteurization of whole milk on ganglioside profile was determined via one-

way Analysis of Variance (ANOVA) and Tukey test. The effect of modifying ganglioside
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extraction was determined via repeated measures ANOVA with Tukey test. Data presented as

mean + SD and significance was established at P<0.05.

3.3 Results

3.3.1 Modifying sample size for a LC/MS based assay. A Folch extraction was performed
on a range of whole milk aliquots (5 mL, 250 pL, and 50 pL). After extraction, the dried
ganglioside extracts were dissolved in 500 pL of a 50/50 water/methanol solution and
analyzed by LC/MS to determine GM3 and GD3 content. In total, 25 GD3 and GM3 species
were detected with varying ceramide composition. MRM chromatograms for the 5 mL, 250
uL, and 50 pL milk aliquots were presented for a range of high and low abundant gangliosides
(Fig. 3.3). The high abundant gangliosides were detected in a 5 mL aliquot and also detected
in a 50 pL aliquot of milk, including the low abundant GM3 (C34,1). Thus the ganglioside
profile can be accurately obtained from 50 puL of whole milk. However, the optimum milk
sample size might be between 50 and 250 puL probably detecting many ganglioside species

with small volumes of sample and well-defined peaks.

3.3.2 Modifying ganglioside extraction for a LC/MS based assay. Whole milk was
extracted using three different protocols: a Folch extraction with sample cleanup on a solid
phase extraction (SPE) cartridge, a Folch extraction without SPE dried top aqueous phase, and
a Folch extraction followed by direct analysis of the top aqueous phase. The ganglioside
profile for the most abundant GD3 ganglioside is presented with these additional extraction
steps eliminated (Fig. 3.4). The relative amount of each specific ganglioside remains

unchanged, indicating that altering the extraction protocol does not alter the measured
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ganglioside profile. The highest ganglioside response was consistently obtained for samples

that were subjected to Folch without SPE (P<0.001).
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Figure 3.3 Illustrative MRM chromatograms for gangliosides of varying abundance in A) 5
mL, B) 250 puL, and C) 50 uL of bovine whole milk. Highly abundant ganglioside species are

still present at in 50 pL of bovine whole milk sample. C, indicates number of carbons and bonds
in ceramide portion.

3.3.3 Effect of pasteurization on the gangliosides profile of bovine whole milk. Two
common pasteurization methods were investigated; high temperature, short time (HTST)
pasteurization in which milk was heated to 72°C for 15-20 s, and low temperature, long time
(LTLT) pasteurization in which the milk is heated to 63°C for 30 min. Different gangliosides

species were scanned GM1, GM3, GD3, GDI1 and GT3 varying the ceramide portion, for
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analysis of 37 gangliosides species in total (Fig. 3.5). Both samples subjected to
pasteurization showed a high MS response. LTLT pasteurization increased MS response
compared to unpasteurized milk (P<0.05). MS response was 20% higher in LTLT pasteurized

milk samples than in HTST pasteurized milk samples.
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Figure 3.4 MS response for various GD3 gangliosides in bovine whole milk extracted with
different extraction protocols; a Folch extraction with sample cleanup on a solid phase
extraction (SPE) cartridge (BH), a Folch extraction without SPE (), and a Folch extraction
followed by direct analysis of the top aqueous phase (HM). Samples extracted without SPE
present higher amounts of ganglosides species than samples extracted with SPE (P<0.001).
Ganglioside species are present in the three different extraction protocols indicating samples
have not being altered. Data are expressed as mean+SD from 2 separated day milk collection,
and tested in triplicate. Significant difference in ganglioside level was found in the three
different extraction protocols. Different letters (a,b) indicate significant difference at P<0.001.

3.3.4 Comparing the ganglioside profile in various milk products. The LC/MS based
ganglioside assay was applied to measure the ganglioside profile in whole milk, colostrum and
buttermilk (Fig. 3.6). Samples were screened against the ganglioside library screening (>600

gangliosides species scanned). The relative amount of each ganglioside with respect to the
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total ganglioside response is indicated. This technique was able to detect 4 different classes of
gangliosides in whole milk (GM3, GD3, GT2, GT3); in buttermilk, 6 different gangliosides
classes (GD1, GD3, GM1, GM3, GT2, GT3); and in colostrum, 7 different ganglioside classes
(GD1, GD3, GM1, GM3, GT2, GT3, GT4) (Figure 3.6A). Within each class of ganglioside,
several species were identified with varying ceramide composition. Differences in saturation
within the ceramide results in ganglioside species with very similar m/z values. This study
presents a challenge when analyzing gangliosides. To aid in identification of gangliosides with
similar m/z values, the retention time on the C18 column was used. A linear relationship
between carbon number and retention time was observed, and as expected the degree of
saturation had a significant effect on the retention time (Appendix A), thus allowing

discrimination between gangliosides with similar m/z.

3.3.5 Determination of ceramide and fatty acid portion in various milk products.
There exists a wide range in ceramide composition within each ganglioside class. The MS
results for the three milk products is summarized in Fig. 3.7. In GD3, GM3 and GT3,
monounsaturated ceramide portion of gangliosides was the most abundant species in
buttermilk, milk and colostrum. Polyunsaturated ceramide portions are less than 10% for GD3
ganglioside. In GM3, polyunsaturated ceramide portions were only found in colostrum. In
GT3, small amounts of polyunsaturated portions were also found in the three milk products
Assuming a sphingosine composition of d18:0, the fatty acid carbon chain length can be
estimated for the three different dairy products (Fig. 3.8). Fatty acid chain containing from 10-
26 carbons were detected. Interestingly, GM3 species possessed shorter fatty acid carbon

chain (10-12) in the milk products when compared to GD3 and GT3 (14-26). In GM3, GD3
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and GT3, long fatty acid carbon chain are present in the three products. C16 fatty acid chain
are most abundant in GM3 for the three products. In GT3 and GD3, C22 fatty acid chain are

most abundant for the three products.
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Figure 3.5 Effect of different pasteurization methods on the ganglioside profile in bovine
whole milk as measured by LC/MS. Ganglioside profile is not altered by any pasteurization
method; however, ganglioside extraction improves with either pasteurization compared to no
pasteurized milk. Data are expressed as mean+SD from 2 separated day milk collection and
tested in quadruplicate. Significant difference was found between no pasteurization and LTLT
pasteurization treatment at P<(.05.
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3.3.6 Quantitative LC/MS based assay for profiling gangliosides. The total concentration
of gangliosides (GM3, GD3, GT3) in each milk product was 3.8 mg/L, 6.6 mg/L, and 30.5
mg/kg for milk, colostrum, and buttermilk, respectively (Table 3.1). GD3 was the most
abundant gangliosides in the three different dairy products. GD3 and GT3 are found in
aqueous phase (Table 3.2). GM3 is also found in aqueous phase, but large amounts (about 30-
50% of GM3) can be found in organic phase (Table 3.2). The organic phase also contains 1-

7% of total GD3 and 2.5% of total GT3.

Table 3.1. Comparison of ganglioside content in bovine whole milk, buttermilk and colostrum

Ganglioside Colostrum Whole Milk Buttermilk
species (mg/L) (mg/L) (mg/kg)
GD3 4.54+0.64 3.17+0.58 26.8+2
GM3 0.35+0.023 0.01+0.005 0.71+0.124
GT3 1.75+0.217 0.67+0.144 3.3+40.484

Data are expressed as mean + SD from 2 separated day milk collection and tested in
quadruplicate.

Table 3.2 Comparison of ganglioside content from aqueous and organic phase of Folch
extraction in bovine whole milk, buttermilk and colostrum

Ganglioside Colostrum (mg/L) Whole Milk (mg/L) Buttermilk (mg/kg)
Species A.P. O.P. A.P. O.L. A.P. O.P.

GD3 4.2294+0.647  0.315 +080 3.133+0.580  0.033+0.011 24.8+2.5 2.04+0.03

GM3 0.251+0.034  0.100+0.011 0.009+0.003  0.003+0.001 0.36+0.05 0.35+0.16
GT3 1.706+0.208  0.048+0.005 0.67+0.144 N.D. 3.3+0.48 N.D.

Data are expressed as mean + SD from 2 separated day milk collection and tested in
quadruplicate. Aqueous phase (A.P.) and Organic phase (O.P.) obtained of Folch Extraction
were quantified separately. B.L. constituted were re-Folch two times more. N.D.=Not
detected.

3.4 Discussion
Conventional ganglioside analysis by TLC or HPTLC requires large quantities of

starting material, resulting in a lengthy extraction that consumes large volumes of organic
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solvent. A typical Folch extraction of gangliosides in whole milk requires 5 mL of milk,
generates 200 mL of solvent waste and takes over 24 h. A key advantage to an LC/MS based
approach is sensitivity. Thus, the ganglioside extraction protocol was optimized to take
advantage of this feature by reducing milk simple to 50 pL.

Decreasing the initial sample size yields benefits in terms of speed and decreased
solvent waste. Other common and time consuming steps in ganglioside extraction include
solid phase extraction and drying samples under nitrogen. Eliminating these steps would yield
significant gains in terms of speed of analysis. Eliminating the solid phase extraction step also
improves the analysis in terms of time and cost. Drying the entire Folch aqueous phase under
nitrogen gave a statistically significant higher response than the other (P<0.001). Direct
injection of the aqueous phase without drying gave an identical ganglioside profile and was
comparable to samples extracted with a solid phase extraction step. This indicates that for a
rapid evaluation of ganglioside profile, a direct injection of the Folch aqueous phase is
sufficient. Thus the lengthy drying step can be eliminated if sensitivity is not critical. In
summary, in comparison to conventional ganglioside extraction protocols, the sample size has
been decreased from 5 mL to 50 pL, the solvent waste has been decreased from 200 mL to 1
mL and speed of analysis has been increased from days to hours.

Considering that pasteurization is a ubiquitous processing step in the preparation of
commercial milk, the effect of temperature on ganglioside profile was also investigated.
Neither pasteurization method altered the ganglioside profile in any pasteurized milk sample
compared to unpasteurized milk sample. The MS response for the gangliosides increased in
pasteurized milk samples when compared to the untreated milk sample. Thus pasteurizing of

milk samples prior to analysis does not alter the ganglioside profile, but appears to improve
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the extraction of gangliosides. Puente et al. (1996) studied the effect of heat treatment on
bovine milk gangliosides content analyzed by HPTLC analysis and reported the bovine milk
ganglioside content was not affected after heating bovine’s milk during 65°C for 30 s.**
Ewaschuk et al. (2011) studied the impact of pasteurization of gangliosides on human milk by
HPTLC. Human milk samples pasteurized at 62.5°C for 30 min were not altered in
ganglioside content.*

40,41,42
7 Evers

The present results agree with previous studies of other milk components.
(2004) suggested the loss of glycosphingolipids on the MFGM since Bandyopadhyay et al.
(1975) reported a remarkable decrease of sialic acids content on the MFGM on pasteurized
buffalo milk at 63°C for 30 min.***' Fatty acid composition and content was studied on milk
sub-products. Progressive heat treatment altered the content of total saturated and unsaturated
fatty acids.*” Heat treatment would affect the stability of MFGM disordering the membrane
increasing extraction of the gangliosides by Folch extraction, but not altering ganglioside
profile extracted.

Consistent with the literature, GD3 was found to be the most abundant ganglioside class in
whole milk, accounting for over 80% of ganglioside measured. The next abundant
gangliosides were GT3 (15%) and GM3 (2.5%). GD3, GM3 and GT3 represent 80-90% of the
total ganglioside content in whole bovine milk, while GD3 is the major ganglioside
representing 60-70%"** or 85% as reported by Laegreid, Oatness and Fuglesang (1986).**
GM1, GM2 (2-6%), GD1 and GD2 have also been reported as ganglioside species in whole
milk.">*** Twamori et al. (2008) reported the presence of GM1, GM2, GM3, GD3, GT3 and

others unspecified species.* Pan et al. (2000) found only four ganglioside species (GM3, GD3

and two unkown gangliosides) in bovine’s milk.*®
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In colostrum samples, which are reported to have a different and quite variable
ganglioside profile compared to whole milk,* the GM3 and GT3 gangliosides were more
abundant, accounting for 12% and 19% of the total ganglioside, respectively. GD3 constitutes
55% of total ganglioside content. GD3 is the major ganglioside in whole milk even though
GD3 content decreases from the beginning of lactation to the fifth day of lactation.” GM3
increases from the first and fifth day of lactation and GT3 is higher the first day of lactation
and decreases.®

The ganglioside profile of buttermilk was, similar to whole milk, with GD3 accounting
for 90% of total gangliosides, followed by GM3 (3%) and GT3 (4%). In terms of GD3
abundance, buttermilk yielded the highest response followed by colostrum and whole milk
samples. Huang (1973) reported that buttermilk is an enriched source of gangliosides due to
the content of milk fat globule membrane where gangliosides are mainly found in milk.*’
Takamizaka et al. (1986) found seven undefined ganglioside species in buttermilk.” GD3,
GM3 and GT3 are detectable by TLC and represent 80-85% of the total gangliosides
present.“g'50

In conventional TLC analysis, TLC bands are extracted and analyzed by an additional
method, typically by GC, to obtain information regarding the ceramide moiety. This procedure
also requires sample derivatization and thus significantly increases analysis time and potential
losses. A unique feature of an MS based approach to ganglioside analysis is the capability to
obtain simultaneous information regarding ganglioside class and ceramide composition.

The high abundance of ceramides in bovine whole milk, buttermilk and colostrum
containing an odd number of carbon atoms in the fatty acid chain. Although not typically

present in humans, odd chain fatty acids are abundant in ruminant fats.’'>® Huang (1973)
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reported that buttermilk contains large amounts of large carbon chains (C22-C24) of fatty
acids which indicates that there are no metabolic pathways to convert ceramide portions of
milk gangliosides in cow’s to other sphingolipids as in neuronal sphingolipids.*’ Hauttecoeur
et al. (1985) found two different GD3 species distinguishable by the ceramide portion in
buttermilk.®® One species containing C22-C25 long chain fatty acids and a equimolar
proportion of C16:0 and C18:0 sphingosine bases. The second species contained mainly fatty
acids C16:0 and C18:0 sphingosine base. Ren et al. (1992) also found even number of fatty
acid carbon chains from C14-C20 and odd number of long fatty acid carbon chains from C21-
C25 in buttermilk.* Beermann et al. (2003) reported different fatty acid chains from C6-
C25.>* Bode et al. (2003) reported C23 fatty acid as the predominant fatty acid in GD3 and
GM3 in bovine milk and other long chain fatty acids from C21-C25 are present in larger
amounts.>> Stage of lactation affects the fatty acid composition. Short chain fatty acids have
been detected in small amounts in the early stage of lactation.” It has been suggested that
short chain fatty acids are biosynthesized in the mammary gland while long chain fatty acids
are coming from circulating lipoproteins. *°

Comparing the relative MS signal does not necessarily reflect the true abundance of
gangliosides in the sample of interest due to differences in MS response factors within various
ganglioside classes. A quantitative LC/MS assay is needed to obtain absolute abundances for
gangliosides measured and to obtain a more accurate ganglioside profile. This analysis
requires ganglioside standards corresponding to each ganglioside class. Ideally, standards with
identical sialic acid content, carbohydrate core, and ceramide composition would be analyzed
with the samples at a range of concentrations. Given the heterogeneity in ganglioside

composition, this is not feasible due to cost and lack of commercial availability of ganglioside
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standards. For gangliosides, difference in number of sialic acids has been shown to be the
most important factor affecting the MS response.*® This difference in MS response is due to
the effect of the negatively charged sialic acid residue on ionization efficiency in negative
mode ESI. The carbohydrate core is also expected to play a significant role in determining
response.

GM3, GD3 and GT3 values are consistent with literature values, but the amount of
GM3 compared to GT3 differed. GM3 is consistently reported as the second most abundant
ganglioside in milk products, whereas GT3 is the second most abundant species in this study
(Table 3.1). A range of ganglioside values is reported in bovine milk, perhaps due to
biological variability, extraction procedures and differences in analytical methodology used.
Another potential reason for lower GM3 values is the propensity of GM3 to partition in the
Folch organic phase. To investigate this partition the organic phase of the Folch extraction
was subjected to a second Folch extraction. These values are also provided (Table 3.2). The
organic Folch phase contains 30-50% of GM3, while containing only 1-7% of GD3 and 2.5%
of GT3. Further Folch extractions of the organic phase yields more GM3, but with less
abundance.

This method can be performed to analyze gangliosides in biological systems such as
food and cells. This method developed can be used for a routine analysis since the method

provides rapid results, saving solvent waste and utilizing a minimum amount of sample
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CHAPTER 1V. Exogenous gangliosides alter ganglioside content of apical and
basolateral membrane domains in human gastric epithelial cells
4.1 Introduction

Gangliosides are a subclass of glycosphingolipids containing at least one sialic acid
moiety.' Gangliosides are inserted in the plasma membrane of mammalian cells.' Distribution,
location and functionality is determined by the number and configuration of sugar units and
sialic acid molecules.”

Exogenous gangliosides are incorporated from diet into plasma membrane.’
Incorporation of exogenous gangliosides has been studied by adding gangliosides into culture
media of a diversity of cell lines such as pituitary tumor cells,” MDCK cells,” cerebellar
granule cells,”’ neuroblastomas and gliomas,® astrocytes,” hippocampal neurons,' chick
neurons, ' fibroblasts,'>" blood cells,'* leukemic and non leukemic lymphocytes,"> HeLa
cells,'® and intestinal cells.'” Studies of incorporation of gangliosides into cells demonstrate
exogenous ganglioside catabolism and catabolic intermediates,'® utilization and recycling of
catabolic  intermediates  (lactosylceramide, glucosylceramide, ceramide),*'®  dietary
ganglioside precursors of new gangliosides,® factors affecting ganglioside uptake (time,
concentration of gangliosides, presence of serum, temperature, pH)," different fates of
gangliosides,'” and protein carriers mediating ganglioside uptake.'***

Gangliosides have structural roles since ceramides, present in gangliosides, influence
the structure of membrane rafts and caveolae.”* Gangliosides are also involved in functional
roles. GM3 is the main ganglioside of the human body, a component of all non-neuronal

25,26

cells”"” and regulates ganglioside content in cells as GM3 is a precursor for all more complex

gangliosides.”” GM3 is formed by sialyltransferase Ior SAT I (GM3 synthase, ST I) . GM3 is
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converted to GD3 by GD3 synthase (ST8Sia I or SAT II) for the addition of one sialic acid
moiety to GD3.”® GD3 is a disialoganglioside, precursor of b- and c-ganglioside series.”’°
Degradation of gangliosides is a sequential removal of sugar moieties. Exohydrolases remove

carbohydrates from the hydrophilic end of the ceramide core.’'*

The first step is degradation
of the sialic acid terminal residue in the polysialogangliosides31 (Fig. 4.1). Transformation of
polysialogangliosides by the corresponding sialidase occurs in order to form
monosialogangliosides.*> GD3 ganglioside can be converted to GM3 ganglioside by
neuraminidase I (neu-ase I).”’

GM3 is involved in modulation of cell proliferation, cell adhesion, cell recognition,
apoptosis.”’”>* GM3 inhibits growth of tumors by controlling expression of factors and altering

the cell cycle.”’?>°

GM3 regulates activity of certain cell receptors such as fibronectin,
integrins and selectins.’’ GM3 is involved in signal transduction processes. GM3 is a main
component of detergent insoluble glycosphingolipid enriched microdomains (DIGEM) and
GM3 is related to transducer molecules such as protein receptor-associated kinases.”® GM3 is
also involved in cell adhesion functions since GM3 increases interaction among cells and the

extracellular matrix.?’

a- series b - series c-series
Neu-ase | T Neu-ase | T Neu-ase |
) <€ <
LacCer —_— GM3 —_ GD3 —_ GT3
SAT | SAT I SAT I
T lGaI-ase
Sphingosine
—> —
GlcCer — Cer ;
Fatty acid

Figure 4.1 Schematic diagram of ganglioside metabolic pathway (modified from reference 4,33).
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GD3 regulates cell proliferation, apoptotic mediators, cell adhesion, anti-inflammatory
mediators and suppressor of pro-inflammatory signals in intestine.****** GD3 is present in
high amounts during development, specially in embryonic brains but decreases after birth.”**
In some pathological conditions GD3 is overexpressed such as in tumor cells and
artherosclerosis.”” GD3 is present in lower amounts in normal tissues except for placenta and
thymus.”***> GD3 has been related to cell death.*> Changes in the mitochondria is a main
step for cell death. Mitochondria are the target for intracellular GD3 which releases
apoptogenic factors such as ROS, cytochrome c, caspase activation and changes in the
mitochondrial potential.******” GD3 might be an extracellular regulator for anti-inflammatory
processes.*® GD3 also has roles in cell growth and proliferation. Membrane GD3 improves
cell permeability to ions and metabolites.* GD3 is crucial in cell signalling since GD3
regulates the Src-Family kinase which is important for brain development and function.*

In human stomach, GD3 and GM3 are the main gangliosides.’’”' GM3 is significant
higher in antrum mucosa than in fundus mucosa.”’ Natomi et al. (1990) evaluated the
ganglioside content in human gastric mucosa in fundic and antral mucosa and found that GM3
and GD3 are the most abundant gangliosides using a TLC method.”' Keranen (1975) reported
the presence of GM3, GM2, GD3, GM1, GDla, GD1b, GT1 and two unknown ganglioside
species were determined by GC-MS. *°

The ability of gastric cells to take up GM3 and GD3 has not been addressed. NCI-N87
cell line is recognized as an excellent model for gastric studies.””> NCI-N87 forms tight
monolayers secreting E-cadherin and zonula occludens-1 (ZO-1), expressing gastric
zymogens, secreting pepsinogen and gastric lipase, expressing mucin-6 glycoprotein and is

permeable to gastric drugs.”*>*
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The present research was designed to determine whether exogenous ganglioside
increases the content of individual gangliosides and phospholipids [phosphatidylcholine (PC)
and phosphatidylethanolamine (PE)] in human gastric epithelial cells when NCI-N87 cell line
was modified using different concentrations of ganglioside treatments. The objective of this
research was also to determine if dietary gangliosides induce changes in the apical and

basolateral membrane domain of NCI-N87 human gastric cell line.

4.2 Materials and Methods

4.2.1 Materials. Ganglioside mix enriched powder was obtained from Fonterra (Cambridge,
New Zealand; average molecular weight 1,542 g/mol, GD3 91%, GM3 4.5%, GT3 2.5%,
GM1 1%, GDI1 0.5%, GT2 0.5%). All cell culture flasks were purchased from Costar
(Cambridge, MA). Trypsin-EDTA (0.025%), Fetal Bovine Serum (FBS), AB-human serum,
penicillin (10,000 units/mL), trypan blue (0.04%) streptomycin (10,000 ng/mL), RPMI-1640,
IM HEPES, 100 mM sodium pyruvate were ordered from Gibco (Life Technologies,
Burlington, ON, Canada). LC/MS solvents were of LC/MS grade and solvents for ganglioside

extraction were ACS grade (Fisher Scientific Company, Ottawa, ON, Canada).

4.2.2 Cell culture. NCI-N87 [NCI-N87] (ATCC® CRL-5822™ cell line) were grown under

humidified atmosphere, 5% CO,, and 37°C. Cells were grown for passages 23-32 as adherent
monolayers in T-flasks and cultured in RPMI-1640 supplemented with 5% (v/v) FBS heat
inactivated, 2% (v/v) AB-human serum, 2.5 g/L glucose, 1.5 g/L sodium bicarbonate, 10 mM
HEPES, 1 mM sodium pyruvate, 1% penicillin-streptomycin. Medium was changed every 2-3

days. Cell number and cell viability was estimated with a hemocytometer by the trypan blue
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exclusion method. Trypan blue exclusion method is based on live cells have intact plasma
membranes and do not take up certain dyes such as trypan blue. In dead cells, trypan blue

penetrates damaged plasma membranes and appear blue under microscope.

4.2.3 Purification of gangliosides. Total lipids were extracted from a ganglioside mix
enriched powder by a Folch extraction.” Ganglioside mix enriched powder (35 g) was
dissolved in 700 mL chloroform-methanol 2:1 (v/v). This solution was shaken vigorously on a
shaker for 30 min. After shaking, 210 mL of 0.025% CaCl, was added and this solution was
shaken vigorously on a shaker for 30 min. The solution was left 48 h at 4°C. The upper
aqueous phase was purified by solid phase extraction (SPE) passing through Sep-Pak C18
cartridges (Waters Corporation, Milford, MA). Prior to sample loading, cartridges were
prewashed with 5 mL of Milli-Q water, 5 mL of methanol, 5 mL of chloroform-methanol (2:1,
v/v), 5 mL of methanol and 5 mL of Milli-Q water. Aliquots of 50 mL of the aqueous phase
were passed through a prewashed Sep-Pak C18 cartridge and then washed with 10 mL of
Milli-Q water to remove salts. Gangliosides were eluted with 2 mL of methanol and 10 mL of
chloroform-methanol (2:1, v/v), dried under nitrogen gas. This extraction was used for

ganglioside mix treatment and for GM3 and GD3 separation.

4.2.4 Gangliosides separation. GM3 and GD3 ganglioside species used to treat cells were
obtained by TLC. TLC silica gel G plates (20x10 cm, 1000 pm) (Analtech Inc., Newark, DE)
were used to separate individual gangliosides based on the degree of sialylation. TLC plates
were washed with methanol, dried at room temperature and washed again with hexane. TLC

plates were activated by heating at 110°C for 60 min. The solvent system used for TLC
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separation of individual gangliosides was chroloform/methanol/28% (w/v) ammonia/H,O
(60:35:7:3, by volume). Standard separation chambers were used. Gangliosides were
visualized using 8-anilino-1-naphthalene-sulfonic acid (ANSA) 0.1%. Bands containing
gangliosides were removed and gangliosides were extracted from silica by vortexing and
sonicating in methanol. Tubes were centrifuged for 10 min at 800 xg and an aliquot of
supernatant was subjected to LC/MS analysis to confirm ganglioside identity. Standard
gangliosides were prepared using this method and subjected to quantitative analysis using the
resorcinol-HCI based assay.’® The principle of resorcinol-HCI based assay is to detect the

sialic acid bonds and produce a blue-violet color.

4.2.5 Optimization of sample size and pH to detect gangliosides in gastric cells by
LC/MS. NCI-N87 cell stocks stored in liquid nitrogen were thawed at 37 °C for 2 min. NCI-
N87 cells were seeded in T25 flasks and fed with RPMI-1640 media was decreased pH to pH
6.8. NCI-N87 were grown under humidified atmosphere at 37 °C. When NCI-N87 cells were
80-90% confluent, cells were transfered to 12 well plates, 6 well plates, T-25 flasks and T-75
flasks. When reaching confluence, cells were quantified by trypan blue exclusion method. A
variety of number of NCI-N87 cells from 1x10° to 35 x10° were prepared. Ganglioside were

extracted with Folch method (see 4.2.7) and were analyzed by LC/MS (see 4.2.8).

4.2.6 Ganglioside uptake by human gastric epithelial cells. NCI-N87 cells were seeded at a
cell density of 1x10° cells/cm® on a T-25T flask. Monolayers were grown to confluence and
24 h later cells were treated with ganglioside-enriched media that was changed at 24 h and

discarded at 48 h. Media contained ganglioside mix enriched powder at different

173



concentrations (0, 10, 20, 30 pg/mL), GD3 (99% of purity) at different concentrations (0, 10,
30 pg/mL), GM3 (98% of purity) (0, 10 pg/mL). These concentrations were selected base on
the content of gangliosides in milk products. Cells were incubated at standard conditions.
After 48 h, cells were washed three times with PBS-10% FBS followed by another washing
with PBS (three times) and harvested with 0.025% trypsin-EDTA (Gibco, Burlington, ON,
Canada). After harvesting, cells were counted by trypan blue exclusion method. Cells were
centrifuged with PBS at 200 xg for 5 min. The cell pellet was weighted and kept for
ganglioside and phospholipid analysis.

To determine the uptake of gangliosides in media over time, aliquots (100 uL) of
media were collected at 8 and 24 h (day 1), media was changed at 8 and 24 h (day 2) and also
100 pL aliquots of media were collected at day 2. These samples were kept at -80°C for

ganglioside analysis.

4.2.7 Ganglioside and phospholipid extraction. Cell pellets were extracted according to a
modified Folch method for extracting brain lipids.” This method consisted of a chloroform:
methanol (2:1, v/v) extraction with a solvent to aqueous ratio of 20:1. The mixture was
homogenized, sonicated (10 min) and shaken vigorously (20 min). After shaking, CaCl,
(0.025%, w/v) was added to the mixture followed by another 20 min of shaking. The solution
was centrifuged to allow the phases to settle. Aqueous phase was dried and reconstituted with
500 pL of methanol:H,O (1:1) for ganglioside analysis by LC/MS analysis. The 50% of the
organiz phase was dried and resuspendend in 1.5 mL of 75% acetonitrile/25% water for
phospholipid analysis by LC/MS. The other 50% of the organic phase was used for total

phosphorus assay determination. Gangliosides from ganglioside enriched media were
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extracted by Folch extraction. Each 100 uL aliquot was mixed with 500 pL of
chloroform:metanol (2:1), shaken for 20 min and sonicated (10 min). After shaking, 112 uL of
0.025% (w/v) CaCl, was added and followed by another 20 min of shaking. The solution was
centrifuged and the aqueous phase was dried under N; and resuspended in 250 pL of

methanol: H,O (1:1).

4.2.8 Analysis of ganglioside content and composition by LC/MS. Prior to MS analysis,
ganglioside extracts were subjected to reverse-phase chromatography with a Poroshell 120
EC-C18 column (3.0 x 50 mm, 2.7 um particle size) using an Agilent 1260 Infinity LC system
(Santa Clara, CA). Two mobile phases were used; phase A was composed of a 50:50
water/isopropanol mixture containing 5 mM ammonium acetate and 0.05% acetic acid, phase
B consisted of 100% methanol. A gradient elution consisting of increase in mobile phase B
from 70% to 95% over 6 min was used, with a total LC run time of 12 min at a flow rate of

0.5 pL/min.

4.2.9 Mass spectrometry. All MS measurements were obtained using an Agilent 6430 Triple-
Quad LC/MS system (Santa Clara, CA) operating in negative ion mode. Deprotonated gas-
phase ions of various ganglioside species were obtained using electrospray ionization (ESI),
with the electrospray needle held at -4500 V. The MS was operated in multiple reaction
monitoring mode (MRM). A library of theoretical precursor ions was generated for over 600
gangliosides of specific ceramide and carbohydrate composition. The first quadruple mass
filter was set to scan for these specific precursor ions, allowing each to sequentially pass into

the hexapole collision cell where ions were fragmented using CID. Gangliosides readily lose
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a sialic acid moiety when subjected to CID, thus the second quadrupole mass filter was set to
only allow this characteristic fragment ion (m/z 290) to reach the detector. The CID and ion
source voltages for each ganglioside class (GM, GD, and GT) were optimized using the
Agilent Optimizer software. Data acquisition and analysis was carried out using the Agilent

Mass Hunter software package.

4.2.10 Analysis of total phosphorus content. Phospholipids were separated from the organic
phase of Folch extraction (using 50 % of this phase) by Thin Layer Chromatography (TLC) on
silica gel G plates (20x20 cm, 250 um) (Analtech Inc., Newark, DE) using a
chloroform/methanol/water (65:35:6, by vol.) solvent system. Analysis of the total amount of
phospholipid was performed by determination of phosphorus assay method of Bartlett
(1959).”° Seventy percent perchloric acid was added to samples and standards and were
incubated for 60 min at 180°C. MilliQ water, 2.5% ammonium molybdate and 10% ascorbic
acid was added to samples and standards. Samples and standards were incubated at 95°C for
15 min in a water bath. Samples were spun at 200 xg for 5 min. Standards were prepared
from sodium phosphate. Absorbance was read at 750 nm in a spectrophotometer plate reader

(Molecular Devices, Sunnyvale, CA).

4.2.11 Analysis of individual phospholipids by LC/MS. Prior to MS analysis, phospholipid
extracts were subjected to normal phase chromatography with an Agilent Zorbax RX-Sil
column (3.0 x 100 mm, 1.8 pm particle size) using an Agilent 1260 Infinity LC system (Santa
Clara, CA). The mobile phase was composed of 75% acetonitrile 25% water/methanol

(50/50) with 5 mM ammonium acetate and 0.01% acetic acid. The total LC run time was 10
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minutes at a flow rate of 0.5 pL/min. Protonated gas-phase ions of the various phospholipid
species were obtained using electrospray ionization, with the electrospray needle held at 4500
V. The MS was operated in MRM. A library of theoretical precursor ions was generated for
PC and PE with various fatty acid compositions. The first quadruple mass filter was set to
scan for these specific precursor ions, allowing each to sequentially pass into the hexapole
collision cell where ions were fragmented using CID. PC species readily undergo head group
specific fragmentation, so the second mass filter was set to monitor m/z = 184. For PE species,
the fragment with the neutral loss of 141 mass units, the second mass filter monitored the
precursor m/z minus 141. The CID and ion source voltage for each phospholipid class was

optimized using the Agilent Optimizer software.

4.2.12 Determination of cell protein. Cell protein was extracted with
Radioimmunoprecipitation assay (RIPA) lysis and extraction buffer (Thermo Scientific, IL,
USA). The amount of cell protein was estimated by bicinchoninic assay (BCA) using Pierce™
BCA Protein Assay Kit (Thermo Scientific, IL, USA). Absorbance at 562 nm was measured
by a spectrophotometer plate reader (Molecular Devices, Sunnyvale, CA). The principle for

+1

the BCA method is that protein reduce Cu™® to Cu™' in an alkaline solution (the biuret

reaction) and produces a purple color by bicinchoninic acid.

4.2.13 Optimization of homogenization buffer to membrane fragmentation method. NCI-
N87 cells were seeded at a cell density of 1x10° cells/cm” on a T-25T flask. Monolayers were
grown to confluence, were dissociated using trypsin and counted to be around 20x10° of cells.

Before apical and basolateral membrane isolation, two homogenization buffers were tested.
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One homogenization buffer contained 500 mM sucrose, 90 mM potassium acetate, 2 mM
magnesium acetate, 20 mM HEPES-KOH (pH 8.0) and second homogenization buffer
contained 5 mM Tris. NCI-N87 cells were suspendend in 400 pL of one of theses
homogenization buffers. NCI-N87 were homogenizated by 1) dounce homogenization for 10
min, 2) passing through needle with syringe (22G and 27G) twenty passages with each
needle, 3) bead homogenizer for 10 min, 3) dispersor (Ultra Turrax, Wilmingtion, USA) for
10 cycles (each cycle of 1 min), 4) blender using autoclaved tips (OMNI International,
Kennesaw, USA) for 15 times (5 s each time) and 5) sonicator (Artek, Farmingdale, NY,
USA) (cycle set at 35%) for 2-3 cycles of 10 s each one and allowing 10 s between cycle.
NCI-N87 cells were kept in ice during homogenization. After homogenization, the efficacy of

sonication was monitored under microscope using trypan blue exclusion method.

4.2.14 Apical and basolateral membrane isolation. To determine whether ganglioside
uptake modified the apical or basolateral membrane were used gastric cells treated with
ganglioside mix enriched powder at concentrations of 0, 10, 20, 30 pg/mL treated and
incubated as in section 4.2.6. Membranes were separated by differential centrifugation and
density gradient centrifugation from a modified protocol of Culp and Forte (1981).>" Cell
pellets were lysed with homogenizer buffer containing 500 mM sucrose, 90 mM potassium
acetate, 2 mM magnesium acetate, 20 mM HEPES-KOH (pH 8.0) (homogenization buffer
modified from Optiprep protocols),”® complete protease inhibitor cocktail and sonicated (cycle
set at 35%) at 4°C for 3 cycles of 10 s each one and allowing 10 s between cycle.” The
efficacy of sonication was monitored under the microscope. The homogenate was

centrifugated at 800 xg (Thermo Scientific Sorvall Legend Micro 17R Centrifuge) for 8 min
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to remove unbroken cells, debris and mitochondria. The supernantant was brought to 5 mM
EDTA and was centrifuged at 17000 xg (Thermo Scientific Sorvall Legend Micro 17R
Centrifuge) for 15 min. The supernantant was used to obtain the apical fraction and the pellet
was used to obtain basolateral fraction. The supernantant was resuspended in isolation buffer
containing 250 mM of sucrose and 5 mM Tris-HCI1 (pH 8.0) and was spun at 150,000 xg
(Beckman CoulterL-100XP, SW 55 rotor) for 90 min; the pellet was the apical fraction. The
basolateral fraction was obtained by density gradient centrifugation. The pellet was suspended
with a density gradient buffer composed of 3 parts of 250 mM sucrose, SmM Tris-HCL (pH
8.0) and 5 mM EDTA and mixed with 1 part of 20% (w/v) of dextran (MW 500,000). This
suspension was layered on top of a 20% dextran solution topped with the density gradient
buffer and spun at 120,000 xg (Beckman Coulter L-100XP, SW-55Ti rotor) overnight. The
three fractions were diluted with isolation buffer and centrifuged at 150,000 xg (Beckman
Coulter L-100XP, SW-55Ti rotor) for 90 min. Pellets were reconstituted with PBS and stored

at -80°C.

4.2.15 Confirmation of purity of apical and basolateral fractions. Fractions were analyzed
for determination of carcinoembryonic antigen (CEA) to confirm separation of apical
membrane domain. NCI-N87 cell line expresses CEA antigen. CEA antigen has been found
located on apical membranes domains in different cell lines.®”® CEA was evaluated by
chemiluminiscence immunoassay (CLIA) using CEA (human) CLIA kit (Abnova, Walnut,
CA). Samples and standards were incubated with an enzyme conjugate reagent at room

temperature. After 60 min, samples and standards were washed. Subsequently, a
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chemiluminescence substrate solution was added. Chemiluminiscence was read with a
chemiluminescence microwell reader (Perkin Elmer Envision 2104 Multilabel Reactor).
Fractions were analyzed for the determination of Na'/K'-ATPase assay to confirm the
separation of basolateral membrane domain. Na'/K'-ATPase assay was performed as
described by Suhail and Rizvi, 1987.°* The Na’/K'-ATPase assay is based on the
determination of the concentration of inorganic phosphate produced by the hydrolisis of ATP

by Na"/K"-ATPase in the presence or abscence of ouabain (Na'/K -ATPase inhibitor).**

4.2.16 Statistical analysis. All data are expressed as meant+SD from two different cell
passages. Significant differences between control and experimental groups were determined
by a one-way ANOVA and using SPSS statistical software version 22. Significant effects for
ganglioside treatments were determined by Games-Howell test (test for non-homogeneity of
variance). Significant treatments for GM3 treatment was determined by Student’s T-test.
Significant differences of the effect of ganglioside treatments in GD3 treatment, apical and
basolateral membrane separation, effect of phospholipids were determined by Tukey test.
Significant differences for the effect of uptake ganglioside over the time were determined by
repeated measures ANOVA. Significant differentences for ganglisoide species at apical and
basolateral membrane were determined by 2-way repeated measures ANOVA. Differences

between all treatments were considered statistically significant at P<0.05
4.3 Results

4.3.1 Optimization of sample size and pH to detect gangliosides in gastric cells by

LC/MS. Different number of NCI-N87 cells were evaluated to determine ganglioside content.
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Gangliosides extracted from up to 15x10° NCI-N87 cells gave a valid MS response. To
resemble the characteristics of the stomach, pH in the cultured media was decreased from pH
7.5 to 7.6 to pH 6.8. Two to four hours after meals, the gastric pH is around pH 5.8-6.7 and
goes down to the basal state of 2.0.>* In the fasted state, the gastric pH is 1.1-1.7, while in the
fed state; the pH is around 5.0.°*°“” GM3 and GD3 are stable under low pH (pH 3-5). In
infant stomach, up to 80% of sialic acid in GM3 and GD3 is absorbed intact in the intestine

after passing through the acidic stomach.®*®

4.3.2 Ganglioside profile of human gastric epithelial cell line NCI-N87. Twelve different
ganglioside species were scanned and eight different ganglioside species were determined in
the gastric cell line NCI-N87 (Fig. 4.2) using 3x10° cells. Monosialogangliosides comprised
around 65% of total gangliosides. Disialogangliosides are the second most abundant

comprising more than 22%. Trisialogangliosides are less abundant ganglioside species (13%).

Figure 4.2 Total relative ganglioside content of NCI-N87 cell line. More than 600 ganglioside
species were run by LC/MS and 8 different ganglioside species were determined. Data is
present as % values of total gangliosides.
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4.3.3 Modification of ganglioside content in human gastric cell line NCI-N87. Human
gastric epithelial cells NCI-N87 were cultured on the apical membrane with a ganglioside mix
enriched powder media at different concentrations 0, 10, 20 and 30 pg/mL and exhibited a
significant difference among different concentration treatments (P<0.001) (Fig. 4.3). GD3
and GM3 content increased in a concentration dependent manner. At 30 ug/mL of ganglioside
mix enriched powder treatment, GD3 increased 70 fold compared to GD3 at 0 pug/mL
(P<0.001) (Fig. 4.3). At 30 pg/mL of ganglioside mix enriched powder treatment, GM3
increased 13 fold compared to GM3 at 0 pg/mL (P<0.01) (Fig. 4.3). Other gangliosides such
as GD1 and GT3 were evaluated qualitatively but not quantitavely. Relative MS abundance
increased in a concentration dependent manner for GD1 and GT3 (Fig. 4.4). Human gastric
epithelial cells were cultured with GD3-enriched media at concentrations of 0, 10 and 30
pg/mL (Fig. 4.5) or GM3-enriched media at concentrations of 0 and 10 pg/mL (Fig. 4.6), on
the apical side. In gastric cells treated with GD3 enriched media at 10 pg/mL, GM3 increased
4 fold compared to 0 ug/mL (P<0.0001). However, in gastric cells treated with GD3 at 30
ug/mL, GD3 increased 5 fold (P<0.01). For GD3 enriched media, GD3 increased 12 fold
(P<0.0001) at 10 pg/mL and at 30 pg/mL, GD3 increased 15 fold (P<0.001) compared to 0
png/mL. For cells cultured with GM3 enriched media, GD3 increased 8 fold compared to 0
ng/mL (P<0.0001), while GM3 increased 4.5 fold (P<0.00001) (Fig. 4.5). GD3 and GM3
species found in human gastric cells are illustrated (Table 4.1 and 4.2). Media used to culture
human gastric cells contained GD3 and GM3 composed of saturated, monounsaturated and
polyunsaturated ceramides varying the carbon chain length (28-43 carbons). Few ganglioside
species were incorporated into the cells. In the GD3 treatments (10 pg/mL and 30 pg/mL),

gangliosides incorporated into cells were mainly gangliosides present in higher amounts
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contained in the media (Table 4.1). For the GM3 treatment, three different GD3 species
containing C37:2, C37:1 and C38:0 were found in cells (Table 4.2). GM3 C34:1 was the main
ganglioside species found in cells after the three ganglioside treatments (GD3 (10 and 30
ug/mL) and GM3 (10 pg/mL). GM3 (C34:1 was the exogenous ganglioside species
incorporated into the media present in higher amounts. GM3 C34:2 was the only

polyunsaturated ceramide found in gastric epithelial cells.

4.3.4 Uptake of ganglioside by human gastric epithelial cells over time. On the apical side,
human gastric epithelial cells were cultured with GD3 or GM3 enriched media for 48 h. After
24 h, media was discarded and changed. Media samples were taken at 8, 24, 32 and 48 h to
monitor whether ganglioside uptake is time dependent for exogenous GM3 and GD3 (Table
4.3). After 8h, 50% of exogenous GD3 and GM3 (concentration of 10 pg/mL) was
incorporated into the cell and 60% of exogenous GD3 at higher concentration was
incorporated into the cell (P<0.02). After 24 h, 70% of the gangliosides (GM3 or GD3) were
incorporated into the cell. Gangliosides were incorporated 2.3 pg/10° gastric cells/24 h or 7
1g/10° gastric cells/24 h, for 10 pg/mL or 30 pg/mL, respectively. After media was changed
on day 2; at 8 h <50% of GD3 and GM3 was incorporated into the cells (P<0.02). At 24 h on
day 2, 90% of gangliosides were incorporated into the cell. Gangliosides were incorporated
2.7 ng/10° gastric cells/24 h or 9 pg/10° gastric cells/24 h, for 10 pg/mL or 30 pg/mL,
respectively (Table 4.3). Repeated measures ANOVA revealed an overall interaction between

time and different concentrations (P<0.0001).
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Figure 4.3 Amount of GD3 and GM3 taken up by human gastric cells (NCI-N87) after 48h
exposure to different concentrations (0-30 pg/mL) of ganglioside mix enriched powder media
(91% GD3, 4.5% GM3). Data represents mean+SD from 3 experiments in triplicate. Different
letters (a,b,c,d) indicate significance for GD3 at P<0.001 and for GM3 at P<0.05.
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Figure 4.4 Relative MS response of GD1 and GT3 taking up by human gastric cells (NCI-
N87) after 48 h exposure to different concentration 0-30 pg/mL of ganglioside mix enriched
powder media (91% GD3, 4.5% GM3). Data represents mean+SD from 3 experiments in
triplicate. Different letters (a,b,c,d) indicate significance for GD1 at P<0.01 and for GT3 at
P<0.01.
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Figure 4.5 Amount of GD3 and GM3 taken up by human gastric cells (NCI-N87) after 48 h
exposure to two different concentrations (0, 10 pug/mL) of GM3 enriched media. Ganglioside
uptake increases in a dose dependent-manner. Data represents mean+SD from 2 experiments
in triplicate. Different letters (a,b) indicate significance for GD3 at P<0.0001 and for GM3 at
P<0.00001.
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Figure 4.6 Amount of GM3 and GD3 taken up by human Gastric Cells (NCI-N87) after 48h
exposure to two different concentrations (0, 10, 30 pg/mL) of GD3 enriched media. Data

represents mean + SD from 2 experiments in triplicate. Different letters (a,b,c) indicate
significance for GD3 at P<0.001 and for GM3 at P<0.01.
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4.3.5 Optimization of homogenization buffer to membrane fragmentation method. Two
different homogenization buffers were used, method developed for Culp and Forte (1981) and
a method using a commercial product, were used to separate the apical and the basolateral
membrane domains. Effectiveness of separation of fractions depends on homogenization of
the cells. Different methods of homogenization were used such as Dounce homogenizer,
needle with syringe (different gauges), bead homogenizer, blenders and sonication. Sonication
was the only homogenization method that enabled of breakage of the cells. The
homogenization buffer is critical. Methods developed for Culp and Forte (1981) used a buffer
containing Tris-Sucrose. Combination of Tris-Sucrose buffer and sonication method
completely lysed the cells. The method developed for Culp and Forte (1981) and the buffer,
showed in the commercial product protocol, was found to be the optimum to separate

membrane fractions.

4.3.6 Separation of membrane domains. Cell membrane separation into apical and
basolateral membrane was performed by differential centrifugation and density gradient
centrifugation. Confirmation of the purity of each fraction was performed to detect CEA
antigen in the apical membrane and Na'/K'-ATPAse in the basolateral membrane. Basolateral
membrane fraction contained 80+3% of the total Na'/K'-ATPAse. Apical membrane fraction
contained 82+4% of the total CEA antigen. This confirms the identity of the basolateral and

the apical membrane domains; even though some contamination occurred in other fractions.

4.3.7 Apical and basolateral distribution of gangliosides. GM3 was the most abundant

ganglioside in the apical membrane domain. GD3 increased ganglioside content after

186



ganglioside treatment in a concentration dependent manner; at 10 pg/mL, GD3 increased 14
fold (P<0.0001); at 20 pug/mL GD3 increased 32 fold P<0.0001), and at 30 pg/mL GD3
increased 50 fold (P <0.001). GM3 also exhibited a significant increase at concentrations of
20 and 30 pg/mL (P<0.01). In the basolateral membrane domain, gangliosides are present in
very small amounts. In human gastric cells, GD3 is 2 fold more abundant in apical membrane
than GD3 in the basolateral membrane, while GM3 is 17.8 fold more abundant in apical than
in basolateral membrane.

GD3 and GM3 increased in small amounts compared to gangliosides in the apical
membrane. Composition of all ganglioside species administrated and incorporated into human
gastric cells is shown (Table 4.1 and 4.2). GD3 C34,1 was the most abundant ganglioside
present in the apical membrane domain (29%) and in the basolateral membrane domain
(40%). GM3 C34,1 (61%) and GM3 C34,0 (39%) were the only two ganglioside present in
the basolateral membrane domain in untreated cells. After treatments at different
concentrations GM3 (34,1 was the most abundant ganglioside present in basolateral
membrane
4.3.8 Phospholipid Analysis. Quantitative and qualitative analysis of PC and PE in the
different ganglioside treatments was performed. Gastric epithelial cells modified with
gangliosides did not show statistically significant change in amount of PC and PE (Fig. 4.8).
Composition of different individual phospholipids did not show statistically significant
changes (Table 4.5). PC and PE in the apical and basolateral membrane after modification
with gangliosides also did not show statistically significant changes. This indicates that
ganglioside treatments used do not have any influence on membrane of phospholipid

composition.
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Table 4.1 Individual GD3 species incorporated in media and GD3 species found after
ganglioside treatments

% of
species Composition of plasma membrane

relative to before and after treatments

total GD3 GD3 GD3 GM3 GD3

in media (0 pg/mL) (10 pg/mL) (10 pg/mL) (30 pg/mL)

% Y% % %

GD3 (C32:2) NA 0 0 0 0.62 +0.42
GD3 (C32:1) NA 0 10.98+0.9 0 16.85+0.91
GD3 (C32:0) NA 0 6.11+1.3 0 9.41+0.8
GD3 (C34:2) 0.25 0 0 0 1.5+0.02
GD3 (C34:0) 2.35 0 12.78+3.2 0 7.76+0.5
GD3 (C34:1) 11.06 0 52.6+2.4 0 53.424+2.5
GD3 (C36:1) 0.90 0 0 0 1.29+0.1
GD3 (C37:2) Tr 57+5° 8.58+0.5° 47.54 + 4° 0
GD3 (C37:0) 0.43 0 0 0 0.81+0.2
GD3 (C37:1) 14.22 43+5° 4.86+1.5° 33.8+6™ 1.31+0.8
GD3 (C38:0) 5.07 0 4.09+0.7% 18.66 + 8° 1.15+0.1
GD3 (C38:1) 4.77 0 0 0 1.72+0.5
GD3 (C39:1) 11.58 0 0 0 1.42+1.2
GD3 (C40:1) 12.88 0 0 0 1.740.3
GD3 (C41:1) 12.46 0 0 0 1.04+0.3

Representation of GD3 individual species found after treated cells with GD3 at 10 and 30
png/mL and representation of GD3 individual species found when cells treated with GM3
enriched media to be compared with relative percentage of GD3 individual species present in
media. No all ganglioside species are incorporated into plasma membrane. After GM3
treatment, GD3 ganglioside species are also found in plasma membrane. GD3 treatment at
higher concentration (30 pg/mL) incorporated more ganglioside from other GD3 species.
Data are expressed as meant+SD from 2 experiments in triplicate. Significant difference
among 0 pg/mL and GD3 and GM3 treatments at 10 pug/mL were found. Different letters
(a,b,c) indicate significance at P<0.001. NA = not analysed. Tr = <0.1% of total abundance.

Other species found in media were (and no in plasma membranes) GD3 (C36,0) (0.56%);
GD3(C38,2) (0.16%); GD3 (C39:0) (5.52%); GD3 (C39:2) (0.53%); GD3 (C40:0) (4.63%);
GD3(C41:0) (1.26%); GD3 (C41:2) (1.57%); GD3 (C42:0) (0.88%); GD3 (C42:1) (6.39%);
GD3 (C42:2) (1.64%); GD3 (C43:1) (0.68%).
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Table 4.2 Individual GM3 species incorporated in media and GM3 species found after
ganglioside treatments

% of species
relative to

Composition of plasma membrane
before and after treatments

total GM3 in

media GD3 GD3 GM3 GD3
(0 pg/mL) (10 pg/mL) (10 pg/mL) (30 pg/mL)
% % % %
GM3(C32:1) NA 0 0 2.56+0.8 1.37+0.85
GM3(C32:0) NA 0 0 0 2.7+3.7
GM3(C34:2) 0.25 0* 1.69+0.37° 0° 1.68+1.2
GM3(C34:0) 3.65 0 21.27+0.2 18.38+5.6 19.5+8.7
GM3(C34:1) 20.72 27.8+13 33.16+4 35.27+3.3 28.73+9
GM3(C37:0) 0.36 22.1+17* 2.39+0.4° 2.07+1° 1.53+0.4
GM3(C40:0) 5.10 5.5+1.5 3.93+0.36 5+2 4.39+0.88
GM3(C40:1) 13.61 4.7+2 3.38+0.5 3.34+1.4 3.49+1
GM3(C41:0) 4.53 3.8+0.1° 5.9+0.3° 5.16+1.2% 6+4.1
GM3(C42:0) 0.48 6.8+7.6 2.9+1.4 3.47+0.6 6.82+8
GM3(C42:1) 6.00 6.1+5.1 3.77+1.3 3.58+1.4 2.97+0.7
GM3(C43:0) 0.49 15.5+12.3 14.8+3.7 14.64+3.3 14.45+4.4
GM3(C43:1) 0.89 7.6+1.8 6.76+2 7.07+1.7 6.28+0.6

Representation of GM3 individual species found after treated cells with GD3 at 10 and 30
ng/mL and representation of GM3 individual species found when cells treated with GM3
enriched media to be compared with relative percentage of GM3 individual species present in
media. No all GM3 species are incorporated into plasma membrane. After GD3 treatment,
GM3 ganglioside species are also found in plasma membrane. GD3 treatment at higher
concentration (30 pg/mL) incorporated more ganglioside from other treatments. Data are
expressed as mean+SD from 2 experiments in triplicate. Significant difference among 0
pg/mL and GD3 and GM3 treatments at 10 pg/mL were found. Different letters (a,b,c)
indicate significance at P<0.01. NA = not analysed.

Other species found in media (and no in plasma membranes) were GM3 (C36,0) (0.63%);
GM3(C36,1) (1.12%); GM3 (C36:2) (0.32%); GM3 (C37:1) (0.34%); GM3 (C38,0) (3.47%);
GM3(C38:1) (6.35%); GM3 (C39:0) (3.86%); GM3 (C39,1) (8.38%); GM3 (C39,2) (0.98%);
GM3 (C40:2) (1.75%); GM3 (C41:1) (11.36%); GM3 (C41:2) (3.60%); GM3 (C42:2)
(1.26%); GM3 (C43:2) (0.73%).
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Table 4.3 Uptake of gangliosides by human gastric epithelial cells over time

Day 1 (%) Day 2 (%)
Type of treatment 8h 24h 8h 24 h
GD3 10 pg/mL 49.4+5 4™ 70.8+43.3%° | 47.845.5% 94+0.9¢

GD3 30 pg/mL

GM3 10 pug/mL

a’**

62.6+12.3

52.149.4%7%° | 754+ 7.0%5

76.4+7.7%"

42.9+18.7%" 94+0.7¢

324117

93+5.3¢

Values indicate the percentage (%) of gangliosides that were taken up from the media. Human
gastric epithelial cells were exposed to GD3 or GM3. On day 1, samples of media were taken
at 8 and 24 h. After 24 h (day 2), media was changed and samples were taken at 8 and 24 h. At
8 h, gastric cells treated with GD3 30ug/mL take up more gangliosides. At 24 h (day 2) take
similar amounts of gangliosides at any concentration for GM3 and GD3 gangliosides. Data
means + SD from 2 experiments in triplicate. Letters (a,b,c,d) represent a significant
difference between each type of treatment and time at P<0.001. Symbols (*,**,***) represent
a significant difference between types of treatment and time at P<0.02.
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Table 4.4 Relative amounts of main ganglioside species in apical and basolateral membrane

Concentration of ganglioside mix enriched powder media

Ganglioside Apical Membrane(%) Basolateral Membrane (%)

Species 0 10 20 30 0 10 20 30
pg/mL pg/mL pg/mL pg/mL pg/mL pg/mL pg/mL pg/mL

GD3

(C32:0) 8+3a* 13+0.4 13+0.1 | 14+0.07° 0%* 18+2° 14+0.6° 11+2°

GD3

(C32:1) 11+4* 24+1° | 25+0.6° | 25+0.1° 1545 31+7 21+1 24+1

GD3

(C34:0) 74H2% 8+0.8 90+0.2 9+0.3 0a* 10+3° 9+1° 8+1°

GD3

(C34:1) 29+2% | 46+1°* | 47+0.5° | 46+0.4b | 40+6" | 22+4b* | 50+1° 48+1°

GD3
(C39:1)  10+0.2** [ 1+0.3" | 0.6+0.3° | 0.5+0.03" 0* 0 0 0.7+0.5

GD3
(C40:1) 19+0.3* | 2+0.5°* | 0.6+0.4° | 0.6+0.09° | 19+3* | 12+5% 1+1° 1+0.5b

GD3
(C41:1)  16+0.3™* | 2+0.7° | 0.6+0.7° | 0.6+0.06° | 25+7% 7+1° 1 0.9+0.9° | 1+0.8°
GM3

(€32:0) 0" | 2404% | +03° 6+1° 0° 0% 0° 5+1.5
(Gcl\glz3 1) 0° 4+0.2°* | 8+0.5% 9+0.2¢ 0? 0% 0%+ 843"
(Gcszo) 15+2.5 | 1643 | 18+0.5% | 14+1° 39+2% | 1345™ | 25+6a* 16+2°
(%\34: py  A6EI™ | 43l ] 43+0.6° 40+0.7° | 6142% | 58+6* 51+6 5243
((g\fg 1) 61 6x1* 3103 4+l 0" 1445 | 3+1° | 7+0.8
%\ﬁ:m 10+1* 8+1 7+0.3 8+0.8 0"* 14+1° 1445 1141
(GCI\‘/‘[;:I) 2+0.5* 2+40.1* 2+0.2% 1+0.2% 0* 0% 0% 0%

After ganglioside mix enriched powder media treatment at different concentrations (0-30 ug/mL),
human gastric epithelial cells were fractionated in apical and basolateral membrane. Data means+SD
from 2 experiments in triplicate. Letters (a,b,c,d) represent a significant difference between apical or
basolateral membrane and each concentration at P<0.01. Symbol (*) represents a significant
difference between apical and basolateral at different concentrations at P<(.05.
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Figure 4.7 A) Distribution of gangliosides in the apical membrane fraction. B) Distribution of
gangliosides in the basolateral membrane fraction. Data are expressed as mean + SD from
from 3 experiments in quintuplicate or sixtuplicate. Letters (a,b,c,d) indicate significant
difference at P<0.01 except for GD3 apical membrane where the significance level is
P<0.001.
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Figure 4.8 The content of total phospholipids, PC and PE in gastric epithelial cells when
incubated at different concentrations of GM3 or GD3 or ganglioside mix enriched powder
treatment. A) PC and PE present in total cells. B) PC and PE present in apical membrane after
ganglioside mix enriched powder treatment. C) PC and PE present in basolateral membrane
domain after ganglioside mix enriched powder treatment. Data are expressed as mean+SD
from from 2-3 experiments in triplicate. Total Phosphorus content, PC and PE content did not
show any statistically significant change after different ganglioside treatments.
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Table 4.5 Composition of PC and PE in human gastric epithelial cells

Total Cells Apical Basolateral
Phospholipids (%) Membrane (%) Membrane (%)
PC (C32:1) 16.3+0.67 15.39+0.34 15.39+0.79
PC (C34:1) 52.3+42.17 56.09+0.77 55.46+0.71
PC (C36:0) 0.2+0.07 0.17 +0.83 0.12+0.03
PC (C36:2) 27.4+2.94 25.23+0.60 25.66+0.94
PC (C36:4) 0.8+0.22 0.89+0.19 0.961+0.15
PC (C38:1) 0.3+0.21 0.16+0.04 0.23+0.05
PC (C38:2) 0.9+0.06 0.61+0.07 0.54+0.08
PC (C38:5) 0.7+0.10 0.88+0.34 0.87+0.14
PC (C40:7) 0.6+0.13 0.46+0.11 0.48+0.06
PC (C40:8) 0.2+0.04 0.04+0.03 0.1840.04
PC (C40:9) 0.2+0.04 0.07+0.02 0.11+0.02
PE (C32:1) 6.1+0.21 5.16+0.24 5.0740.41
PE (C34:1) 31.8+0.56 27.81+1.44 30.57+0.78
PE (C36:2) 42.8+4.24 51.45+3.35 44.95+2.20
PE (C36:4) 3.0+0.85 3.27+0.23 3.18+0.16
PE (C38:0) 0.7+0.06 0.80+0.16 0.60+0.08
PE (C38:2) 0.4+0.05 0.36+0.10 0.39+0.06
PE (C38:3) 1.740.34 1.47+0.32 1.83+0.12
PE (C38:4) 11.9+2.60 8.45+1.71 12.06+1.12
PE (C40:6) 1.5+0.22 1.25+0.11 1.354+0.10

Since no significant difference among treatments data is presented as mean+SD from 2-3
experiments in triplicate of all samples at all concentrations.
4.4 Discussion

The digestive system is distinguished by the diversity of gangliosides, even though
gangliosides are present in smaller amounts than in the nervous system. The findings of the
present study agree with previous studies where GD3 and GM3 are the major gangliosides in

extraneural cells. !

In this cell line, GM2 is present in high levels. In normal gastric mucosa,
GM2 is present in gastric carcinomas but not detectable in normal gastric mucosa because

upregulation of enzymes that catalizes GM3 to GM2.% In the digestive system, there is not

enough evidence to explain the presence and functions of different ganglioside species.
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Exogenous GM1 incorporated into cell culture has been extensively analyzed in
different types of cells to demonstrate cells are taking up gangliosides.®''*!#1%7071 gome
others gangliosides such as GD3 and GM3 have not been extensively analyzed. The present
study observed incorporation of ganglioside in human gastric cells NCI-N87 without using
radiolabeled exogenous gangliosides. In vitro absorption of GD3 and GM3 has not been
previously evaluated in human gastric epithelial cells.

Incorporation of gangliosides (GM3 and GD3) into human gastric epithelial cells is a
time-dependent process presenting a rapid increase at 24 h (Table 4.3). After 32 h (day 2),
when media was changed the incorporation of ganglioside decreased; however, after 48 h (day
2), the incorporation of gangliosides reached at 90%. The incorporation of gangliosides also
depends on the concentration of the ganglioside. At 8 h, gastric cells treated with GD3 at 30
ug/mL incorporated more gangliosides than GD3 and GM3 at 10 ug/mL. In other types of
cells, ganglioside uptake is a time dependent process and reached a plateau. Caco2 cells
incorporated within 6 h and reached at plateau at 24 h in the apical side and basolateral side."”
In cerebellar granule cells, GM1 demonstrated a time-dependent incorporation.6 In non-
neuronal cells, after 14 h >50% of GM1 and GM2 were incorporated and 42% of gangliosides
were converted to ceramide while GM3 was only 7% incorporated into the cells."®

All gangliosides might not be inserted permanently into the plasma membrane.
Schwarzmann et al. (1983) suggested that exogenous gangliosides are inserted into the lipid
bilayer plasma membrane, not only adsorbed into the surface or trapped in membrane vesicles,
similar to endogenous gangliosides.”? Gangliosides are amphiphilic compounds because of the
hydrophobic ceramide tail and the charged hydrophilic glycan portion.” This characteristic

suggests that gangliosides composed of long oligosaccharide chains form micelles in different
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sizes and in disk or rod like aggregates (gangliosides are so large that these molecules form
spherical micelles), but GM3 forms unilamellar vesicles.”>’* A portion of ganglioside micelles
can be removed by extensive washes by media containing serum or ganglioside micelles can
bind proteases such as trypsin.”> Trypsinization was the technique used to detach cells in this
project, before and after treatment cells were extensively washed with PBS containing FBS
and PBS washing that indicate that exogenous gangliosides were trypsin resistant and inserted
into the cell membrane.”

Gastric epithelial cells are able to incorporate GM3 and GD3 in a concentration
dependent-manner. Gastric cells treated with ganglioside mix enriched powder (with higher
concentration in GD3 and GM3, 20:1), increased GD3 content, but also GM3 (60% respect to
GD3). Other ganglioside species are also present in this ganglioside mix enriched powder that
might contribute to increasing GM3. Human gastric epithelial cells incubated with GM3
enriched media also shown an increase in GD3; this might presumably demonstrate that GD3
synthesis from GM3 ganglioside. However, human gastric epithelial cells incubated with GD3
enriched media increased GM3 which might indicate ganglioside catabolism from GD3 to
form GM3. GM3 could represent an essential ganglioside to this type of cell.

GM3 is taken up into the cell plasma membrane in Caco2 cells in a concentration
dependent manner. Caco?2 cells treated with GM3 in the basolateral side increased content of
GM3 when concentration was doubled.'” It has been considered that gangliosides are absorbed
in the enterocyte crossing the brush border to the basolateral membrane. After rats were fed
with GD3; GD3 increased content in intestinal mucosa lipid rafts and plasma.*?

Pagano’s vesicle sorting theory (1990) suggested different pathways or fates for

exogenous lipids absorbed in cells; transportation to plasma membrane cells after endocytosis,
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endocytosis to the Golgi apparatus for glycosylation to form more complex ganglioside
species, transportation by the endosome to the lysosome for degradation into bioactive
mediators and transcytosis.'” Another evidence of the fate of the gangliosides describes that
ganglioside are glycosylated or deglycosylated in the plasma membrane for enzymes presents
in this cellular site.”? These findings do not demonstrate the fate of GM3 and GD3 ganglioside
species in gastric cells or demonstrate the site of catabolism and synthesis of other
gangliosides.

Media administrated to the human gastric cells contained different GD3 or GM3
species with different saturation/unsaturation in the ceramide. In GD3 treatment, GD3
containing monounsaturated ceramides with more carbons (C38-C41) was incorporated when
cells were treated at higher concentrations (30 pg/mL). When cells were treated with GM3
enriched media, only three GD3 species with medium number of carbons in the ceramide
concentrations were synthesized.

In epithelial cells, plasma membranes are differentiated in apical and basolateral
plasma membrane domains.”’ Different distribution of lipids between apical and basolateral
membrane domains have been demonstrated in this study. Apical membrane domains are rich
in glycosphingolipids and sphingomyelin while glycerolipid and phosphatidylcholine are more
abundant in basolateral membrane domains.*®""-"® Glycosphingolipids including gangliosides
and other glycosphingolipids present in the apical membrane domain are organized in
membrane microdomains (lipid rafts or calveolaec). Membrane microdomains are liquid-
ordered phased and dynamic membranes presenting high amounts of cholesterol and specific
proteins for each type of cell and function.””™ Glycolipids, present in the apical membrane,

might make a protective barrier against hydrolases and pH changes of the luminal
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medium 5%

In secretory cells, secretion is regulated in the apical plasma membrane domain
and may be influenced by membrane lipid composition.** For example in gastric apical cell
membranes, K'/H-ATPase is associated with the presence of glycosphingolipids.**
Intragastric GM1 administration prevented ethanol damage to the gastric mucosa.®
Basolateral membrane domain might resemble non-polar cells and contains proteins for
nutrient uptake, cell-substrate attachment and cell growth.*® Basolateral membrane domain is
composed of desmosomes, gap junctions and adherent junctions including tight junctions
which are responsible for regulation, cell-cell contact and communication and also control
nutrient transference between apical and basolateral membrane domains.***'

In human gastric cells, apical plasma membranes exposed to ganglioside increased
ganglioside content. GD3 was present in smaller amounts that GM3. After GD3 exposition
using ganglioside mix enriched powder media, increased in dose dependent manner.
Ganglioside content in basolateral membrane domain also increased ganglioside content.
Intestinal cells incorporate gangliosides in vitro and in vivo. In Caco2 cells, media
supplemented with exogenous GD3 modified GD3 content in a time- and dose-dependent
manner. The fate of GD3 depends on the route (apical or basolateral) of the delivery.
Gangliosides play different roles depending on the location of the plasma membrane cells
indicating that gangliosides perform different biological and physiological roles. In the
enterocyte, GM3 is localized in the apical membrane domain while GD3 is located in the
basolateral membrane.** Thus, GM3 is exposed to the lumen interacting with bacteria and
toxins. GD3 might play immunological roles.*® Jennemann et al. (2012) suggested that

glycosphingolipids play an important role in the enterocyte function, but are not crucial for

brush border formation.®’

198



Spiegel et al. (1985) added exogenous GM1 to the apical membrane of epithelial cells
(A6 and MDCK) in a 4 h treatment and concluded ganglioside did not migrate to the
basolateral membrane by passing tight junctions.” Van Meer and Simons (1988) suggested
that lipids might migrate through the cytosol by two different routes by protein carriers or
vesicles.™

The observations of this study suggest gangliosides are endocytosed and migrated to
the basolateral membrane domain in small amounts via a trancystotic pathway or any other
migration pathway to transport gangliosides from apical to basolateral membrane to preserve
polarity and/or a ganglioside protein carrier is present in this type of human gastric epithelial

1
cells.”®®

Transcytotic pathways have not been clearly studied in lipids. In the apical and
basolateral membrane domains, some GD3 and GM3 species are present. The most abundant
are GD3 C34,1 and GM3 C34,1 in the apical side, while in the basolateral side, GD3 C34,1
and GM3 C34,1 (Table 4.3) are most abundant. After cells treated with ganglioside mix
enriched powder, modifications in membrane domains were found. The most radical alteration
is the presence of new GD3 (GD3 C32,0; GD3 C34,0; GD3 C39,1) and GM3 (GM3 32,0;
GM3 32,1; GM3 40,1; GM3 43,0) ganglioside species in the basolateral side (Table 4.3).
However, GM3 C43,0 was found in the apical membrane domain as well as in the basolateral
membrane domain due to probably transcytosis since GD3 ganglioside species with this
number of carbons are not present (P<0.01).

In cell adhesion, Blanco and DiRita (2006) reported that GM1 binds Vibrio cholerae,
GM1 functions in the transcytotic pathway of this bacterium.”” Some studies report that

gangliosides had to be located in the inner plasma membrane to diffuse across the tight

junctions to the basolateral membrane and/or diffusing through the cytoplasmic leaflet. Lipids
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present in the outer membrane do not move.”®* Simons and van Meer, 1988 hypothesized
that sphingolipids are budding into a membrane vesicle from the apical membrane and are
introduced to the exoplasmic leaflet. Sphingolipid microdomains are generated in the trans-
Golgi network and bud to the basolateral membrane.*®

Saslowsky et al. (2013) reported that the ability to cross tight junctions or epithelial
barriers depends on ceramide composition. In colon cells (T84 cells), GMI1 species were
endocytosed on apical membrane and GM1 containing long, saturated C18:0 fatty acids were
degraded. In contrast, GM1 containing short or cis-unsaturated ceramide were transposed
from apical to basolateral membrane domain by transcytosis, after retrogradation or recycling
pathways.”"”> Chinnapen et al. (2012) reported that GM1 containing unsaturated ceramides
sorting depends on cholesterol and membrane proteins such as flotilin-1 and actin.”

In intestinal cells, phosphatidylcholine represents 2-4 fold reductions in apical
membrane than in basolateral membrane. Phosphatidylethanolamine as percentage of total is
equal in two domains.*”® In gastric cells, PC represents a 5-fold reduction in apical than in
basolateral membrane. Total amount of PE is higher in basolateral membrane than in apical
membrane in this study.

Ganglioside uptake in gastric epithelial cells had no effect on the amount and
composition of phospholipids in total cells as well as phospholipids in the apical or basolateral
membrane domains. Sphingosine-1-phosphate is a lipid mediator related to the synthesis and
degradation of ceramide, and also the synthesis of other of phospholipids such as

sphingomyelin and PE.***

The addition of gangliosides did not affect the content of PE.
Phospholipids are the main components in plasma membranes. Different amounts and

composition of phospholipids may possibly change the membrane fluidity.”® Phospholipids
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and metabolites play a structural role enhancing the barrier properties of the gastrointestinal
(GI) mucosa and protect the GI mucosa from external drugs like NSAIDS which can damage

7% The mucus-bicarbonate-phospholipid

membranes and natural factors such as HCI, pepsin.
barrier composed of these elements protect from the penetration of pepsin and other
proteolytic enzymes into the surface epithelium.” Prostaglandins also (PGE2 and PGI2)
maintain the stomach mucosal defensive mechanisms against ulcerogenic agents.” The
addition of gangliosides did not affect the integrity of the phospholipid composition and
cellular functions.

In summary, the uptake of GD3 and GM3 in human gastric epithelial cells increases
ganglioside content in apical and basolateral membrane domains by metabolism of
gangliosides or trancystotic pathways to the basolateral side of human gastric cells.

Modifications of gastric apical membrane domain might represent a means for anti-adhesion

therapy by altering the binding of gastric pathogens such as H. pylori.
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CHAPTER V. Exogenous gangliosides decreases H. pylori adhesion in human gastric
cells
5.1 Introduction

Approximately half of the world’s population is infected with H. pylori'* In
developing countries, between 70-90% of the population is infected, while in developed
countries the infection incidence varies from 25 to 50%.>* H. pylori infection is acquired
mainly during the first years of life.”® Factors of transmission are not clear but is associated

% and poor hygienic conditions.> H. pylori has been

with poor socioeconomic status’*
recognized as the main cause of chronic gastritis and is associated with development of peptic
ulcer, gastric carcinoma, and mucosa associated lymphoid tissue (MALT) lymphoma.’
Successful colonization established during childhood may persist throughout life.'?

Adhesion to the host’s cell is a critical step to survive, colonize and initiate infection
by bacterial pathogens.'"'”> Adhesion involves a stable bacteria-host interaction.
Helicobacter pylori binds complex receptors on gastric cells to colonize human stomach.
These complex receptors are glycoproteins and glycolipids containing glycans as part of
structure.”  Pathogen-binding proteins are expressed for bacterial pathogens to bind sialic
acids on the host cell membrane.'* One initial study of receptors for H. pylori reported that
GM3, GDla, GD1b and GMI1 inhibited the agglutination of erythrocytes by H. pylori."> This
finding suggests that gangliosides are receptors for H. pylori. Asialogangliosides suppressed
the inhibitory effect of hemoagglutination suggesting that sialic acids are key moieties to bind
H. pylori."” Saitoh et al. (1992) also reported that H. pylori binds GM3.'°®

Gangliosides are glycolipids composed of a ceramide portion and a glycan portion.

The ceramide portion is inserted in the plasma membrane while the glycan portion that
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contains sialic acid is oriented to the exterior of the plasma membrane.'” Gangliosides are

present in mammalian cells performing different biological functions'®'’

and opportunistic
bacteria bind gangliosides by the presence of sialic acid in the structure of the ganglioside.*
Subclasses of gangliosides are differentiated by the number of sialic acids and glycan units.
Different ganglioside structure can produce a different affinity of H. pylori for
gangliosides.'>*° Hata et al. (2004) found H. pylori has less affinity for GM1 than for GM3 or
GD3.%° H. pylori adherence to poorly differentiated gastric cells (MKN-45 cells), coming from
adenocarcinoma of a 62-year old female, was inhibited by GD3 but not by GM3.*

In vitro models using cell lines are useful for study of H. pylori adhesion, but it is
critical to use valid models that resemble gastric conditions. Previous studies using
undifferentiated cells®” or intestinal cells Caco2-cells*' do not resemble the characteristics of
cells of the stomach. NCI-N87 cells grow as well differentiated monolayers forming tight-
junctions and produce mucus (MUC 6).”* NCI-N87 cells are epithelial cells from gastric
adenocarcinoma metastized from liver from an American man.* The limitation of this study
1s that NCI-N87 cells are an immortalized cell line.

Dietary anti-adhesion therapies™*

and modulation of glycosphingolipids
metabolism® have been proposed to inhibit bacterial adhesion. Salcedo et al. (2013) pre-
incubated Caco2-cells with ganglioside for one hour to evaluate H. pylori inhibition.”
Ganglioside uptake for one hour might not be enough to alter ganglioside content in the
plasma membrane. To determine H. pylori adhesion, the present study evaluated the
alteration of gangloside content on the apical side in NCI-N87 cells treated for 48 h with

GM3, GD3 or a ganglioside mixture to enriched media at different concentrations (5-30

ng/mkL).
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5.2 Materials and Methods

5.2.1 Materials. Ganglioside mix enriched powder was obtained from Fonterra (Cambridge,
New Zealand; average molecular weight 1,542 g/mol, GD3 91%, GM3 4.5%, GT3 2.5%,
GMI1 1%, GD1 0.5%, GT2 0.5%). All cell culture flasks and plates were purchased from
Costar (Cambridge, MA). Brain Heart Infusion (BHI) was purchased from Oxoid (Nepean,
ON, Canada). Yeast extract (YE) was purchased from Beckton Dickinson (Mississauga, ON,
Canada). Trypan blue stain (0.4%), trypsin-EDTA (0.25%), Fetal Bovine Serum (FBS), Horse
Serum (HS), AB-Human serum, penicillin (10,000 units/mL), streptomycin (10,000 pg/mL),
Roswell Park Memorial Institute-1640 (RPMI-1640), HEPES, sodium pyruvate were ordered
from Gibco (Life Technologies, Burlington, ON, Canada). Amphotericin B, vancomycin and
select agar were purchased from Sigma Aldrich (Oakville, ON, Canada). LC/MS solvents
were of LC/MS grade and solvents for ganglioside extraction were ACS grade (Fisher

Scientific Company, Ottawa, ON, Canada).

5.2.2 H. pylori strain. H. pylori was cultured from a gastric biopsy obtained from a resident
of Aklavik, Northwest Territories, Canada in February 2008 by a member of CANHelp
Working Group. This strain was named H. pylori A64. Histology detected moderate gastritis
(inflammation). H. pylori A64 strain genotypic characteristics are cagAd (negative), vacA
(s2i2m2) (positive); babA (positive); sabA (negative); oipA (negative); iceAl (positive), iceA2
(positive), hopQ1 (negative), dupA (positive). H. pylori was grown on Brain-Heart Infusion
(36 g/L) - Yeast Extract (5 g/L) - Select agar (15g/L) supplemented with horse serum (50
mL/L), amphotericin B (15 mg/L) and vancomycin (15 mg/L) at 37°C under microaerobic

conditions (5% CO,, 5% H;, 90% N»).
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5.2.3 Human gastric cell culture. NCI-N87 [NCI-N87] (ATCC® CRL-5822™ cell line) was

used for adhesion experiments. NCI-N87 cell line was chosen because it is a well-
differentiated polarized cell line and forms tight monolayers secreting E-cadherin and zonula
occludens-1 (ZO-1), expresses gastric zymogens, secretes pepsinogen and gastric lipase and
expresses mucin-6 glycoprotein. To ensure mucus production, cells were grown to 72 h post -
confluence.”” NCI-N87 cells were grown under humidified atmosphere, 5% CO,, at 37°C
(standard conditions). Cells were grown for passages 28-41 as adherent monolayers in T75
culture flasks and cultured in RPMI-1640 supplemented with 5% (v/v), FBS heat inactivated,
2% (v/v) AB-human serum, 2.5 g/L glucose, 1.5 g/L sodium bicarbonate, 10 mM HEPES, 1
mM sodium pyruvate, 1% penicillin-streptomycin. When cells were 80-90% confluent, cells
were detached using 0.25% trypsin-EDTA, counted and transferred to six well plates for
adhesion studies. Cell number and cell viability was estimated with a hemocytometer by the
trypan blue exclusion method. Trypan blue exclusion method is based on live cells have intact
plasma membranes and do not take up certain dyes such as trypan blue. In dead cells, trypan

blue penetrates damaged plasma membranes and appear blue under microscope.*'

5.2.4 Ganglioside uptake by human gastric epithelial cells. For adhesion assays, NCI-N87
cells were seeded at a density of 9x10° cells /well in six well plates. Cell culture media (2
mL/well) was changed every 2-3 days until confluent. At 24 h post-confluence, cells were
washed with PBS and treated with media containing gangliosides. After 24 h, media was
changed and discarded at 24 h (total of 48 h treatment). This media contained a ganglioside

mix enriched powder at different concentrations (0, 10, 20, 30 ug/mL); or pure gangliosides,

GD3 (99% purity) or GM3 (98% purity) at different concentrations (0, 5, 10, 20, 30 pug/mL);
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or a combination of GM3:GD3 at 2 and 8 ng/mL, respectively or a combination of GM3:GD3
at 8 and 2 pg/mL, respectively. Cells were incubated under standard conditions. After 48h,

cells were washed three times with a solution of PBS and 10% FBS, and PBS to eliminate

residual gangliosides.

5.2.5 Assessment of trypsin and cell culture media on viable H. pylori for cell adhesion
assays. Before adhesion studies, the effect of trypsin-EDTA and RPMI-1640 media on gastric
cells were tested to determine any detrimental effect on viable H. pylori. H. pylori was grown
from frozen stocks in BHI-YE-HS agar plates for 48 h. A bacterial suspension was prepared
in BHI-YE-HS broth to an ODgy=0.1 in a 15 mL sterile conical tube (Corning). Bacterial
suspension (1 mL) was centrifuged in maximum speed at clinical centrifuge (IEC, Geneva
Switzerland) for 15 min. The centrifuged pellet was resuspended in RPMI-1640 or trypsin-
EDTA. The mixture of H. pylori/RPMI-1640 was incubated under microaerobic conditions at
37°C for 90 min. While, the mixture of H. pylori/trypsin-EDTA was incubated under
microaerobic conditions for 12 min (maximum time for dissociating gastric cells). The
number of viable H. pylori colonies was quantified by CFU counting, 1/10 Serial dilutions
were prepared in triplicate in BHI-YE broth. An aliquot (50 pL) was plated on BHI-YE-HS
plates in triplicate. Plates were incubated under microaerobic conditions at 37°C for 4 to 5
days. Colonies were counted and reported using equation CFU/mL = (Number of colonies x

dilution factor)/volume plated.

5.2.6 Adhesion assays. H. pylori was grown from frozen stocks (-80°C) prepared in 20%

glycerol BHI/YE broth. A few crystals of culture were inoculated onto BHI-YE-HS agar
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plates and incubated 48 h at 37°C under microareobic conditions. It was necessary to test a
variety of suspensions at different OD (0.01 to 0.1) at broth growth conditions to consistently
obtain a 11x10° CFU/mL. An H. pylori suspension was prepared from BHI-YE-HS agar plates
and inoculated into BHI-YE-HS broth without select agar at a variety of OD to determine the
ODgp0=0.150-0.9 and grown under microaerobic conditions with shaking at 120 rpm (Forma
Orbital, Thermo Scientific shaker). After 12 h, the H. pylori suspension was adjusted to an
OD=0.2 corresponding to approximately 11x10° cells/mL. The bacterial suspension was
centrifuged at 1500 xg (Rotofix 32 Hettich Zentrifugen) for 5 min. The pellet was resuspended
in 2 mL RPMI-1640 media without antibiotics or serum.

H. pylori suspension was added to washed treated and washed untreated NCI-N87
cells (Chapter from section 5.2.4) at a multiplicity of infection (MOI) of 100:1, meaning 100
bacteria per gastric cell. This MOI was selected based on previous studies and to increase the
probability to homogeneously infect the cell monolayer.**-°

To allow H. pylori to adhere to cells in six well plates, the plates were incubated at
standard conditions from 30 to 360 min to determine the optimum incubation time. After
incubation, non-adherent bacteria were removed by washing with PBS. Cells were removed
using a sterile disposable cell scraper for each well. After scraping, cells were centrifuged at
1500 xg (Rotofix 32 Hettich Zentrifugen) for 5 min and resuspendend in 1 mL of BHI-YE-HS
broth. Cell suspensions were vortexed for quantitative analysis of H. pylori. The number of
viable H. pylori colonies were quantified by 1/10 serial dilutions and counting the number of
colonies forming units (CFU). Each adhesion experiment consisted of a 0 pug/mL (untreated
cells) and ganglioside treated cells at increasing concentrations. Each adhesion experiment

consisted of three wells (for each concentration) and each well was quantified in duplicate.
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Adhesion data was expressed as H. pylori bound in % of control values. Data was also

expressed as the number of CFU/well.

5.2.7 Statistical Analysis Data is expressed as mean+SD. Significant differences between
control and experimental groups were determined by a one-way ANOVA using SPSS
statistical software version 22. Significant effects for ganglioside treatments were determined
by the Games-Howell test (for non-homogeneity of variance). Differences among all

treatments were considered statistically significant at P<0.05.

5.3 Results

5.3.1 Optimization of H. pylori growth conditions. Establishing a predictable number of
CFU/mL is a key step to control the repeatability and MOI for H. pylori adhesion assays.
Previous studies used a H. pylori suspension of ODgy=0.5 to inoculate cells.”'*” Bacterial
suspensions were prepared from plate cultures at ODgpp=0.1 to 0.5. Bacterial suspensions
prepared at higher ODs were unstable, resulting in inaccuracies in dilutions and plate counts.
Suspensions at lower ODs provided more accurate and consistent colony counts. H. pylori
suspensions were also prepared at ODgpp= 0.01 to 0.1 and grown for 12 h at microaerobic
conditions in shaker at 120 rpm. After 12 h, bacterial final suspensions were prepared at
ODgpp=0.150 to 0.9. The optimum ODgy=0.02 consistently achieved at CFU/mL for

inoculating NCI-N87 cells at MOI=100:1.

5.3.2 Assessment of trypsin and cell culture media on viable H. pylori for cell adhesion

assays. Trypsinization was the technique used to dissociate cell monolayers. After co-culture
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with H. pylori, the effects of trypsin were tested on H. pylori viability. H. pylori viability
decreased >50% after 12 min exposure to trypsin. Due to this detrimental effect, a non
enzymatic method was chosen to dissociate cell monolayers after H. pylori inoculation. Cell
scrapers were chosen to dissociate cell monolayers.

To ensure that there was no detrimental effect of RPMI-1640 media on H. pylori
viability, H. pylori/RPMI-1640 mixture was incubated for 90 min and the number of CFU was

determined. RPMI-1640 had no effect on H.pylori cell count.

5.3.3 Determination of incubation time for optimal H. pylori adherence to NCI-N87 cells.
NCI-N87 were incubated at 30 to 360 min with H. pylori to evaluate the optimum incubation
time for H. pylori adherence to gastric cells (Fig. 5.1). H. pylori adhesion followed a
sigmoidal relationship over 90 min and reached a plateau. Incubation time for adhesion assays

at 90 min provided the highest CFU/well at a MOI of 100:1.

5.3.4 Effect on H. pylori adherence to gastric cells treated with a ganglioside mix
enriched powder. To analyze if a ganglioside mixture modifies H. pylori adhesion to gastric
epithelial cells, gastric epithelial cells were treated with ganglioside mix enriched powder for
48 h at increasing concentrations (0-30 pg/mL). H. pylori adhesion was not affected when
gastric cells were treated with this ganglioside mix enriched powder. Four experiments were
performed in triplicate wells and each well was counted twice. Gastric epithelial cells treated
with 0 ug/mL had 2.10 x10° to 6.5x10° CFU/well, at 10 pg/mL had 4.90x10° to 9.50x10°
CFU/well, at 20 pg/mL had 4.20x10° to 8.10x10° CFU/well, and at 30 pg/mL had 4.40x10° to

9.62x10° CFU/well. Control values for H. pylori adhesion for this treatment represent
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one/third compared to control values in the other ganglioside treatments. Results are

illustrated on Appendix B.
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Figure 5.1 Percentage of H. pylori adherent to untreated gastric cells with increasing
incubation time. H. pylori adherence increases from 0 to 90 min. Data is expressed as mean +
SD from 3-6 determinations. Different letters indicate significant difference at P<0.01.

5.3.5 GD3 or GM3 enriched treatment decreases H. pylori adhesion to gastric epithelial
cells. To analyze if GM3 or GD3 alter H. pylori adhesion to gastric epithelial cells, gastric
epithelial cells were treated with GM3 or GD3 enriched media for 48 h at increasing
concentrations (5-30 pg/mL). Gastric cells treated with GD3 at all concentrations decreased
H. pylori adhesion compared to untreated gastric cells (P<0.007) (Fig. 5.2). When cells were
treated at 5 pg/mL, H pylori adherence decreased to only 17% of control values. The highest
inhibition was observed when cells were treated with 20 pg/mL of GD3 since H. pylori
adhesion decreased to only 5% but this binding was not significant lower than the GD3

concentrations. This corresponded to the number of viable H. pylori bound to untreated cells

at 11x10° to 21x10° CFU/well and decreased to 1.7 x10° CFU/well in treated cells (Fig. 5.3).
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Gastric cells treated with GM3 at all concentrations also decreased H. pylori adhesion
compared to untreated gastric cells (P<0.0002) (Fig. 5.4). Maximum reduction of H. pylori
adhesion was achieved when gastric cells were treated with GM3 at 10 ug/mL were H. pylori
binding was 8% of control values. When cells were treated at higher concentrations of GM3
there was no statistically significant difference in H. pylori binding. The average H. pylori
binding in GM3 treated cells was to 20% of control values. This corresponds to the number of
H. pylori in untreated cells at 11x10° to 21x10° CFU/well and decreased to an average of

2x10° CFU/well (Fig. 5.5).
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Figure 5.2 GD3 decreased H. pylori adhesion to human gastric cells. Human gastric cells with
GD3 incorporated in the plasma membrane decreased H. pylori adhesion at all concentrations
(5-30 pg/mL) to an average of 18% of control values ( ===™= ). Data is expressed as mean
+ SD from 3 experiments in triplicate (3 wells). Each well was counted in duplicate. Different
letters indicate significant difference at P<0.007.
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Figure 5.3 GD3 decreased number of H. pylori adherent to human gastric cells. Human
gastric cells with GD3 incorporated in the plasma membrane decreasing H. pylori binding at
all concentrations (5-30 pg/mL) to average of 1.71x10° CFU/mL ( ==== ). Data is
expressed as mean + SD from 3 experiments in triplicate (3 wells). Each well was counted in
duplicate. Different letters indicate significant difference at P<0.002
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Figure 5.4 GM3 decreased H. pylori adhesion to human gastric cells. Human gastric cells
with GM3 incorporated in the plasma membrane decreased H. pylori adhesion at all
concentrations (5-30 pg/mL) to an average of 20% of control values ( === ). Data is
expressed as mean + SD from 3 experiments in triplicate (3 wells). Each well was counted in
duplicate. Letters indicate significant difference at P<(0.0002.

220



I
(0]
j

=
o
i

No. H. pylori bound
{x 10% CFU/well)
- P
(=] on

0 5 10 20 30
GM3 concentration {(ng,/mL)

Figure 5.5 GM3 decreased H. pylori adherent in human gastric cells. Human gastric cells with
GM3 incorporated in plasma membrane decreasing H. pylori binding at concentrations (5-30
png/mL) to an average of 2x10° CFU/mL ( ==== ). Data is expressed as mean + SD from 3
experiments in triplicate (3 wells). Each well was counted in duplicate. Different letters (a,b)
indicate significant difference at P<0.002

5.3.6 GM3:GD3 decreases H. pylori adhesion to human gastric epithelial cells. To
evaluate the effectiveness of ganglioside treatments, two different ratios of gangliosides were
tested: GM3:GD3 (2:8) or GM3:GD3 (8:2). Gastric human epithelial cells were treated at
concentrations of GM3:GD3 (2 and 8 pug/mL, respectively) or GM3:GD3 (8 and 2 pg/mL,
respectively) for 48 h hours (Fig. 5.6). H. pylori adhesion decreased after cells were treated
with GM3:GD3 (2:8) and GM3:GD3 (8:2). When cells were treated with this combination of
GM3:GD3 (2:8), H. pylori adherence decreased to 13% of control. When cells were treated
with GM3:GD3 (8:2), H. pylori adhesion decreased to only 40% of control. This corresponds
to the number of H. pylori in untreated cells at 10.5x10° to 21x10° CFU/well and decreased to
an average of 3x10° CFU/well for GM3:GD3 (8:2) and 1x10° CFU/well for GM3:GD3 (2:8)

(Fig. 5.7).
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Figure 5.6 GM3:GD3 (2:8) and (8:2) decreased H. pylori adhesion to human gastric cells.
GM3: GD3 (2:8) decreased H. pylori adhesion to 13% of control. Data is expressed as mean +
SD from 3 experiments in triplicate (3 wells). Each well was counted in duplicate. Different
letters (a,b,c) indicate significant difference. For GM3:GD3 (2:8) treatment at P<(0.00007 and
for GM3:GD3 (8:2) treatment at P<0.02.
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Figure 5.7 GM3:GD3 (2:8) and (8:2) decreased number of H. pylori adherent to human
gastric cells. Data is expressed as mean + SD from 3 experiments in triplicate (3 wells). Each
well was counted in duplicate. Different letters (a,b,c) indicate significant difference. For
GM3:GD3 (2:8) treatment at P<0.00007 and for GM3:GD3 (8:2) treatment at P<(.02.
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5.3.7 Relationship between GD3 and GM3 content in the plasma membrane of gastric
cells and H. pylori adhesion. Gastric cells take up gangliosides in a dose-dependent manner
and are absorbed in the plasma membrane of gastric cells. Relationships between GD3 and
GM3 gangliosides content in plasma membrane in gastric cells after treatments and H. pylori
adhesion is explained. Untreated gastric cells exhibited a GD3 content of 17+4 ng of
GD3/well and GM3 content of 63+22 ng of GM3/well. H. pylori adhesion was 16+5x10°
CFU/well. Gastric cells treated with GM3 at concentrations of 10 pg/mL increased GD3 and
GM3 content to 132+11 ng of GD3/well and GM3 increased to 284+1 ng of GM3/well,
respectively. H. pylori adhesion was reduced to 0.6+0.15x10° CFU/well. Gastric cells
modified with GD3, at concentration of 10 pg/mL, GD3 increased to 33+3 ng of GD3/well
and GM3 to 247+13 ng of GM3/well. At 30 pg/mL, GD3 increased to 118+17 ng of
GD3/well and GM3 to 316+1 ng of GM3/well. After 10 and 30 pg/mL GD3 treatments, a
reduction of H. pylori binding was observed (2+0.8x10° CFU/well and 3+0.8 x10° CFU/well,
respectively). Ganglioside concentration increasing in plasma membranes represent less H.
pylori adhesion to gastric epithelial cells (see Appendix C).

When cells contain low concentrations of GM3 and GD3, H. pylori binding is greater
compared to treated gastric cells. Increasing GD3 and GM3 content decreased H. pylori
binding in both treatments. After treatment, GM3 is present in higher amounts than GD3 in
plasma human gastric cells. It is not clear if GM3 may inhibit effect on H. pylori adhesion.
GD3 and GM3 species, have different ceramide moieties, but mainly gastric cells incorporated
monounsaturated and saturated ceramides (Chapter 4 Table 4.1 and 4.2). The carbohydrate
moiety is essential for adhesion of H. pylori to gangliosides; however differences in binding

due to saturation/unsaturation of ceramides may affect the conformation of the carbohydrate
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and alter receptor recognition for binding H. pylori to gangliosides.*” In the present study,
gangliosides have saturated and unsaturated ceramide moieties. It is not clear how
saturation/unsaturation of ceramides in gangliosides may contribute to the inhibition of H.

pylori binding.

5.4 Discussion

H. pylori binds human gastric cells using adhesins. Sab A is a H. pylori adhesin that
adheres to sialic acid moieties.”” SabA is not present in H. pylori A64 strain, but other
adhesins (Nap and HpaA) may adhere to sialic acids (gangliosides).” H. pylori adhesins binds
different glycoproteins or glycolipids present in gastric cells. At 90 min of incubation time,
1.5% of H. pylori A64 was found binding NCI-N87 cells. After 90 min, binding reached a
plateau, possible because the number of binding sites was saturated.

When gastric cells treated with ganglioside mix enriched powder containing different
GD3 91%, GM3 4.5%, GT3 2.5%, GM1 1%, GD1 0.5%, GT2 0.5%, H. pylori adhesion was
not affected. The ganglioside mix enriched powder contains different gangliosides that might
be involved in H. pylori adhesion. Other components present in ganglioside mix enriched
powder may influence H. pylori binding. H. pylori A64 strain might have affinity for one or
more gangliosides contained in ganglioside mix enriched powder.”® Hirmo et al. (1996)
reported that H. pylori sialic acid dependent strain bind glycolipids on a-2,3 linked sialic
acids.” All ganglioside species (GD3, GM3, GT3, GT2, GM1) contain o-2,3 linked bond in
ganglioside structure might represent a receptor for H. pylori attachment. For example, Moss
et al. (1976) found that NCTC 2071 cells (mice fibroblasts) do not synthesize GM1, but the

uptake of exogenous GM1 made this cell susceptible to cholera toxin.*
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When cells were treated with GD3 or GM3, H pylori adhesion decreased. GD3 and
GM3 decrease by a 80% H. pylori adhesion to human gastric epithelial cells. Differences
between GD3 and GM3 treatments are not significant probably because the uptake of GD3
increases GM3 synthesis by catabolism of GD3 and/or other gangliosides (see section 5.3.7).
The decrease observed in H. pylori adhesion may due to a spatial configuration and structural
arrangement of GD3 and GM3 gangliosides that block entrance and attachment by H. pylori to

other host receptors.z“’31

Reuter et al. (1999) found that when some low affinity interactions
occur between influenza virus and monomeric sialic acid. High concentrations of sialic acids
might inhibit influenza virus attachment to cells. In the present study, the presence of
numerous sialic acids might contribute to decrease H. pylori adhesion.’” Bacteria move to a
surface by the effect of physical interactions. When bacteria are proximal to the surface, these
interactions can be attractive or repulsive. In the first step of colonization, if bacteria
overcomes repulsive interactions binding is loose and reversible, this interaction is regularly a

hydrophobic interaction.'***?*

Wada et al. (2010) reported that gangliosides neutralize and
inhibit the internalization of VacA virulent protein of H. pylori to gastric cells suggesting that
gangliosides are decoy receptors to impede the binding of pathogens to cells.*

Dietary gangliosides are found the Milk Fat Globule Membrane (MFGM) of human

43,44

and bovine milk. GM3 and GD3 are the most abundant species. Concentration and

composition of GM3 and GD3 may change with state of lactation.****

In the first stage of
lactation, GD3 is the most abundant ganglioside in human milk (colostrum) and in late
lactation, GM3 increases.” In bovine milk, GD3 is always the most abundant ganglioside.”

Two combinations with different GM3:GD3 ratios were tested in the present study. GM3:GD3

(2:8) ratio resembles bovine milk or human milk during the first 8 days of lactation while
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GM3:GD3 (8:2) ratio resembles human milk after 8 days of lactation. Following the
hypothesis that H. pylori infection occurs during childhood, bovine and human milk are the
source of nutrients during this period. GM3:GD3 (2:8) had a greater effect decreasing H.
pylori adhesion by 87% while GM3:GD3 (8:2) by 60%. GM3:GD3 (2:8) showed higher
inhibition compared to GM3:GD3 (8:2) suggesting that human milk may be more protective.
H. pylori infection may be obtained in the first years of life. Few studies have evaluated H.
pylori infection in neonates. Two studies show acquisition of H. pylori infection as neonates,
one neonate breast-feeding and consuming formula.’®*’ Human milk has not be found to
prevent H. pylori infection in these two reports in unknown.*”” In general, human and
bovine milk might contribute to decrease H. pylori infection, but this inhibition cannot be
confirmed because other gangliosides are also present in the MFGM that may alter H. pylori
adhesion.

In summary, adhesion is an essential step to colonize to the human stomach by H.
pylori. Decreasing H. pylori adhesion also decreases the possibility of colonization by this

bacterium. Gangliosides are bioactive compounds that might decrease H. pylori infection.
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CHAPTER VI. Conclusion and discussion
6.1 Overall conclusion

Hypotheses tested in this thesis have been addressed as follows:

Hypothesis 1. Pasteurization treatment does not affect ganglioside content measured in whole
milk.

Pasteurization increases ganglioside content in whole milk. After pasteurization
treatments, ganglioside content increased by 20% after LTLT pasteurization and HTST
pasteurization also increased ganglioside content. Ganglioside profile was not altered by any
pasteurization treatment.

This finding suggests that dietary gangliosides contained in milk products preserved
under LTLT and HTST are not altered compositionally. This finding also suggests that
MFGM is denatured by heating treatments which enable removal of gangliosides easily by
Folch extraction. If gangliosides are released from the MFGM; this release also might

improve bioavailability.

Hypothesis 2. Ganglioside profile will be different in the three different dairy products
analysed (whole raw milk, colostrum, buttermilk).

Seven different mono, di and tri-sialogangliosides were found in whole milk,
colostrum and buttermilk. All ganglioside species are present in different relative amounts.
GT2 and GT4 were found in very small amounts and are present in colostrum. In agreement
with the literature review, GD3 was found to be the most abundant ganglioside for the three

products. GT3 was found to be the second most abundant ganglioside which represents a
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disagreement with previous studies, since GM3 is considered the second most abundant
ganglioside. This discrepancy might be due to ionization efficiency of gangliosides, extraction
procedures or biological factors. Differences in ceramide saturation/unsaturation are not
remarkable since monounsaturated ceramides are present in high amounts in GM3, GD3 and

GT3 in the three milk products. Saturated and polyunsaturated ceramides are less abundant.

Hypothesis 3..Human gastric epithelial cell membrane will be modified by GD3, GM3 and a
ganglioside mix enriched powder.

Gastric cells exposed to ganglioside enriched media containing GD3, GM3 or ganglioside
mix enriched powder increased ganglioside content in human gastric cells. The content of
GM3 and GD3 was modified by the three treatments. Ganglioside mix enriched powder
treatment, containing both GD3 and GM3 ganglioside species along with other ganglioside
species, increased content of both gangliosides, but in smaller amounts than the GD3 and
GM3 treatment. The most remarkable change was when cells treated with GD3 since cells
increased GM3 ganglioside content more than GD3 content. This finding might indicate that
GM3 is an important ganglioside for this type of cell. During GD3 treatment, degradation of
GD3 results in GM3. During GM3 treatment, GD3 increased in content possibly because
GM3 also produces GD3.

Media contained different GD3 and GM3 species with variations in ceramide composition.
Some ganglioside species, containing mainly saturated and monounsaturated ceramides, were
taken up into gastric cells. For gastric cells treated with GD3 at 30 pg/mL, this treatment

resulted in seven new ganglioside species in the cell with different ganglioside than observed
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after GD3 treatment at 10 pg/mL. This finding indicates that gangliosides might be absorbed

from the apical membrane side of human stomach.

Hypothesis 4. Human gastric epithelial cell membranes enriched with GD3 and GM3 will
modify apical membrane domain and not the basolateral membrane domain.

In NCI-N87 cells, GM3 was the most abundant ganglioside located in the apical
membrane domain, while GD3 was found in higher amounts in the basolateral membrane
domain. When human gastric epithelial cells were treated with a ganglioside mix enriched
powder to determine if gangliosides alter the apical and basolateral membrane domains, GD3
and GM3 gangliosides increased in content in the apical membrane domain. After treatments
GD3 and GM3 were found in higher amounts in basolateral membrane domain. The
mechanism for migration of gangliosides is unknown, but probably transcytotic pathway using
protein carriers or vesicles may be involved. Saturation/unsaturation in the ceramide moieties
present in gangliosides can have important roles. In this regard, GM3 C43:0 was found in both
the apical and basolateral membrane, however GM3 C43:1 was only found in the apical
membrane domain.

This finding suggests that absorption of gangliosides modify GD3/GM3 ratio in the
apical membrane domains. This finding also suggests that gangliosides have varied roles and

need to be transported to other sites of the cell.

Hypothesis 5. Exogenous gangliosides will modify phospholipids (PC and PE) in human

gastric epithelial cells.
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Gastric epithelial cells modified with exogenous gangliosides did not show statistically
significant changes in the amounts of total phospholipids, PC and PE. Composition of PC and
PE was also not modified. This finding suggests that any effect of exogenous gangliosides on

bacterial adhesion does not involve change in the phospholipids of the membrane.

Hypothesis 6. Human gastric cells modified with a ganglioside mix enriched powder in
human gastric epithelial cells will decrease H. pylori adhesion.

Incubating gastric cells with a complex ganglioside mixture did not produce consistent
effects on H. pylori attachment. It is not a conclusive experiment for the variations at this

study. These ganglioside mix enriched powder contains other components not quantified.

Hypothesis 7. Human gastric cells treated with purified GD3 ganglioside will reduce H.
pylori adhesion more than human gastric epithelial cells treated with GM3.

Human gastric cells modified with purified GD3 and GM3 ganglioside decreased H. pylori
binding to a similar degree. Cells treated with GM3 and GD3 decreased H. pylori adhesion to
epithelial cells at all concentrations. Gastric cells modified with a mixture of GM3:GD3 (2:8)
(resembles human milk or human colostrum) decreased H. pylori adhesion in similar
proportion to GM3 and GD3 treatments; however, the mixture of GM3:GD3 (8:2) (resembles
human milk) was less effective (reason is unknown). The mechanism for anti-adhesion was
not examinated. This finding suggests that GM3 and GD3 can decrease H. pylori adhesion in
human stomach. This finding also suggests that bovine and human milk may protect against

H. pylori adhesion.
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6.2 Overall thesis discussion

LC/MS is an optimum method to determine composition and content of gangliosides in
milk products and biological systems. LC/MS is a very sensitive and accurate analytic method
allowing saving time, sample size and use of solvents. More than 600 species of gangliosides
can be scanned in less than three hours. Each ganglioside with more than 50 different
ceramides can be detected in approximately 15 min. MS can be considered a rapid and
routine method to assess the identity and quantity of milk gangliosides.

Gangliosides are being considered as a beneficial nutrient; and thus can be supplemented
in milk products. The present study identifies that pasteurization can be continued as the main
preserving method for these products because this procedure does not damage or alter
ganglioside structure.

GM3 and GD3 ganglioside species can be incorporated into the plasma membrane of
human gastric epithelial cells. This observation is significant because it indicates that
ganglioside present in the gastric lumen may be absorbed in the human stomach.

This study demonstrates that GM3 is mainly present in the apical membrane domain
and GD3 is present in the basolateral membrane domain in human gastric epithelial cells.
Exogenous gangliosides altered the ganglioisde content of the apical domain, but also
gangliosides in the basolateral membrane. Migration of gangliosides to basolateral membrane
can be related to saturation/unsaturation of the ceramide composition of gangliosides.

Alteration of adherence to H. pylori by ganglioside treatments is not related to
modification of composition and amount of phospholipids in the plasma membrane.

The significance of this study involves the possibility of an anti-adhesion strategy to

decrease or to prevent H. pylori infection without use of antibiotics. GM3 and GD3 decreased
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H. pylori adhesion to gastric cells. Anti-adhesion may be due to gangliosides blocking
entrance and adhesion by H. pylori to other host receptors, repulsive interactions or multiple
sialic acids inhibit attachment. This finding suggests that individual dietary ganglisiosides in
the appropriate concentrations might contribute to decreased H. pylori adhesion in some H.
pylori strains. Since the use of vaccines to control H. pylori infection is far from developed,

the use of one or more alternative therapies may be an option against this bacterium.

6.3 Future studies

To improve understanding of the mechanism of ganglioside absorption and trafficking in cells,
functions, physiology and anti-adhesion therapy of gangliosides, future studies must be
addressed:

1. To determine sphingosine and FA carbon chain number using analytic methodologies such
as Time-of-flight MS, Fourier transform ion cyclotron resonance MS. Enzymatic methods
may be required to break linkages in the ceramide portion and analyze the number of carbons
only present in the sphingosine portion.

2. To perform in vivo studies (for example using mice models) for absorbance of gangliosides
in stomach cells. /n vivo studies may show the effectiveness of taking up ganglioside in the
stomach and evaluate modifications in apical membrane for anti-adhesion therapies.

3. To study different trafficking and transcytotic pathways for ganglioside species migrating to
the basolateral membrane. The fates of ganglioside and functions of gangliosides specifically
in gastric cells is not clear. Confocal microscopy studies with radiolabelled gangliosides might

clarify these pathways.
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4. To evaluate adhesion to human gastric cells using other H. pylori strains with different
adhesins. The H. pylori strain used in this study did not express SabA and other adhesins that
bind sialic acids were not identified. Other H. pylori strains must be studied to establish the
role of gangliosides as inhibitors of adhesion.

5. To determine the mechanism of interaction between H. pylori adhesins and gangliosides.
The present study did not determine the optimum ganglioside species to inhibit H. pylori
adhesion. It is not clear why alterations in plasma membranes modified adhesion.

6. To determine the concentration of ganglioside where H. pylori adhesion decreased. The
present study tested a minimum concentration of 5 pg/mL and found significance on H. pylori
adhesion. Higher concentrations of 30 pg/mL to determine toxic levels need to be evaluated.
7. To evaluate if ganglioside concentrations found in milk products are bioavailable to be
incorporated in gastric human membranes and decrease H. pylori adhesion.

8. The role of ganglioside species in human gastric cells in the apical and basolateral
membrane domains is unknown and need to be studied to evaluate the effects on cell functions
after ganglioside enrichment.

9. To evaluate the presence of enzymes involved in the metabolism of gangliosides in gastric
human cells.

10. To evaluate the implications and functions of ceramide composition of gangliosides in

human gastric cells and the role of ceramide composition in transcytotic pathways.
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Appendix A
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Trends in retention time for each GM3, GD3, and GT3 gangliosides. When grouped within
their respective ganglioside class as well as the degree of saturation in the ceramide moiety,
retention time on the C18 column was found to be linear with respect to carbon chain length.
DB= double bonds.
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Appendix B
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Gastric cells treated with ganglioside mix enriched powder and H. pylori binding to
human gastric cells. Standard deviations are too high to stablish a relationship when cells are
treated with ganglioside mix enriched powder. Data is expressed as meantSD from 4
experiments in triplicate (3 wells). Each well was counted in duplicate.
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Appendix C
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Representation of the relationship between ganglioside content in plasma membrane
and H. pylori binding. A) GD3 and GM3 content in plasma membrane relate to H. pylori
binding after GM3 treatment (at 10 pg/mL). B) GD3 and GM3 content in plasma membrane
relate to H. pylori binding after GD3 treatment (at 10 and 30 ug/mL). Each well contained 10’
gastric cells. Low ganglioside content high H. pylori binding. When cells treated with
gangliosides increased GM3 and GD3 content and decreased H. pylori adhesion.
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