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ABSTRACT

A diet rich in vegetables and unsaturated fatty acids is associated with a lower risk of major
diseases including cardiovascular disease, type 2 diabetes and chronic inflammation. Yet, despite
extensive research, the active component(s) responsible for these effects has not been pinpointed
and studies with single nutrients have been largely unsuccessful. Recent research from our
laboratory and elsewhere suggests that the inorganic anion nitrate (NO3-), especially abundant in
green leafy vegetables, is converted in our bodies to nitrite (NO2-) and then further to nitric oxide
(NO). The latter is a central signalling molecule with a number of beneficial effects in the
cardiovascular- and gastrointestinal systems. Ingested nitrate is absorbed to the blood and mixed
with nitrate from endogenous sources formed by NO synthases (NOS). Circulating nitrate is
actively transported and accumulated in the salivary glands and excreted with saliva. Oral
commensal bacteria play a surprisingly important role in nitrate bioactivation by reducing salivary
nitrate to the more reactive nitrite anion. The nitrate-nitrite-NO pathway is now emerging as a
significant source of NO, in addition to classical endogenous formation of this gas by NOS.

In this thesis we have specifically explored the role of nitrate and nitrite in modulation of
inflammation and in regulation of gastrointestinal mucus formation. In addition we have also
studied effects of conjugated linoleic acid (CLA), another dietary constituent with proposed anti-
inflammatory effects.

The results show that nitrite and dietary nitrate can reduce leukocyte recruitment during acute
inflammation in the microcirculation. Dietary nitrate also prevented NSAID-provoked small
intestinal inflammation in a process dependent on oral nitrate-reducing bacteria. Although strong
anti-inflammatory effects were observed with dietary nitrate, the ability to clear an infection was
not impaired. Dietary nitrate, nitrite and CLA were further demonstrated to alleviate inflammation
in a mouse model of colitis. The protective effect seen with CLA involved upregulation of trefoil
factor 3 (TFF3) expression through activation of peroxisome proliferator-activated receptor
gamma (PPARY) in the colon mucosa. Furthermore, dietary nitrite also had therapeutic effects in
already established colonic inflammation, possibly mediated by maintaining the colonic mucus
layer and promoting healing of colon epithelial cells. Finally, we demonstrate that the firmly
adherent gastric mucus layer, normally present in conventional mice, was almost absent in germ
free mice. In addition, a reduced gastric mucus layer was also observed in mice treated with broad
spectrum antibiotics. While treatment with nitrate increased the mucus thickness further in
conventional mice it had no effects in germ free mice, again demonstrating the essential role of
oral bacteria in bioactivation of nitrate. Remarkably however, when the germ free mice were fed a
low dose of nitrite, resembling what would normally be generated in saliva by bacteria, the gastric
mucus thickness increased dramatically. This suggests that commensal oral bacteria modulate
gastric homeostasis via physiological recycling of nitrate, originally derived from NOS.

In conclusion, the studies in this thesis demonstrate that dietary nitrate, nitrite and CLA play a
direct role in the regulation of inflammatory responses, both locally in the microcirculation and in
the gastrointestinal tract. These results may have implications for future dietary recommendations
in prevention and treatment of inflammatory disorders.
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Introduction

1 INTRODUCTION

1.1 Diet and health

The link between diet and health has achieved increased attention during the recent
decades and has led to a growing consumer awareness regarding the nutritional value of
food. As with the Mediterranean or the traditional Japanese diet, a high intake of fruit,
vegetables and unsaturated fatty acids is associated with a lower risk for cardiovascular
disease (CVD) and type 2 diabetes mellitus (1-6). The mechanisms of the protective
effects were initially explained by the abundance of vitamins and antioxidants in these
foods (7), but the active nutrients have not yet been determined. The strongest
associations with protective effects have interestingly been found with diets high in green
leafy vegetables (1, 4, 8). Paradoxically, these vegetables also have the highest
concentrations of inorganic nitrate which is just about the only natural substance in
vegetables that has been pointed out as being harmful. This is due to the suggested link
between dietary nitrate and increased risk of cancer, first reported more than 50 years
ago. However, these proposed harmful effects have not been proven by any human
epidemiological studies (9). At the same time, green leafy vegetables have recently been
ranked as one of the healthiest choice of vegetables, again supposedly due to their high
content of vitamins and antioxidants (10). An emerging field of research on dietary nitrate
and nitrite during the last decade has demonstrated highly surprising beneficial effects of
these anions, thereby slowly changing the negative overall view. These salutary effects
are due to the conversion of nitrate and nitrite in our bodies to nitric oxide (NO) and other
bioactive nitrogen oxides with physiological effects. In this thesis we have continued to
explore health effects of dietary nitrate, nitrite and fatty acids, with a focus on control of
inflammation. Inflammation in various forms represents a major global health problem
and is the underlying cause of a number of major chronic diseases.

1.2 Endogenous formation of nitric oxide

Before the recent discovery that nitrate and nitrite from the diet can be reduced to NO,
endogenous production of NO by specific enzymes was thought to be the only pathway of
formation. NO is produced by the nitric oxide synthases (NOSs), a family of enzymes
that exist in three isoforms, neuronal (NNOS), inducible (iNOS) and endothelial (eNOS)
(11). These enzymes produce NO from the amino acid L-arginine with molecular oxygen
as a co-substrate (Fig. 1). NO mediates a broad spectrum of signalling and regulatory
functions in mammalian biology, such as nerve transmission, host defence and
vasoregulation (11-13). The classical signalling mechanism of NO is mediated through
binding to the heme-containing guanylyl cyclase (sGC) with subsequent increased
formation of the second messenger 3',5'-cyclic guanosine monophosphate (cGMP). In
turn, this leads to decreased intracellular calcium and relaxation of vascular smooth
muscle cells (14, 15). The discovery of NO as a signalling molecule in the cardiovascular
system elicited the Nobel Prize in Physiology or Medicine in 1998. However, prior to the
identification of NO as an endogenous vasodilator, the endpoint had been utilized for
more than a century with the use of organic nitrates, such as glyceryl trinitrate (GTN) to
treat angina pectoris and high blood pressure. Organic nitrates (RO-NQO,) release NO and
have potent acute vasodilatory effects. A drawback with longterm use of these substances
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is the development of tolerance and possible development of endothelial dysfunction with
increased production of reactive oxygen species (ROS) (16, 17).

NO is a very short-lived molecule due to its high reactivity with other molecules, and is
rapidly oxidized into nitrite and nitrate in blood and tissues (Fig. 1). With the formation
of nitrite and nitrate, the metabolism of NO was thought to be completed and these were
for a long time considered to be inactive end products. It has been known since the 1970s
that nitrate (NO3) could be reduced to nitrite (NO,) by oral bacteria (18). However, a
novel discovery was made in the mid-1990s by two independent research groups (19, 20)
who demonstrated that NO could be formed by reduction of nitrite in the acidic stomach.
Thus, nitrate and nitrite tuned out not to be merely inert end products but actually
substrates for the regeneration of NO. The formation of gastric NO from nitrite is
suggested to occur in a series of non-enzymatic chemical reactions, with the intermediate
formation of nitrous acid (HNO,) and dinitrogen trioxide (N,O3) (20).

1. NO; +H" = HNO,
2. 2HNO; = H,0 + N,04
3. N;O3 2 -NO + :NO,

Soon after this discovery, the conversion of nitrite to NO was observed also in the
ischemic heart (21). This led to the important understanding that alternative routes of NO-
formation existed in addition to the generation from NOSs; both in the gastric
compartment and systemically (Fig. 1).

Diet

Oral bacteria
(Xanthine oxidase)
r ﬁ Oxygen

Xanthine oxidase

Deoxy-Hb/-Mb

Protons Oxygen
VitaminC

Ceruloplasmin
Polyphenols

NOS

Respiratory chain enzymes

0, + L-arginine

Figure 1. Overview of a mammalian nitric oxide (NO) cycle with oxidation and reduction
of nitrate, nitrite and NO.
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1.3 Dietary sources of nitrate and nitrite

Various forms of nitrogen are essential in the biology of plants and all other living
organisms, and the process of nitrogen cycling in nature is heavily dependent on bacteria.
Atmospheric nitrogen gas (N,) undergoes fixation by bacteria and is converted into
ammonium (NH,") which is further oxidized to nitrite and nitrate. Nitrate in the soil is
then taken up by plants and transported from the roots to the leaves. The levels of nitrate
in plants are dependent on many factors, including the amount of sunlight, temperature
and access to nitrogen. Therefore, the amount of nitrate absorbed by different plants
varies greatly with origin and season of growth (22). Vegetables are the dominant source
of nitrate ingested by mammals which correspond to 60-80% of nitrate intake (23), and
green leafy vegetables have particularly high nitrate concentrations. The highest
concentrations are found in rucola, spinach and beet root, which contain on average well
over 100g/kg in fresh weight. Also celery, fennel, rhubarb and radish are high in nitrate.
Potatoes have quite low levels of this anion, but may contribute substantially to the total
nitrate intake due to the high consumption of this vegetable in a normal Western diet (22).
Since nitrate is water soluble, processing vegetables in various ways including washing,
peeling and cooking can substantially reduce the nitrate content (23). In contrast to
nitrate, the intake of nitrite originates mainly from foods where it is added as a
preservative. Even with this ingestible source, around 80% of our exposure to nitrite is
dependent on in vivo conversion of ingested nitrate (24).

1.3.1 Circulation of dietary nitrate

As in the circulation of nitrogen in plants described above, bacteria play a crucial role in
the reduction of nitrate and nitrite also in mammalian biology. Ingested nitrate is
efficiently absorbed from the upper gastrointestinal (Gl), with a bioavailability of around
100% (25). In the blood, nitrate originating from dietary sources and from oxidation of
endogenous NO by NOSs is then mixed. Fasting plasma levels of nitrate are around 20-
40uM, but increases several fold after nitrate intake (26). A major part of the nitrate is
excreted by the kidneys, though up to 25% is actively absorbed and accumulated in the
salivary glands (27). This leads to a 10-20 times higher concentration of nitrate in human
saliva than in plasma (26) (Fig. 2). The reason and the mechanism behind this
accumulation of salivary nitrate are still not fully understood, but it seems to involve a
specific transport protein named sialin, functioning by co-transporting NOs/H" (28).
Secreted salivary nitrate is reduced to nitrite in the oral cavity in a process dependent on
commensal oral bacteria (29, 30). The swallowed nitrite is then further non-enzymatically
metabolized to NO and other nitrogen oxides by the low pH in the stomach, a process that
is enhanced by polyphenols and ascorbate (19, 31-33). However, much of the nitrite also
escapes this reduction and enters the systemic circulation where it is mixed with nitrite
generated by NOS. The plasma concentration of nitrite is around 50-100nM during
fasting conditions and is also increased substantially after nitrate intake (26). Circulating
nitrite can then be reduced to NO by various enzymes in blood and tissues, including
haem-proteins and xanthine oxidoreductase (XOR) (Fig. 1) (22, 34, 35). Even though
some nitrate can be reduced systemically to nitrite by mammalian processes (34), the
bacterial conversion seems to play a more effective role in nitrate metabolism (29, 36).
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The now acknowledged alternative generation of NO from the nitrate-nitrite-NO pathway
is suggested to function as an important back-up system for NOS-dependent generation of
this gas. Especially during conditions of low pH and hypoxia, this pathway will ensure
sufficient formation of NO to maintain vascular homeostasis. In fact, while the oxygen-
dependent NO generation from NOS is compromised under hypoxia, the nitrate-nitrite-
NO pathway is instead greatly enhanced (37, 38).

Vegetables contain
high amounts of nitrate

—

Parts of the
circulating nitrate
are actively taken up
by the salivary glands

- .
= ‘u Oral commensal bacteria
‘: reduce nitrate to nitrite

." Circulating nitrate and
.' nitrite originate from food
and from endogenous
NO production

/N

Salivary nitrite is reduced
to NO and other bioactive

/ nitrogen oxides in the
acidic stomach

Nitrate is excreted
by the kidneys

Nitrate and nitrite are
efficiently absorbed in
the intestine

Figure 2. The enterosalivary circulation of ingested nitrate in humans. Figure adapted
from (22).
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1.3.2 Adverse effects of nitrate and nitrite

The knowledge about inorganic nitrate and its potential effects in improving
cardiovascular disorders has been utilized since 700 BC by the Chinese. In the western
world, the practice of using inorganic nitrate and nitrite in CVD started in the late 19"
century and lasted until the early parts of 20" century. However, this therapeutic regimen
was abandoned with the view that nitrite might have toxic effects by reacting with
secondary amines to form nitrosamines (16, 17). Animal experiments with long-term
exposure to nitrosamines had earlier been shown to give rise to an increased incidence
hepatic tumours (39). With this, the concerns arose that this reaction might also occur in
humans. Although numerous studies have examined the risk of nitrate/nitrite in the
development of human tumours, including gastric cancer, the results are still not clear. A
number of international and governmental agencies have now concluded that there are
inadequate evidence for carcinogenicity of dietary nitrate in humans or animals (9, 23).
However, there is still no consensus regarding the risk of cancer from nitrite in food (9,
24). Other adverse effects with ingestion of high doses of nitrate are the formation of
metheamoglobin in infants, named the “blue baby syndrome”. With the reduction of
nitrate to nitrite, the ferrous iron in oxyhemoglobin is oxidized, thereby forming
metheamoglobin which has less ability to bind oxygen, leading to reduced oxygen
delivery to tissues. Infants under six months of age are more susceptible to this condition
due to lower levels of the reducing enzyme which converts metheamoglobin back to
oxyhemoglobin (16). With reports of methemoglobinemia in infants and the potential
carcinogenic effects, major restrictions have been made by governmental agencies to
decrease the amounts of nitrate and nitrite in the drinking water. All this has also
contributed to an overall negative view of nitrate and nitrite. However, with the last two
decades of intensive research on the health benefits of inorganic nitrate, the therapeutic
potential off this anion against disease has become evident. Focus is now slowly shifting
from the toxic properties of nitrate to its desirable biological effects.

1.3.3 Emerging health effects of nitrate and nitrite

Numerous studies have reported therapeutic effects of nitrate and nitrite administration
since the existence of a complete reverse pathway of nitrate being converted to NO was
proven (22, 26). The effects of nitrite in the cardiovascular system has especially been
investigated (40). In particular, nitrite has been shown to protect against damage caused
by ischemia-reperfusion in various organs (8, 41), as first shown in the heart by Webb
and colleagues (42). Dietary nitrate has also been increasingly studied, demonstrating
reduction in blood pressure in healthy volunteers, both with sodium nitrate (43) and a
natural source in the form of beet root juice (44). A surprising effect of increased athletic
performance has also been observed after ingestion of nitrate in humans, which is
suggested to be a result of a reduction of mitochondrial oxygen consumption (45, 46). In
animal studies, a great number of biological effects have been demonstrated by nitrate
and nitrite administration (22). In the Gl-tract, gastric nitrite has been demonstrated to
increase gastric mucosal blood flow and mucus thickness (47). Along with this, dietary
nitrate administration has shown to be protective against experimentally induced ulcers
(48, 49). The anti-inflammatory effects of nitrate and nitrite have also recently started to
be investigated. It was shown in the early 1990s that NO had an inhibitory effect on
leucocyte adhesion (50, 51), an event probably mediated by activation of sGC (52).
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Similar effects were seen by Stokes et al (53) with dietary nitrite after inducing vascular
inflammation in mice by a high-cholesterol diet. Indications of reduced kidney
inflammation with dietary nitrate have also been demonstrated in rats subjected to a high-
salt diet mediating renal damage and hypertension (54). Furthermore, dietary nitrate has
been shown to reverse features of the metabolic syndrome that develop in mice lacking
endogenous NO synthesis by eNOS, such as body weight, visceral fat, improved glucose
metabolism and plasma triglycerides (55).

Many of the biological effects seen with nitrate and nitrite are associated with formation
of NO and NO-related substances. However, it has also been suggested that nitrite itself
might mediate biological effects (56). A variety of different nitrogen oxides can be
formed in the acidic gastric milieu and elsewhere which can mediate NO-like signalling.
Thiol groups (-SH) in cysteine residues of proteins might undergo S-nitrosation by nitrite,
generating S-nitrosothiols which can act as NO donors (57) or generate post-translational
modifications that can alter protein function (58). Other responses might be mediated by
the generation of electrophilic nitro-fatty acids (NO,-FA). Nitration of unsaturated fatty
acids can be induced by nitrite-derived nitrogen oxides (NOX), especially the nitrogen
dioxide radical (-NO,), formed in high amounts during gastric acidification of nitrite (59).
The electrophilic properties of nitrated fatty acids can mediate anti-inflammatory
signalling through activation of nucleophilic proteins such as the peroxisome proliferator
activated receptor-y (PPAR-y) and suppress inflammatory NF-kB signalling. Although
endogenous formation of nitro-fatty acids occurs, the levels found in plasma are in a low
range, and some authors have questioned if they play a role in normal physiology (60,
61).

1.4 Unsaturated fatty acids

Fatty acids are an essential part of the inflammatory response, by modulating
inflammatory processes and by acting as substrates for the generation of signalling
molecules (62). Poly- or mono- unsaturated fatty acids (PUFA, MUFA) contain one or
more double bonds in the carbon chain and ingestion of these compounds have been
linked with health benefits (63). However, the effects are heavily dependent on the type
of fatty acid ingested. The general consensus is that the typical western diet contains high
amounts of n-6 PUFA and lover levels of n-3 PUFA, leading to an unbalanced fatty acid
ratio, which is linked with many inflammatory diseases including obesity, rheumatoid
arthritis and inflammatory bowel disease (IBD) (63, 64). The major n-6 PUFA from
vegetable sources is linoleic acid (LA, 18:2n-6), which is a precursor for arachidonic acid
(AA) that is subsequently converted into inflammatory eicosanoids, such as
prostaglandins and leukotrienes. On the other hand, the major vegetable source of n-3
PUFA is a-linoleic acid (ALA, 18:3n-3), which can modulate the inflammatory response
by mediating competitive inhibition of the inflammatory eicosanoids (63-65). However,
the role of PUFAs in mediating an overall pro- or anti-inflammatory effect is still unclear.
Unsaturated fatty acids can also be nitrated by reactions with nitrogen oxide species as
mentioned above. These reactions result in formation of for example nitro linoleic acid
and nitro oleic acid, both of which have anti-inflammatory effects by inhibiting pro-
inflammatory cytokines (66).
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1.4.1 Conjugated linoleic acid (CLA)

Conjugated linoleic acids (CLA) are natural fatty acids found in egg, meat, cheese and
other dairy products. It is a group of positional isomers of linoleic acid [18:2], which is
typically present in plants (67). Up to twenty-eight different isomers are included in the
CLA family, but the two most abundant isoforms of CLA found in foods and
supplemental preparations are cis-9,trans-11 (c9t11) and trans-10,cis-12 (t10c12) (Fig.
3). These two forms are considered to be bioactive (67). The two double bonds found in
CLA are separated by one single bond, hence the term conjugated. From dietary sources,
up to 90% of the total CLA intake consists of the c9t11 isoform (68), which is suggested
to have regulatory effects of the immune response, while t10c12 is more involved in
regulation of body fat mass (69, 70). CLA is formed in the rumen of ruminant animals as
an intermediate product of complete bacterial biohydrogenation from linoleic acid to
steric acid [18:0], thereby changing the double bonds into a saturated carbon chain (71)
(Fig. 4). The rumen bacterial conversion was earlier assumed to be the major source of
CLA isomers in dairy products. However, another intermediate in this process is trans-
vaccenic acid [18:1], a form of fatty acid that can be incorporated into tissues of the
animal and be converted back to c9tll by the enzyme delta-9 desaturase. This is now
considered to be the major pathway of c9tll formation, explaining the high levels of
CLA found in milk and beef (72). The formation of c9t11 by delta-9 saturation has also
been observed in humans and rodents (73). The mechanistic explanation for CLA-
mediated protection against inflammation is still largely unknown. However, there have
been indications that CLA might enhance the production of the anti-inflammatory
cytokine IL-10 in dendritic cells and in macrophages, which in turn reduces NF-kB
activity (74, 75). Furthermore, macrophage activity seems to be influenced by CLA
treatment by responding with a decreased production of proinflammatory cytokines and
other inflammatory mediators such as COX-2 as well as inhibition of iNOS via a PPAR-y
mediated mechanism (76). The intake of CLA from natural sources has been estimated to
be around 150 - 440 mg/day (67, 77, 78), a dose that is very low compared to dietary
supplementation studies made with this fatty acid (70). When studying the health effects
of CLA, supplementation is usually administrated by a mix of isomers c9t11 and t10c12
in ratio 1:1, either as free fatty acids or as incorporated in phospholipids. At present, both
the US Food and Drug administration and the European Food Safety Authority has
approved a supplemental dose of 3g/day CLA, with an of intake up to 6 months (79).

Due to the presence of double bonds in CLA, radical reactions are possible that might
lead to the formation of nitrated fatty acids. In a recent study, CLA was even
demonstrated to be a preferential substrate for endogenous nitration in favour of other
fatty acids due to the specific location of the double bonds. Nitrated CLA has also been
detected in tissues of mice supplemented with nitrite and CLA and in plasma of healthy
humans (80).
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Figure 3. Chemical structure of linoleic acid and the two most abundant isoforms of
conjugated linoleic acid.
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Figure 4. Pathways for rumen and tissue synthesis of cis-9, trans-11 CLA and alteration
in the biohydrogenation pathway of linoleic acid into synthesis of trans-10, cis-12 in the
ruminant animal. Figure modified from (81).

Over the past two decades, the intake of trans fatty acids (TFAs) have decreased
significantly due to the reported increased risk of CVD (82). The group of TFAs is
characterized by containing one or more double bond in trans configuration, and TFA can
be divided into two different groups; artificial (industrial) and natural (ruminant) trans
fatty acids. The industrial TFAs are formed from partly hydrogenated vegetable oils and
can be included in foods in order to replace animal fats and to increase shelf life of the
products (83). In spite of the negative view of trans fatty acids on human health, the
naturally formed trans fatty acid CLA has been shown to reduce body weight, have
effects against cancer and cardiovascular diseases and to modulate inflammatory
responses in various animal models of disease (70). For that reason, all isoforms of CLA
are excluded in the definition of TFA (79). However, the effects of CLA in humans are
not always as conclusive as in animal models and the mechanisms of action are often
unknown (67). A recent overview of clinical studies with natural TFA, shows that
moderate intake does not increase the risk for cardiovascular diseases (79). To the
contrary, there are also indications that the intake of CLA, especially as a supplement in
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higher amounts, may have similar unfavourable effects on lipoprotein levels as other
trans fatty acids (82). More safety studies on the intake of CLA in relation to other TFA
are needed to delineate the difference in effect and mechanisms of actions.

1.5 Gastrointestinal mucosal defence

The mucosal membrane lining the gastrointestinal tract is an important barrier against
external threats as well as endogenously secreted factors such as gastric acid and
degrading digestive enzymes. Pathogens accompanying the intake of food and fluids or
inhabiting the colon may cause damage to the host. The mucosa consists of a single layer
of epithelial cells covering the basement membrane, the lamina propria and a thin layer of
smooth muscle cells (Fig. 5). The entire mucosa of the gastrointestinal tract is covered by
a secreted mucus layer, which in conjunction with a tight epithelium, resident immune
cells and well-functioning mucosal blood flow protects the mucosa from damage.

Mucus layer =
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Figure 5. Schematic picture of the gastrointestinal mucosa and the luminal mucus layer.

1.5.1 The gastrointestinal mucus layer

The well-organized protective layer of mucus covering the surfaces of the gastrointestinal
tract consists of secreted gel-forming mucins. These are highly glycosylated large
glycoproteins originating from the MUC genes (84). In the small and large intestine, the
major secretory mucin synthesized and secreted by intestinal goblet cells is Muc2 (85,
86), while Muc5ac and Muc6 are the most important mucins forming the cross-linked
mucus layer in the stomach (87). Both the colon and the stomach have a protecting mucus
layer organized in a two layer system; the loosely adherent layer adjacent to the lumen,
and the inner firmly adherent layer (Fig. 5). The latter is strongly adherent to the
epithelium and cannot be easily removed, while the outer layer can be ablated by suction
(88). The mucus barrier is not static, but results from the release of mucins by epithelial
mucus-producing cells, as well as degradation by proteolytic enzymes which is involved
in formation of the two layers (89). A range of hormonal, neural and inflammatory
substances regulate mucus formation and release including NO, histamine,
prostaglandins, cytokines, hydrogen chloride and acetylcholine (90).
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There is a great diversity in the functional aspects of the different parts of the Gl-tract,
and the mucus layer also has location dependent roles. In the stomach, production of
hydrochloric acid by the parietal cells is of importance for degradation of food but also to
limit growth of pathogens. However, since this is associated with a very low gastric pH
(pH 1-2 in fasting humans), the mucus layer has an important function in protecting the
epithelial cells from damage by maintaining neutral pH at the epithelial cell surface
through the formation of a pH-gradient (91). The colonic mucus layer is suggested to be a
functional barrier against luminal bacteria, thereby limiting bacteria-triggered
inflammation. An absent colonic mucus layer has been observed in Muc2” mice (86),
which are very sensitive to chemically induced colitis and are prone to develop
spontaneous inflammation and cancer with increasing age (92, 93). Also, in different
mouse models of colitis and in patients with inflammatory bowel disease, the colonic
mucus layer has been reported to be more permeable (94), thereby increasing the risk of
bacterial translocation and subsequent inflammation. This suggests that the colonic mucus
layer is essential to maintain colonic homeostasis and protect against acute and chronic
inflammatory disease.

1.5.2 The epithelial cell barrier

An intact epithelial barrier is essential for the integrity of the gastrointestinal mucosa.
Insults to the epithelial cells, such as bacterial penetration, might result in an
inflammatory response via rapid expression and secretion of pro-inflammatory cytokines
and chemoattractants. Resident immune cells together with the epithelium thereby alert
the innate immune system to the presence of foreign substances which provide signals for
the onset of further inflammatory responses (95). Minor disruptions of the surface layer
are frequent due to friction by the large amounts of materials passing through, as well as
the acidic environment and degrading enzymes present. More severe injuries as a result of
illness or pharmacological side effects might also occur. Both smaller and more serious
damage to the epithelial cell layer require rapid repair, starting with restitution followed
by regeneration. Restitution is the spread of epithelial cells over the basement membrane
to restore the cell-cell contact in order to prevent bacteria or harmful antigens from
infiltrating the underlying compartments. This process is mediated by many factors,
however trefoil factors (TFFs) have attained increased attention in recent years and are
suggested to play a key role in epithelial restitution (96, 97). Three isoforms of trefoil
factors have been identified; gastric peptide (pS2/TFF1), spasmolytic peptide (SP/TFF2)
and the intestinal trefoil factor (ITF/TFF3). The two former are produced in the gastric
and duodenal mucosa (98-100) while TFF3 is localized to the small and large intestine
and produced by the goblet cells and excreted with mucins (101). All TFFs have
conserved motifs of 6 cysteine residues called the “trefoil” domain; resulting in inter-
disulfide bonds that mediate a compact structure which probably mediates the resistance
to protease degradation (97). Many studies have demonstrated the important effect of
these peptides in gastrointestinal mucosal homeostasis (102, 103), which are suggested to
stabilize the mucus structure and are also highly involved in wound healing (97, 104-
106). Specific deletion of the TFF3 gene in mice increased the susceptibility to colonic
injury in various experimental models of colitis (107), which could be reversed by
additional administration of TFF3 (104).
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Another important protein in gastrointestinal epithelial cells is the nuclear receptor
PPAR-y, which is one of three members in the PPAR subfamily. These are conserved
ligand activated transcription factors, stimulated by small hydrophobic signalling
molecules such as hormones, steroids and fatty acids. Upon ligand binding, the receptor
can regulate gene expression by activation or repression (108). PPAR-y is highly involved
in metabolic regulation, participating in energy storage and glucose homeostasis.
Expression of PPAR-y is high in colonic epithelium and in activated immune cells (61,
109), and is suggested to also be an important mediator in several anti-inflammatory
pathways. Activation of PPAR-y has been shown to alleviate inflammation in various
disease models including experimental models of colitis (61). PUFAs are known ligands
for PPAR-y (110), which can reduce expression of NF-kB (61) by a suggested
suppression of pro-inflammatory cytokines (TNF-o, IL-1B, IL-6) (111). Nitrated fatty
acids are also candidates ligands to PPAR-y (112), and supplementation with nitrated
oleic acid has been proven to be protective in an experimental model of colitis (113).
CLA isomers are other proposed activators of PPAR-y, and have also been demonstrated
to alleviate inflammation in experimental colitis (114-116). The presence of a PPAR-y-
binding site in the TFF2 gene has been proposed, which may mediate the anti-
inflammatory effects of CLA (117). A similar binding site might exist on the TFF3 gene
and therefore mediate protective effects. However, little is known about the effects of
PPAR-y ligands and the regulation on TFF3 genes in colitis.

1.5.3 The inflammatory response

The immune system has an essential role in the defence against pathogens, protecting us
from severe infections. In general, the immune system is divided into cells active in the
innate or the adaptive system with different cells and signalling cascades. The acute
inflammatory response is initiated by a rapid recruitment of leukocytes from the blood to
the afflicted site, primarily involving neutrophils which are a part of the innate immune
system. In humans, ~60% of all circulating leukocytes are granulocytic neutrophils,
compared to only ~10% in mice (118). These short-lived immune cells are a vital part of
our immune system. In the intestinal vasculature and in other microvascular beds in the
body, the endothelium regulates the entry of leukocytes in a multi-step mechanism (Fig.
6). The recruitment cascade is initiated by upregulation of selectins on the activated
endothelium, e.g. P-selectin, which induces leukocyte rolling along the blood vessel wall.
Next, leukocyte binding of chemokines presented on the endothelium induces integrins
on the surface of the leukocytes and mediate adhesion, crawling and finally
transmigration through of the vessel wall. The transmigration of leukocytes involves
complex binding of endothelial ligands, where a key adhesion molecule is the
intracellular adhesion molecule type 1 (ICAM-1). Subsequently, leukocyte binding to
components in the endothelial junction and the perivascular basement membrane further
progresses the transmigration (119-123). The direction of leukocyte movement in this
process of crawling and transmigration is governed by an intravascular chemokine
gradient originating from the afflicted tissue (124). Accumulation of infiltrated leukocytes
is a key feature in IBD, and an abnormal microvascular leukocyte recruitment might lead
to impaired mucosal healing and chronic inflammation (95).

11
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Figure 6. Schematic illustration of the leukocyte recruitment cascade in acute
inflammation.

1.6 Inflammatory Bowel Disease

Inflammatory bowel disease (IBD) is a chronic and relapsing inflammatory illness of the
gastrointestinal tract, comprising mainly Ulcerative Colitis (UC) and Crohn’s disease
(CD). These diseases are thought to be due to a dysregulated immune response to the
commensal microflora, which has a genetic link and can be developed by environmental
triggers (95). CD is generally displayed by an irregular, transmural inflammation, most
commonly observed in the ileum and colon, but can affect any part of the Gl-tract. UC on
the other hand is usually affecting the colon and rectum in a more continuous pattern, and
the inflammation is typically limited to the mucosa (95, 125). The pathogenesis of the
disease is not fully understood but the incidence of both UC and CD has steadily
increased in the western countries since the mid-1900s (126). The highest prevalence of
IBD is reported in Europe and North America (127) and approximately 0.5-1% of the
Swedish population is affected (128). There has also been an increase in the incidence
and prevalence of IBD during the past decade in Asia, particularly in East Asia (129)
(Fig. 7). The reason for the increased incidence is not entirely clear, but diet and lifestyle
factors, which have dramatically shifted over the last decades, have been discussed (126).
The interactions between the host and the intestinal microbiota are in many cases
beneficial in modulating the immune system, regulating energy metabolism and in
extracting important nutrients (130). However, interactions with bacteria can also be
deleterious to the host by disrupting the mucosal barrier and initiating an uncontrolled
inflammatory response which might lead to the development of IBD (131). As mentioned
above, an altered mucus layer has been demonstrated in patients with UC with indications
of bacterial penetration of the inner mucus layer (94, 132). Bacterial penetration can lead
to infiltration of immune cells and cause destruction of the protective epithelial cell layer.
Injuries of the epithelial cell layer are a prominent feature in UC and this damage is
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resembled in some animal models of inflammation including DSS-induced colitis
(dextran sulfate sodium, see below) (133, 134). Hence, stimulation of mucosal healing is
an important target in modern therapeutic strategies for UC and a key end-point in many
clinical trials today (133). By obtaining mucosal healing, the long-term development of
the disease appears to be improved (135).

Incidence group
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[ Low with increase
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M High

[] No data

Figure 7. Worldwide annual incidence of inflammatory bowel disease. Red refers to
incidence greater than 10 per 100,000, orange to incidence of 5-10 per 100,000, green to
incidence less than 4 per 100,000 and yellow to low incidence that is continuously
increasing. Figure adapted from (136).

UC is a life-long disease with a relapsing nature, which adversely affects the quality of
life (125). No curative treatment exists for these patients today. Instead, the therapy aims
to induce remission by anti-inflammatory and immunosuppressive drugs. However, most
of these have serious side-effects in long-term management of the disease, often due to
the immunosuppression (137). More recent therapeutic approaches under development
are focusing on inhibiting specific proinflammatory cytokines, thereby preventing
immune cell activation and proliferation (95). However, approved biological therapies
available today are limited to antibodies directed towards tumour necrosis factor alpha
(TNFo), and a large part of patients are non-responders (138). Furthermore, in patients
with more severe relapses and with poor effects of medical treatment, surgery is often the
only option (125). The development of new treatments and nutritional strategies to better
control the disease is important, in combination with further research to understand the
disease mechanisms.

1.6.1 Experimental models of colitis

At present, there are over 50 mouse models of intestinal inflammation, often divided into
acute or chronic models of colitis. Oral administration of DSS is the most common acute
animal model of IBD, particularly in mice (139). The mechanism of DSS-induced colonic
injury is still largely unknown. However, the acute inflammatory reactions are believed to
occur by non-specific damage to the colonic epithelium and heavily depend on the use of
mouse strain and the molecular weight of the DSS (140, 141). Typical symptoms in
animals are weight loss, bloody stools and diarrhoea (134), in combination with common
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histological features such as epithelial ulceration, loss of goblet cells and infiltration of
immune cells (142, 143). These pathophysiological characteristics resemble injuries that
can be observed in human UC (134, 142). In many other aspects, this model is considered
to be a relatively poor surrogate for the human disease, i.e. in complexity of the
inflammatory response. The pathology of DSS mainly involves the innate immune system
with increased infiltration of macrophages and polymorphonuclear leukocytes (PMNSs),
with little contribution from the adaptive system of T- and B-cells (144). Nevertheless,
since DSS is thought to have direct toxic effects on epithelial cells in combination with
immune cell infiltration, the DSS-model is suggested to be quite useful in studies of
mucosal wound repair (139).
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2 AIMS

The overall aim of this thesis was to study the metabolism of dietary nitrate, nitrite and
conjugated linoleic acid (CLA) and their effects on inflammatory processes. The more
specific objectives of this thesis were:

Paper I:

Paper II:

Paper IlI:

Paper 1V:

To investigate the effects of nitrite and dietary nitrate on leukocyte
recruitment in microvascular inflammation and in NSAID-induced
intestinal injury.

To examine the anti-inflammatory effects of CLA in DSS-induced colitis
and the involvement of PPAR- y and TFF3 activation.

To investigate the preventive and therapeutic effects of dietary nitrate and
nitrite in DSS-induced colitis and the regulation of colonic mucosal
integrity.

To determine the involvement of the oral microflora and nitrite in
physiologic regulation of gastric mucus formation.
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3 MATERIALS AND METHODS

Brief descriptions of the methods used in this thesis are described below. For more
detailed information, please see the material and methods section for each specific paper.

3.1 Experimental animals

The following strains of mice were used in these studies; male C57/BI6 (B&K Universal,
Stockholm, Sweden and Taconic M&B, Ejby, Denmark), female BALB/c (Scanbur AB,
Sollentuna, Sweden), male NMRI (Scanbur AB, Sollentuna, Sweden) and male germ free
NMRI mice (germ free animal facility, Karolinska Institutet, Sweden). All mice weighed
18-45 g and were housed under standardized conditions of temperature (21-22°C),
humidity and illumination (12-h light/darkness). Male Sprague-Dawley rats (Charles
River, Scanbur AB, Sweden), weighed 210-310g and were kept under the same standard
conditions as the mice. All animals were allowed to adjust to the cage environment at
least 7 days before experimental start with free access to pellet food and tap water. All
experiments were approved by the Ethics Committee for Animal Experiments at the
Karolinska Institute and Uppsala University.

3.2 Animal treatments

3.2.1 Nitrate supplementation (Paper I, 111, 1V)

In the animal experiments of paper I, 11 and 1V, mice and rats were given sodium nitrate
(10 mM; Sigma-Aldrich) in the drinking water for 7 days before start of experiments.
This concentration of sodium nitrate resulted in a daily intake of around 140 mg/kg body
weight for mice and 85 mg/kg body weight for rats.

3.2.2 Nitrite administration (Paper I, 111, 1V)

In paper 1, sodium nitrite (1.3 mg/kg; Sigma-Aldrich) was injected i.v. to mice in a bolus
dose (0.1 ml) through a cannulated jugular vein. In paper Ill, mice were administrated
sodium nitrite (1 mM) in the drinking water for 7 or 4 days, resulting in a daily intake of
10 mg/kg body weight. Conventional and germ free mice in paper IV, were supplemented
with sodium nitrite (ImM, 0.25mM or 50uM) in the drinking water for 7 days, mediating
a daily intake of about 11 mg/kg, 2.75 mg/kg or 0.55 mg/kg body weight, respectively.

3.2.3 CLA supplementation (Paper I1)
Mice in paper Il were supplemented with CLA (50:50 cis-9,trans-11 and trans-10,cis-12,
purity >99%; Nu-Chek Prep) in their chow to obtain a daily intake of 100 mg/kg.

3.2.4 Induction of gastrointestinal NSAID-injury (Paper 1)

NSAID-induced small intestinal injury was induced in paper I. Mice were administrated
diclofenac (60 mg/kg) via gavage after having fasted 6 h before and 3 h after
administration. N®-nitro-L-arginine methyl ester (L-NAME, 1g/L; Sigma—Aldrich) was
added to the drinking water 24 h before diclofenac gavage, and given as an additional
bolus dose (10 mg/kg) with the diclofenac. Examination of the intestines was performed
17-19 h later. In separate experiments, rats were gavaged with diclofenac (30 mg/kg) after
being fasted 4 h before and investigated 17-19 h later.
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3.2.5 Chlorhexidine mouth spray (Paper I)

In the rat experiments of paper I, the oral microflora was suppressed in some animals.
Rats were treated twice daily with 0.3 ml chlorhexidine mouth spray (2 mg/ml,
CorsodylR, GlaxoSmith-Kline) applied topically onto the dorsal part of the tongue for a
period of 7 days with or without nitrate supplementation.

3.2.6 Induction of experimental colitis (Paper 11, 111)

Experimental colitis was induced in female BALB/c mice in paper Il and I1l. DSS (2 or
2.5%, 45 kDa; TdB Consultancy, Uppsala, Sweden) was added in the drinking water for 7
days. To evaluate the severity of the disease the Disease Activity Index (DAI) was
assessed daily. The score is based on three parameters; the degree of body weight loss,
diarrhoea and faecal haemorrhage, earlier described by Ito et al (145). On day 7, mice
were sacrificed by cervical dislocation under induced anaesthesia with isoflurane (Abbot,
Scandinavia, Sweden). The presence of blood in stools was evaluated by analysis of
Hemoccult (Beckman Coulter), the colon length was measured and plasma and other
tissues were snap frozen and kept in -80°C until further analysis.

3.2.7 Antibiotic treatment of mice (Paper 1V)

To obtain a clinically relevant model of microflora elimination, mice were treated with
broad spectrum antibiotics in paper IVV. An antibiotic cocktail consisting of ampicillin (1
g/L, Sigma), vancomycin (500 mg/L, Hospira), neomycin sulfate (1 g/L, Gibco), and
metronidazole (1 g/L, Braun) was added to the drinking water for four weeks prior to
further experiments. The antibiotic cocktail was replaced with a freshly made solution
every 2-3 days. The method has been used earlier for depletion of gut microbiota (146).
Bacteria from colonic faeces (aerobic and anaerobic) and bacteria scraped from the oral
cavity (aerobic) were cultivated for 72 h and inspected for growth. The nitrate reducing
activity of oral bacteria on the plates was investigated. Colonies were grown over night in
Mueller Hinton broth and separate incubations were made with 1 mM sodium nitrate
(Sigma-Aldrich) for 0, 1, 2, 3, 4, 5 and 6 h. The reaction was stopped by adding methanol
(1:2) and freezing at 20°C until analysis. The incubated samples were centrifuged and the
nitrate and nitrite concentrations were measured using the highly sensitive HPLC method
(ENO-20; Eicom Japan).

3.3 In vivo animal protocols

3.3.1 Leukocyte recruitment in microvascular inflammation (Paper 1)

Leukocyte recruitment in microvascular inflammation was explored through intravital
microscopy in paper | (Fig. 8). Mice were anesthetized by spontaneous inhalation of
isoflurane (Abbot, Scandinavia, Sweden) and the left cremaster muscle was gently
opened and mounted for observation of leukocytes in postcapillary venules through
bright-field intravital microscopy (Leitz Ortholux Il with 25x/0.6W objective, connected
to a Hamamatsu C3077 camera). Throughout the experiment, the muscle was constantly
kept moisture by superfusion of bicarbonate-buffered saline (pH 7.4, 37°C). Induction of
neutrophil recruitment in the cremaster muscle was made by adding murine macrophage
inflammatory protein 2 (MIP-2, CXCL2; R&D Systems, England) to the buffer. The
MIP-2 superfusion (0.5 nM) continued for 90 min. A 5-min base line recording of chosen
vessel was done before the MIP-2 superfusion and further recordings were made at 30, 60
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and 90 min at the same spot. In separate experiments, the sGC inhibitor 1H-
[1,2,4]Oxadiazolo[4,3-a]quinoxalin-1-one (ODQ; Tocris Bioscience, USA) was added to
the buffer (100 pM) to investigate potential NO-sGC-cGMP aspects of leukocyte
recruitment. Neutrophils were analysed in the recordings for number of rolling cells
(number of leukocytes passing per min), rolling velocity (average time of 10 first cells
passing over a 100 pm segment), adhesion (cells stationary for more than 30 s) and
emigration (cells in the extravascular space within the field of view 0.05 mm?).

Camera

Intravital
microscope

Isoflurane ‘

Buffer superfusion

Transmitted
light source

Figure 8. Left: The experimental set-up of the cremaster muscle for in vivo imaging of
leukocyte recruitment in microvascular inflammation. Pre-warmed bicarbonate-saline
was superfused over the muscle to keep it moist and MIP-2 and ODQ was added to the
buffer. Right: 5 min recordings of the selected postcapillaty venule were made before and
at time 30, 60 and 90 min of MIP-2 superfusion and later analysed for number of rolling,
adherent and emigrated leukocytes.

3.3.2 Blood flow measurements (Paper I, 1V)

To measure organ blood flow in the small intestine of rats in paper I, a microsphere
technique was used. Rats were anesthetized by an intraperitoneal injection of inactin
(thiobutabarbital sodium 120 mg/kg; Research Biochemicals, USA) and catheters were
inserted in the femoral and carotid artery. During the entire experiment, the blood
pressure was monitored. When arterial blood pressure was stable, the diluted
nonradioactive microspheres (~300 000, 15um in diameter) (E-Z Trac Ultraspheres; IMT,
Stason Laboratories, USA) were injected through the carotid catheter over 10 s. A
reference blood sample was withdrawn from the femoral catheter with a constant rate
(~0.55ml min™) staring 10 s before injection of microspheres until 60 s after injection. To
evaluate the organ blood flow in the small intestine the rats were sacrificed by an i.v.
injection of potassium chloride and pieces of the ileum and kidneys was quickly removed
and weighed (~150 mg and ~100 mg respectively). The microspheres were visualized
using a method of freeze-thawing and counted in the organs and reference blood sample
using a light microscope. Organ blood flow in the ileum was calculated according to the
following formula; Qorg= (NorgXQrer)/Nrer. Qorg IS the organ blood flow (ml/min x g
tissue), Qs is the blood flow in the reference sample (ml/min), Noqand N are the total
numbers of microspheres present in the organ or the reference sample, respectively. The
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microspheres counted in the kidneys and the following obtained value of blood flow were
used as to assure adequate mixing of the microspheres in the circulation. A difference of
less than 10% in the blood flow values between the two kidneys was accepted as
sufficient mixing.

In paper 1V, blood flow in the exposed gastric mucosa of mice was measured using
Laser-Doppler flowmetry (PeriFlux 4001 Master and PeriFlux Pf 3; Perimed, Stockholm,
Sweden). With this method, the number and velocity of the red blood cells are measured
by a laser light (wavelength 635 nm, helium neonlaser). The reflected light is recorded by
a pair of fibers and the velocity is calculated as the change in frequency, namely the
Doppler shift. The gastric mucosa in conventional and germ free mice were treated with
topical administration of sodium nitrite (ImM, pH 3; Sigma-Aldrich) and the laser probe
was fixed by a micromanipulator and placed at the same spot above the mucosa (0.5-1
mm) to monitor the gastric blood flow.

3.3.3 Bacterial clearance (Paper I)

In the investigation of bacterial clearance in paper I, bioluminescent S. aureus (strain
Xen29, Caliper Life Sciences, USA) was injected subcutaneously in the back of mice.
Before injection (~24h), a part of the back fur was removed with a depilatory cream.
Bacteria were cultured to exponential growth level, as measured by a spectrophotometer
and were diluted with a carrier of saline Cytodex beads (10mg/ml) (Sigma—Aldrich) in
PBS. Approximately 1 x 10° CFU (colony-forming units) was injected into isoflurane
anesthetized mice, with or without pretreatment of nitrate. Bacterial clearance was
monitored by a Xenogen bioimaging device (IVIS Spectrum; Caliper Life Sciences) in
mice under anaesthesia by isoflurane at 0, 0.75, 2.5, 5, 12 and 24 h and thereafter every
24 h postinoculation for 14 days. Bioluminescence was quantified using Living Image
software (Caliper Life Sciences).

3.3.4 Quantification of P-selectin expression (Paper 1)

Measurements of P-selectin expression in the small intestine of rats were performed in
paper I, in order to evaluate the acute intestinal inflammation. Rats were anesthetized
with inactin (thiobutabarbital sodium 120 mg/kg; Research Biochemicals, USA) and a
dual-labelled monoclonal antibody technique was used, previously described in detail
(147). In brief, catheters were inserted in the left jugular vein and right carotid artery for
injection of antibodies and blood sampling, respectively. A mixture of 10 pg of **| -
labelled P-selectin MAb (RMP-1) and 5 pg of **I-labeled nonbinding MAb (P-23) was
injected. Blood samples were subsequently taken via the carotid artery in preheparinized
rats (3,000 1U/Kkg), after 2.5 and 5.0 min. The animals were then drained of blood and the
small intestine was collected and weighed. Quantification of P-selectin expression was
determined by analysing the activity of the °I and **I antibodies in the small intestine
using an LKB 1282 Compugamma (Wallac Oy, Turku, Finland).

3.3.5 Gastrointestinal mucus thickness measurements (Paper 111, 1V)

Colonic mucus thickness was examined in the DSS-induced colitis and nitrite pretreated
mice in paper I11. In paper 1V, gastric mucus thickness was measured in conventional or
germ free mice. The general surgery set-up and method of mucus thickness measurements
is illustrated in Figure 9. Mice were anesthetized with spontaneous inhalation of
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isoflurane (Abbot, Scandinavia, Sweden) through a breathing mask and the body
temperature was maintained at 37°C by a heating pad underneath the mouse. Preparation
of the mice was done by opening the abdomen through a midline incision. The distal
colon was exposed and opened longitudinally by cautery, while the stomach was opened
along the greater curvature of the forestomach, following loosening of ligaments. Both
the colon and stomach were draped over a truncated cone with the mucosal side facing
up. The mucosa was then exposed through a hole in a mucosal chamber (0.2 cm?) that
was placed over the tissue and sealed with silicon grease. To maintain the moistness of
the mucosa, the chamber was filled with 37°C 0.9% saline solution. In some of the gastric
mucus measurements, the chamber was filled with acidic saline (pH 2) and sodium nitrite
(AmM) for 60 min before mucus measurements. Also, ODQ (Sigma-Aldrich) was added
to the solution (ImM) dissolved in 5% DMSO in some experiments.

The mice were left to stabilize for 30-60 min after the surgery before measurements of the
mucus thickness. Glass micropipettes were pulled to obtain a thin tip (1-3um) and dipped
in silicon solution for a non-adhesive surface and to avoid mucus from adhering to the
glass. To visualize the luminal mucus layer, a suspension with charcoal particles was
applied on the mucosa. The micropipette was connected to a micromanipulator (Leitz,
Wetzlar, Germany) and pushed into the mucus gel at an angle (a) of 30-40° to the
epithelial cell surface. The distance from the mucus surface to the epithelial cells (b) was
measured with a digimatic indicator and the thickness of the mucus gel (T) was then
calculated (Fig. 9). The technique has been described in detail previously (148). To
measure the firmly adherent mucus layer, the outer loosely adherent layer was gently
removed by suction with a thin cannula connected to a syringe. The mean value of mucus
measurements at five different spots was used as one observation to obtain a more true
value of the mucus thickness. The same five spots were measured again after 1h to reveal
mucus dynamics.

Mucus layer

Figure 9. Left and middle: Mouse preparation for mucus thickness measurement. Right:
A schematic drawing describing the mucus measurement and the values obtained for
mucus thickness calculations.
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3.4 In vitro methods

3.4.1 Cell cultures and wound repair assay (Paper I, 11, 111)

In paper I, human dermal microvascular endothelial cells (HDMEC) were used to study
surface adhesion molecules with immunofluorescence. Human colon epithelial cells
(SW480) were cultured for experiments in paper Il and Il for investigating gene
expression by gPCR of PPAR-y and TFF3, and to study the effect of nitrite in wound
healing. The wound healing assay has previously been described in detail (149). For more
detailed information about cell culture conditions and treatments, see the material and
methods section for each specific paper.

3.4.2 Immunohistochemistry and histology (Paper I, I1, I11)

Fluorescent immunohistochemistry was performed in paper | of cultured HDMEC. Cells
were stained with mouse anti-human ICAM-1 (10 pg/ml; R&D Systems) and secondary
fluorescent antibody goat anti-mouse Alexa 555 antibody for ICAM-1(1:500; Invitrogen,
Eugene, OR, USA) after treatment with TNF-a. and sodium nitrite. Visualization and
detection were made by a confocal microscope and the ICAM-1 intensity was quantified
using ImageJ (1.43u; National Institutes of Health, USA).

Immunohistochemistry of frozen colonic tissue from mice treated with DSS and
additional treatments of nitrate, nitrite or CLA was performed in paper Il and Ill.
Following excision of the colon, specimens from the proximal and distal part of the colon
were placed in TissueTec (Oct Cryomount, Histolab, Sweden), snap frozen and kept in -
80°C. Cross sections of colon tissue (6 um) were fixed in 1% paraformaldehyde (Sigma-
Aldrich) for 10 min and washed with PBS. Blocking of endogenous peroxidases with
H,O, (Sigma-Aldrich) was done for 10 min followed by PBS washing and applying the
avidin-biotin system (Vector Laboratories, USA) for reducing the non-specific
background, 15 min each. The specimens were incubated with primary antibody (see
specific antibodies in each specific paper) over night at +4°C. Further blocking of non-
specific binding with bovine serum albumin (Sigma-Aldrich) for 1 h prevented the
secondary antibody from cross reacting with endogenous immunoglobulins in the tissue.
Incubation with secondary biotin-conjugated antibody (Jackson Immuno Research, USA)
was done for 30 min followed by applying the avidin biotinylated enzyme complex
(Vectastain ABC kit, Vector Laboratories, USA) and 3,3- diaminobenzidine (DAB,;
Vector Laboratories, USA) was used to detect the antibody. Sections were counterstained
with hematoxylin (Sigma-Aldrich) for visualization of tissue structure. The expression
score of each protein was expressed using a graded scale from 0-3, reflecting the intensity
of staining, judged by a researcher blinded to the protocol.

Histological analysis of colonic tissue from DSS-treated mice was performed in paper 11
to investigate tissue morphology and inflammatory status. Intact mice colons were
embedded in paraffin and cut in longitudinal sections (4 um). Staining with hematoxylin
and eosin (H&E) was done to analyse inflammatory status and tissue destruction, and
alcian blue—periodic acid-Schiff (PAS) staining was done to visualize colonic mucin.
Disease severity and abundance of goblet cells (mucin) was evaluated by a score of 0-3
by a researcher blinded to the section protocol.
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3.4.3 mRNA isolation and qRT-PCR (Paper IlI, 1V)

Total mMRNA was isolated from colonic epithelial cells or shap-frozen stomach tissue by
homogenization in Trizol reagent in paper Il and IV, respectively. The relative gene
expression levels of PPAR-y, TFF3, HO-1, Muc5AC and Muc6 were determined by real-
time PCR using ABI 7500 Fast Real-Time PCR system (Applied Biosystem, Sweden)
and PB-actin was used as standard control. Amplification was carried out by SYBR Green
PCR Master Mix (Applied Biosystem, Sweden). See information about primer sequences
and thermal conditions in the methods section for each specific paper.

3.4.4 Intestinal neutrophil infiltration (Paper I)

To study neutrophil infiltration in intestinal tissue from mice treated with diclofenac and
nitrate, a quantitative measure of myeloperoxidase (MPO) was performed with enzyme
linked immunosorbent assay (ELISA). See specific details about the protocol in the
methods section for paper I.

3.4.5 Nitrate, nitrite and RXNO measurements in plasma (Paper 1)

Plasma levels of nitrate, nitrite and RXNO were measured from mice directly after i.v.
injection of sodium nitrite (1.3 mg/kg) in paper I. Blood samples were collected and
mixed with 100 mM N-ethylmaleimide/40 mM EDTA solution to prevent degradation of
anions. The samples were immediately centrifuged (6500 rpm) for 5 min at 4 °C and
stored at —80 °C until analyzed. Nitrite, nitrate, and S-nitrosothiols were measured by
highly sensitive chemiluminescence (77 AM; EcoPhysics, Duernten, Switzerland) and
HPLC methods (ENO-20; Eicom Japan). The method has been described in detail
previously (26).

3.5 Statistical analysis

Single comparisons between two parameters were evaluated by a two-tailed paired
Student’s t-test, were the animals served as their own control. Unpaired two-tailed
Student’s t-test was used to compare values between two groups. For multiple
comparations, significance was evaluated by analysis of variance with one-way ANOVA
with the Tukey’s post hoc test. For changes within groups, repeated-measures ANOVA
with Dunnett’s or Bonferroni’s multiple comparison test was used. Statistical analyses
were performed with GraphPad Prism software 4.0 or 5.0 (GraphRad Software, La Jolla,
CA, USA). All data are shown as means = standard error of the mean (SEM). Values of P
< 0.05 were considered significant.
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4 RESULTS AND DISCUSSION

With the discovery that nitrate and nitrite are not solely inactive NOS-derived end-
products of NO metabolism, but also constitute a reservoir for NO in blood and tissues
(26), an extensive search for the role of these anions in health and disease has begun.
Since NO has a fundamental role in blood flow regulation, many of the studies have
focused on cardiovascular effects of inorganic nitrate and nitrite. These include protective
effects in ischemia reperfusion injury (42), lowering of blood pressure (43), reversal of
endothelial dysfunction and inhibition of platelet aggregation (44). During recent years,
an interest also in anti-inflammatory effects has emerged since NO has well-known
effects in reducing leukocyte activation and adhesion (50, 51). Fatty acids are also
involved in the regulation of inflammation. However, there are great variations in the
action of these substances depending on structure and interaction with other signalling
proteins (64). CLA is one particular fatty acid that has received increased attention in
recent years due to its ability to modulate inflammatory reactions (67).

This thesis investigates both systemic and local anti-inflammatory effects of different
components of our everyday diet; nitrate, nitrite and CLA using different in vivo models
enabling studies of immune cell behaviour and mucosal defence mechanisms of the Gl-
tract.

4.1 Paper |
Decreased leukocyte recruitment by inorganic nitrate and nitrite in microvascular
inflammation and NSAID-induced intestinal injury

Recruitment of immune cells from the circulation to tissues is fundamental for host
defence against pathogens, but accumulation of leukocytes can also lead to tissue damage
and chronic inflammation when dysregulated. If the functional balance between pro- and
anti-inflammatory mediators is lost, e.g. with low or too high NO-levels, the interaction
of neutrophil and endothelium might result in a change to a pro-inflammatory state. Such
changes could contribute to many widespread chronic diseases in the Western world,
including atherosclerosis and inflammatory bowel disease. These common disorders are
associated with sustained low-grade inflammation, which results in aggravation of the
disease (95, 150). Furthermore, neutrophil recruitment to adipose tissue during increased
energy intake has also recently been indicated to play an important role in tissue
inflammation and in the development of insulin resistance (151). Another large clinical
problem involving upregulated inflammatory reactions is the adverse effects of various
commonly used drugs. An example is the adverse effects from the widespread use of
NSAIDs, inducing gastrointestinal injury (152). The initial mechanism of mucosal
damage in response to NSAIDs is believed to be the result of increased leukocyte
activation and adhesion prior to activation of the adaptive immune cells (153). With the
notion that the immune response is a fundamental biological function, the question is how
to manipulate these interactions without creating severe immunosuppressive
consequences for the individual. NO has previously been shown to reduce leukocyte
activity and adhesion (50, 51), and nitrite has been indicated to have similar results (53).
In this study, we investigated if dietary nitrate affects leukocyte recruitment and in
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addition, whether the ability to eliminate bacterial infection is affected by nitrate
treatment. We also aimed to further elucidate the underlying mechanisms.

4.1.1 Acute nitrite treatment attenuates leukocyte recruitment

The effect of an intravenous injection of sodium nitrite on leukocyte behaviour during
MIP-2-induced acute inflammation was investigated in the mouse cremaster muscle by
intravital microscopy. A bolus dose of nitrite (1.3 mg/kg ) given before initiation of MIP-
2 superfusion, decreased neutrophil adhesion and emigration by 50-70% after 60 and 90
min compared to control mice. This dose of nitrite has previously been demonstrated to
have protective effects in a sepsis-induced model (154), and was chosen as an initial dose
to see if effects on leukocyte recruitment could be observed. Another recent study has
indicated decreased leukocyte recruitment by a similar single high dose of nitrite by
intramuscular injection in an acute lung injury model induced by chlorine toxicity (155).
In line with this study, our results suggest that nitrite can mediate a rapid protective effect
against an acute inflammatory response by reducing infiltration of leukocytes. Also lower
doses of nitrite administered in the drinking water for 3 weeks have earlier been shown to
decrease leukocyte adhesion and emigration in a model of microvascular inflammation
induced by high cholesterol diet (53). The reduced recruitment of neutrophils in response
to MIP-2 in our study are most likely not due to lower amount of circulating leukocytes
or altered blood flow, since neither rolling flux (cells/min) or rolling velocity (um/s) was
affected by the nitrite treatment. In accordance with this, Stokes and colleagues (53)
observed no difference in leukocyte count, wall shear stress or blood pressure in oral
long-term administration of nitrite. Also, Ahluwalia and colleagues (52) have previously
shown that there are no differences in erythrocyte velocity or shear stress in mesenteric
postcapillary venules of eNOS-/- mice, or in mice receiving the sGC inhibitor ODQ or an
NO-donor in the superfusate. Instead, the reduced recruitment might, at least partly, be a
result of a nitrite-dependent modulation of vascular adhesion molecules. Indeed, we noted
that in TNF-a stimulated endothelial cells, the expression of ICAM-1 was downregulated
in the presence of nitrite (100 pM). When investigating the mechanistic effects of nitrite-
mediated reduction in leukocyte recruitment during acute inflammation, ODQ was added
to the MIP-2 superfusion buffer in order to explore if the effect was cGMP dependent.
While ODQ did not affect nitrite-dependent reduction in neutrophil emigration,
neutrophil adhesion was partly inhibited compared to what was observed in mice treated
with only nitrite. This suggests that nitrite may interfere with the two different steps in the
recruitment cascade via different signalling pathways. Besides feeding the established
sGC-cGMP pathway via NO formation, nitrite may also signal by other mechanisms, for
example by S-nitrosation of proteins. However, since the effect of ODQ on adhesion was
apparent only at the last measurement of superfusion, continued measurements might
have resulted in a more clear effect. It is also possible that ODQ did not block all sGC
enzymes by 90 min, since this preparation in whole muscle can create a diffusion barrier.
For the very same reason, a somewhat high concentration of ODQ was chosen compared
to an earlier study of intravital microscopy in the mesentery (52).
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4.1.2 Dietary nitrate decreases leukocyte emigration and reduces NSAID-induced
injury

Since it had become apparent that dietary nitrate could have NO-like effects in various
physiological situations (43, 49, 55), we further investigated whether a dietary approach
with nitrate could have similar effects as seen with nitrite. A dose of nitrate that
resembles a high intake of nitrate-containing vegetables was given via the drinking water
one week before the induction of acute inflammation in the cremaster preparation. These
experiments revealed that leukocyte emigration was reduced to a similar level as with
nitrite injection, while no effect on leukocyte adhesion was observed. Thus, emigration
efficacy was decreased while adhesion was not affected, again indicating separate
signalling pathways for these steps of the recruitment cascade. Adherent cells crawl
before they transmigrate out of vasculature (156), and whether nitrate and nitrite affect
this process remains to be studied. Furthermore, nitrate treatment might also affect the
endothelial junction proteins, thereby closing the sites for leukocyte transmigration.

Decreased leukocyte emigration by nitrate was further studied in another inflammatory
model by diclofenac-induced intestinal damage. Using this model of Gl-injury, nitrate
pretreatment resulted in similar observations as in the acute model with MIP-2,
demonstrated by lower levels of intestinal MPO and reduced P-selectin expression. In
agreement with previous studies, a crucial role of oral bacteria in conversion of nitrate to
nitrite was demonstrated by administrating antiseptic mouthwash during the week of
nitrate treatment (29). This resulted in loss of nitrate-induced reduction of P-selectin
expression. These results further show that the nitrate-nitrite-NO pathway indeed has
profound effects on leukocyte function, a finding that could be of considerable
importance for several diseases involving inflammation. However, apart from the oral
bacterial conversion of nitrate, other nitrite reductases might also be important in the
reduction of nitrite to NO in the intestine (Fig. 1). Nitrate did not increase luminal NO
levels, which suggests that the effects on leukocyte recruitment are primarily mediated by
an accumulation of nitrite and other reactive nitrogen intermediates delivered via the
blood and adjacent cells. Multiple pathways exist for nitrite reduction in tissues and
blood, including XOR, eNOS and deoxygenated haemoglobin/myoglobin (22). To
pinpoint the most important reductases of critical importance in this model is indeed
interesting and will be a goal for future studies.

4.1.3 Dietary nitrate is not immunosuppressive

With the reduced leukocyte emigration after nitrate pretreatment observed in both the
acute and intestinal model of inflammation, we further investigated if the local anti-
inflammatory effects could translate to systemic immune suppression. Neutrophils are
dominant in the defence against S. aureus infections, so we therefore used these bacteria
to investigate bacterial clearance. Our results demonstrated that nitrate treatment did not
reduce the ability to clear subcutaneous S. aureus infections compared to untreated mice.
This could be explained by the diverse chemotactic gradients that leukocytes are exposed
to during bacterial infections. A hierarchical relationship between chemotactic factors
released by bacteria, activated endothelium or leukocytes determine what signalling
pathways that are induced and thereby the action of the immune cell. Thus, the anti-
inflammatory signals of nitrate and nitrite in response to the low-grade inflammatory
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stimuli by MIP-2, seems to be totally overridden by the signals from the bacterial
infection. Hence, nitrite and nitrate can thereby potentially mediate an anti-inflammatory
condition without the adverse effects associated with immunosuppression therapies.

4.2 Paper Il and 111
Anti-inflammatory effects of nitrate, nitrite and CLA in experimental colitis

The anti-inflammatory effects of nitrate and nitrite demonstrated in Paper I, were further
tested in another model of intestinal inflammation by DSS-induced colitis, to further
study the potentially protective effects of these anions. Anti-inflammatory effects of CLA
have previously been demonstrated in vitro and in vivo, often partly mediated through
activation of PPAR-y (69, 116). Both nitrite and CLA have previously been demonstrated
to ameliorate experimental colitis (115, 157). However, the clinical relevance of these
observations in IBD can be questioned, since the treatment is initiated before the
induction of disease and the levels of treatment are often above recommended intake or
not achievable by a dietary intake (115, 157). The experimental design of paper Il and IlI
instead allowed studies of both preventive and therapeutic effects of dietary CLA, nitrite
and nitrate during DSS-induced colitis. The treatments and disease were induced
simultaneously, or alternatively the treatment was initiated after DSS induction.

4.2.1 Preventive effects of nitrate, nitrite and CLA on DSS-induced colitis

We first investigated if nitrate, nitrite and CLA could have preventive effects on
inflammation in a model of mild colitis initiated by concurrent administration of 2% DSS
to Balb/C mice for 7 days (Fig. 10 A). Using this approach, the markers of inflammation
measured by colon length and DAI-score were clearly improved by nitrite (ImM) in the
drinking water, and CLA (100mg/kg/d) through the diet. However, administration of
nitrate (10mM) in the drinking water only demonstrated a reduction in DAI-score while
no prevention of colon shortening could be observed. Additional investigation of key
inflammatory markers in the colonic tissue indicated a reduction in the levels of iNOS for
all treatments studied, while the NF-xB subunit p65 was reduced with nitrate and CLA.
This further establishes the anti-inflammatory effects seen by the improved colon length
and DAI-score.

2% DSS + nitrate (10mM)

A B
Non-treated Non-treated
2% DSS 2.5% DSS
| 2% DSS + CLA (100mg/kg) | 2.5% DSS 2.5% DSS + nitrite (1mM)
: 2% DSS + nitrite (1ImM) I ' ; d'ays ' \ ;avs '

T

7 days

Figure 10. Experimental protocol for investigations of (A) the preventive or (B)
therapeutic effects of CLA, nitrite and nitrate in DSS-induced colitis in mice.
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4.2.2 Nitrite has therapeutic effects in established colitis

Very few studies with anti-inflammatory therapeutic agents have reported efficacy in
reversing an already existing intestinal inflammation (139). Based on the strong anti-
inflammatory effects of nitrite in the preventive model, we wanted to study if this anion
could also be protective in an already established disease. DSS (2.5%) treatment was
initiated for 3 days to induce the disease in mice, followed by 4 days with additional
nitrite supplementation (Fig. 10 B). After 3 days treatment with DSS, the disease onset
was determined by a significant aggravation of colitis clinical symptoms, such as
diarrhoea and rectal bleeding. These markers have previously shown good correlation
with inflammation in experimental colitis (158). Even with the delay in nitrite treatment,
improved results of colon length and lower DAI-score was observed, and were similar to
the effects seen in the preventive experiment of concurrent nitrite administration with
DSS. The observed anti-inflammatory effects were further confirmed by histological
examination of the colonic tissue, which revealed that nitrite could partly prevent
histopathological injuries (colon crypt loss, immune cell influx, and ulceration of the
epithelial surface) compared to the DSS-treated group. These results are in line with the
findings in Paper I, indicating that nitrate and nitrite can prevent leukocyte infiltration in
acute inflammation. Inflammatory responses with enhanced leukocyte and platelet
aggregation, leading to defects in the microcirculation, have been postulated to play a
central pathogenic role in development of IBD and in DSS-induced colitis (159, 160).
Since this model of colitis in some ways resembles human UC, our findings of nitrite
alleviating DSS-induced colitis may be of clinical importance to ease the inflammatory
activity and subsequently reduce symptoms (125), although it is generally difficult to
translate findings in experimental animal models to what is occurring in patients. These
results suggest that nitrite has an ability to alleviate inflammation even in an initiated
state of inflammation, thus not only functioning in a preventive manner.

4.2.3 Insights on the mechanisms behind the anti-inflammatory effects of nitrite and
CLA

We continued our studies of nitrite by investigating the effect on colonic mucus thickness
in DSS-induced colitis, since this layer represents an essential barrier in preventing
translocation of bacteria and toxins from the colonic lumen to the mucosa (161). This
protective barrier has been shown to be reduced in patients with IBD and in DSS-treated
mice (94), indicating that it could be an important target for colitis treatment. Even with
the delayed administration of nitrite, we observed a complete preservation of the colonic
mucus thickness compared to the DSS group, reaching the same levels as the control
mice. This preservation of the mucus barrier could be one of the nitrite-induced protective
mechanisms by stimulated mucus secretion, and could be mediated by nitrite itself or
nitrite-derived NO. Previous studies have shown that gastric mucus release is stimulated
by NO-donors (162, 163), via a mechanism involving activation of sGC and subsequent
cGMP formation (164). Investigation of the mechanism behind the nitrite mediated
mucus release needs to be elucidated in further studies.

To investigate whether the anti-inflammatory effects of nitrite and CLA could be related
to an increased mucosal healing, we used different approaches. Using colon epithelial
cells, gene expression of PPAR-y and TFF3, respectively involved in broad anti-
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inflammatory effects and epithelial restitution, were investigated after treatment with
different fatty acids (oleic acid, linoleic acid and CLA). An increased expression of TFF3
and PPAR-y was observed after treatment with CLA (2.5 pM). Furthermore, pre-
treatment with the PPAR-y inhibitor GW9662 reduced the CLA-induced expression of
both PPAR-y and TFF3. This indicates that CLA induces PPAR-y which in turn regulates
TFF3. In an in vitro model of wound healing in colon epithelial cells, nitrite (100 uM)
improved healing 24 h after wound incision of a confluent monolayer, indicating that
nitrite has the ability to increase epithelial restitution. With the demonstrated effect of
nitrite to sustain mucus thickness after DSS-injury, and since mucins and TFF3 are
released in co-exocytosis (101), we also investigated whether the expression of TFF3 in
colonic tissue was induced after nitrite and DSS-treatment. Similar to treatment of CLA,
nitrite demonstrated a trend towards induced colonic expression of TFF3 (Fig. 11). This
suggests that upregulation of this peptide might play a role in the anti-inflammatory effect
seen with both CLA and nitrite.
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Figure 11. Quantification (arbitrary units) of colonic TFF3 expression by
immunohistochemistry staining of mice, (A) treated with or without 2% DSS and nitrite
(1 mM) or (n=12) (B) treated with or without 2% DSS and CLA (100mg/kg) (n=8) for 7
days. (P < 0.05,* vs. Control and # vs Control and DSS). Please note that B is taken from
paper I1, (Figure 3D).

Although both nitrite and CLA demonstrate promising results, a great limitation with
using a chemically-induced model of colitis is that very few substances with anti-
inflammatory effects show similar protection in a more chronic mouse model (139). To
further investigate the potential protective effect of nitrate, nitrite and CLA in IBD, it is
necessary to study these substances in more advanced chronic inflammatory models of
colitis. Also, the effects on the adaptive immune system need to be explored in order to
evaluate protective properties on more complex and chronic stages of inflammation. A
recent study demonstrates that NO mediates a suppression of Thl7 cells, which are
associated with the pathogenesis of several autoimmune diseases including IBD (165).
This indicates that NO and possibly nitrate and nitrite treatment might have effects also
on other immune cells and in more complex inflammatory models. Furthermore,
simultaneously with the publication of Paper Il, the effect of oral CLA administration
was investigated in a clinical trial of patients with mild or moderate Crohn’s disease
(166). The intake of 6g/day CLA decreased the disease activity and resulted in reduced
lymphocyte production of pro-inflammatory cytokines after 12 weeks. Interestingly, this
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dose is equivalent per kilogram body weight to the one we administered by the diet to the
mice. Future studies are needed to investigate the importance of TFF3-induction and
eventual mucosal healing by CLA in IBD. Figure 12 summarizes the suggested protective
pathways mediated by CLA and nitrite in DSS-induced colitis.

DSS

Tissue
protection

\‘ TFF3 '?

Tissue
protection

Figure 12. Proposed pathways of protection by CLA and nitrite in DSS-induced colitis.
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4.3 Paper IV
Physiological recycling of endogenous nitrate by oral bacteria regulates gastric
mucus thickness

The observation of nitrate accumulation in saliva from the circulation, and its reduction to
nitrite by the oral bacteria to generate NO in the acidic gastric lumen, suggests an
important role for maintaining homeostasis also in the upper GI tract. However, the
physiological role of endogenously produced nitrate and nitrite coming from NOS s still
not clear. It is tempting to speculate that the entero-salivary nitrate cycle described above
serves as a salvage pathway to regenerate NO that would otherwise be lost through
metabolism and excretion. In an attempt to study this, we used germ free mice and
studied the gastric mucus generation in response to nitrate and nitrite.

4.3.1 Recycling of endogenous nitrate is important for regulation of the gastric
mucus layer

Earlier studies have indicated that both the oral and gastrointestinal microflora have a
central role in regulating generation of gastric NO (29, 167). The results from this study
clearly show that even nitrite, at levels simulating those originating from NOSs alone, has
profound effects on the gastric mucosa by increasing the firmly adherent mucus layer.
While untreated germ free mice almost lacked adherent mucus layer, nitrite in doses
ranging from high dietary to physiological levels increased mucus thickness to the same
extent. In contrast, nitrate administration to germ free mice had no effect on regulation of
mucus thickness, again demonstrating the pivotal role of bacteria in bioactivation of this
anion. The importance of recycling endogenous nitrate has recently been investigated in a
human study, where the subjects were treated with antibacterial mouthwash together with
a nitrate low diet (36). The results showed that the plasma levels of nitrite decreased in
correlation with an increase in blood pressure, indicating that endogenous nitrate
recycling is essential for physiological control of blood pressure. Furthermore, a very
recent study suggests that a cross-talk between the nitrate-nitrite-NO pathway and the
NOS-dependent pathway exist in the vasculature (168). This would favour the control of
vascular NO homeostasis and maintain levels of NO at physiological concentrations.

We now have indications that broad spectrum antibiotics also reduce the adherent gastric
mucus layer although the effect was not as dramatic as in germ free mice. Treatment with
antibiotics completely eradicated the colonic microflora, while the oral flora was still
present and able to reduce nitrate to nitrite. This might be the explanation to the observed
relatively thick gastric mucus layer compared to germ free mice. However, the
consequence of a reduced gastric mucus layer against induced injury has not been fully
elucidated.

Our present results show that regulation of the firmly adherent gastric mucus layer is
influenced by signalling mechanisms through nitrite generated by the oral microflora.
Interestingly, the effect of nitrite in the regulation of gastric mucus thickness does not
seem to be mediated by the activation of the sGC-cGMP pathway, which is opposite to
what has been observed in its regulation of gastric mucosal blood flow (47). The cGMP-
independent mechanism observed in this study might instead favour the existence of
alternative nitrite signalling pathways that can only be speculated on at this stage.

30



Results and discussion

Alterations of protein function could be mediated by nitrite through the formation of S-
nitrosothiols or by nitration through the nitrogen dioxide radical (58, 169). It would be
interesting to measure the levels of these substances in the mucus from nitrite treated
animals to see if this might be a relevant signalling pathway. However, the amount of
mucus that can be obtained from a mouse is extremely small, and the S-nitrosothiols
formed are very reactive and volatile. Another interesting signalling mechanism to
explore is whether nitrite itself, like some other bacterial products, can mediate
intracellular signalling through toll-like receptors (TLRs). TLRs are important not only in
protection against pathogenic infections. In fact, it has been demonstrated recently that
normal commensal bacteria are recognized by TLRs, which in turn serve to mildly
activate the immune system thereby regulating epithelial homeostasis and protecting
against gut injury (146). By the use of a TLR4 receptor agonist in germ free mice or mice
deficient in MyD88 or TLR4, such possible involvement of nitrite in gastric mucus
regulation could be addressed.
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5 CONCLUSIONS

32

Inorganic nitrate and nitrite reduce leukocyte recruitment during acute
inflammation.

Dietary nitrate has potent anti-inflammatory effects in NSAID-provoked
intestinal injury in a process involving reduction of MPO and P-selectin levels.

Nitrate effects proceed via intermediate formation of nitrite, a reaction involving
oral nitrate-reducing bacteria.

Despite being anti-inflammatory, dietary nitrate does not impair bacterial
clearance.

Dietary CLA attenuates DSS-induced colitis, partly mediated by an upregulation
of TFF3 expression through activation of PPARY in colon epithelial cells

Inorganic nitrate and nitrite alleviate DSS-induced colitis.

Dietary nitrite has therapeutic effects also in already established colonic
inflammation.

Dietary nitrite mediates the protective effects by prevention of DSS-induced
thinning of the colonic mucus layer, and promotes healing of colon epithelial
cells.

Germ free mice are almost completely devoid a firmly adherent gastric mucus

layer.

Physiological levels of nitrite restore gastric mucus thickness through a cGMP-

independent mechanism.

The gastric mucus layer is reduced by treatment with broad spectrum antibiotics

in mice.



General discussion and future perspectives

6 GENERAL DISCUSSION AND FUTURE PERSPECTIVES

The fact that green leafy vegetables, which contain high amounts of nitrate, are now
considered to be the top choice of vegetables for improved health is intriguing since
nitrate ironically has been targeted as the only harmful natural substance in this food
group. Emerging data from animal and human studies support the hypotheses that nitrate
is an active substance in vegetables contributing to their positive health effects. In
addition to this, the still unknown reason for the active accumulation of nitrate in saliva
observed in the 1970s suggests that there is indeed something important with this anion
for general physiological regulation and homeostasis.

In this thesis | have explored the new area of anti-inflammatory effects by nitrate, nitrite
and CLA. The present studies demonstrate that specific components in our diet play a
direct role in regulating acute inflammatory responses, both in the microcirculation and in
the gastrointestinal tract. Therapeutic opportunities for dietary nitrite have been further
indicated in a model of already established colonic inflammation, an effect partly
mediated by nitrite-derived NO. We also show the potential importance of recycling
endogenously produced nitrate in regulating gastric homeostasis, a process dependent on
oral nitrate reducing bacteria. These results lead to additional interesting questions to be
addressed, and further studies of nitrate, nitrite and CLA in inflammatory reactions are
called for. Can these therapies also affect adaptive immune cells and chronic
inflammation? Furthermore, several studies indicate that nitrate and nitrite have profound
effect on gastric mucosal homeostasis, and are important for maintaining a proper gastric
mucus layer. Exactly how salivary-derived nitrite regulates gastric mucus secretion is still
unknown, as is to which extent the gastric mucus layer is essential for protection of
gastric injury.

There are promising future therapeutic opportunities for dietary nitrate and nitrite in
various conditions. The most appreciated areas for therapy have been correlated with
cardiovascular disorders such as hypertension, endothelial dysfunction and ischemia-
reperfusion injury. However, other pathophysiological conditions where nitrate and nitrite
might have beneficial effects are also receiving increased attention, including infection,
inflammation and metabolic diseases such as diabetes (53-55, 170-172). Importantly,
although many initial studies show promising therapeutic applications with dietary nitrate
(44, 173), there are also examples in clinical trials where this type of treatment does not
seem to have an effect (174). There is a future need to delineate how nitrate and nitrite are
affecting different patients and determine which factors are important for successful
treatment. Also, the importance of vegetables high in nitrate needs to be further explored.
Larger long-term clinical studies are clearly needed in order to further examine the
potential for nitrate and nitrite in prevention and treatment of diseases. Even with the
great potential of possible important preventive effects for entire populations, these costly
studies are difficult to conduct in reality mainly due to the lack of interest from by the
pharmaceutical industry. The intellectual property is hard to defend since these anions are
chemically simple, cheap and readily available. However, the value of health
improvements for the society as a whole might be extensive and should not be neglected.
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7 POPULARVETENSKAPLIG SAMMANFATTNING

7.1 Bakgrund

Det &r idag stallt utom allt tvivel att maten vi ater har en mycket stor paverkan pa var
hélsa. En traditionell medelhavskost med stort intag av bl.a grénsaker och ométtade fetter
har visat sig kunna skydda mot uppkomst av en rad sjukdomar inklusive
hjartkérlsjukdomar och typ 2-diabetes. Det ar dock fortfarande inte klarlagt vilka delar i
kosten som ger detta skydd. Antioxidanter, fibrer, mineraler och vitaminer tros ha
betydelse, men studier av enskilda naringsamnen har hittills inte gett tydliga resultat.

Vissa typer av gronsaker innehaller stora mangder nitrat (NO5), sasom rodbetor, sallad
och spenat. Merparten av det nitrat vi ater tas upp i tunntarmen och transporteras sedan
vidare till blodet. Dérifran koncentreras nitrat till spottkortlarna via en aktiv process vilket
medfor att var saliv innehaller en mycket hog halt nitrat. Den nitratrika saliven omvandlas
av bakterier i munhalan till nitrit (NO,) som sviljs ner till magsacken. Nitrit i magséacken
kommer i sin tur att reduceras till kvaveoxid (NO) vid kontakt med den sura magsaften.
En viss del av den nitrit vi svéljer kan ocksa undkomma denna reduktion och istallet tas
upp till blodet och vavnader dar nitrit kan reduceras till NO genom ett antal enzym. NO &r
en viktig biologisk signalmolekyl som styr manga fysiologiska funktioner i kroppen, t.ex.
karlvidgning, signalering mellan nerver och immunférsvar mot infektioner. Att NO kan
bildas fran nitrat i kosten &r en relativt ny upptackt, medan man langre har vetat att NO
kan produceras av kroppen sjalv genom specifika enzym, sa kallade NO syntas (NOS).
Detta NO kan sedan omvandlas till nitrit och nitrat i blod och vavnader och dérmed
blanda sig med nitrat och nitrit som harstammar fran kosten. | vara kroppar finns alltsa ett
system dar nitrat, nitrit och NO kan ombildas till varandra i ett spannande kretslopp. Att
kunna Oka kroppens tillgdng pa NO genom kosten kan vara intressant da manga
hjartkarlsjukdomar delvis tros bero pa en bristande NO bildning fran kroppens egna NOS.
En gronsaksrik kost har visat sig vara skyddande mot uppkomst hjartkarlsjukdomar
sasom hypertoni, och det har nyligen foreslagits att just nitrat i dessa gronsaker kan vara
en viktig bidragande orsak. Forskningen runt kostrelaterat nitrat och nitrit har 6kat enormt
de senaste decennierna och framst fokuserat pa sjukdomar rérande hjartkarlsjukdomar
och magsar. Studier har ocksa visat att NO bildat fran NOS har stor betydelse i
immunologiska reaktioner som inflammation, men det &r inte ként hur nitrat och nitrit kan
paverka dessa processer. Rekrytering av vita blodkroppar (leukocyter) fran blodet till
angripen vavnad ar en central handelse i det tidiga inflammatoriska forloppet, t.ex. vid en
bakterieinfektion. Denna process sker i flera steg och styrs av olika mediatorer som
frisatts fran vavnaden till blodet. Detta medfor att leukocyterna fastnar i blodkarlen och
sedan vandrar ut fran blodbanan till det inflammerade omradet for att bekampa
infektionen. Aven om denna process ar avgérande for ett vilfungerande skydd mot farliga
infektioner sa kan det ocksa leda till skadlig kronisk inflammation.

Forutom NO har dven en rad andra &mnen en viktig betydelse vid inflammatoriska
reaktioner. Ett exempel &r fettsyror, som kan agera som signaldmnen och férmedla pro-
eller anti-inflammatoriska effekter. En sérskild typ av fettsyra, konjugerad linolensyra
(CLA), finns naturligt i mejeriprodukter och kétt fran idisslande djur och har nyligen
visat sig kunna minska inflammation i experimentell tarmsjukdom. Aven om anti-
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inflammatoriska effekter har pavisats sa vet man fortfarande lite om hur denna
signalering sker.

Det Overgripande syftet med studierna i denna avhandling var att undersdka hur nitrat,
nitrit och CLA via kosten pdverkar fundamentala funktioner och inflammatoriska
processer i magtarmkanalen.

7.2 Resultat och diskussion

| det forsta delarbetet (Paper 1) undersokte vi hur en nitratrik kost kan paverka
rekryteringen av leukocyter till en inflammerad vdvnad. FOr att studera detta
forbehandlades mdss med nitrat och nitrit foljt av analyser av vita blodkroppar i blodkérl i
en tunn muskel med hjélp av mikroskopi. Inflammation stimulerades genom tillsats av en
inflammatorisk substans (MIP-2, macrophage inflammatory protein-2) som attraherar
leukocyter. Resultaten visade att bade nitrat och nitrit kunde minska aktiveringen av
leukocyterna och darmed minska antalet celler som tog sig ut fran blodet till vavnaden.
Vidare resultat visade att detta kan bero pa en nedreglering att specifika
adhesionsmolekyler pa blodkarlens yta (ICAM-1, intracellular adhesion molecule type 1)
som annars leder att leukocyter fastnar och vandrar genom blodkérlet. Effekten av nitrat
fran kosten pa leukocytrekrytering undersoktes vidare i en annan kliniskt relevant modell.
Behandling med vissa anti-inflammatoriska lékemedel (NSAIDs, nonsteroidal anti-
inflammatory drugs) medfor ofta biverkningar i form av retningar och sar i
magtarmkanalen. Genom att ge moss ett sadant ldkemedel (diclofenac) -efter
forbehandling med nitrat, studerades graden av inflammation i den forsta delen av
tunntarmen. Nitrat visade sig aven har kunna minska infiltration av leukocyter till vavnad
samt nedreglera andra typer av adhesionsmolekyler (P-selektin) pa blodkarlens yta.
Yiterligare forsok dar rattor gavs en antibakteriell munskéljvétska visade att denna
skyddande effekt var helt beroende av bakterierna i munhalan som omvandlar nitrat till
nitrit. Slutligen undersokte vi om effekten av en minskad aktivering av leukocyter efter
ett inflammatoriskt stimuli vid intag av nitrat kunde medféra att immunférsvaret aven blir
samre pa att bekampa en riktig bakterieinfektion. Detta studerades genom att
luminicerande Stafylococcus aureus-bakterier injicerades under huden i kontroll- och
nitratbehandlade moss, dar lakningen av infektionen observerades under 14 dagar. Trots
att nitrat visade sig ha en anti-inflammatorisk effekt vid mild stimulering av inflammation
sd gav det inte upphov till en forsamrad foérmaga att bekampa en allvarlig
bakterieinfektion. Slutsatsen av denna studie visar att nitrat via kosten kan ge anti-
inflammatoriska effekter utan att medfdra odnskade biverkningar i form av 6kad risk for
infektioner.

Syftet med det andra och tredje delarbetet (Paper 11, I11) var att undersdka de anti-
inflammatoriska effekterna av dietart nitrat, nitrit och CLA vid experimentell
tarmsjukdom. Inflammatorisk tarmsjukdom hos manniskor innefattar sjukdomarna
Crohns sjukdom och Ulcerdés kolit. Det drabbar néstan 1% av norra Europas befolkning
och klassas darmed som en folksjukdom. Detta &r en livslang och idag obotlig sjukdom
som ger upphov till tarminflammation och tros bero pa en forlorad tolerans mot var
tarmflora. | dessa studier anvandes en vanlig modell av denna sjukdom d&r mdss ges det
sjukdomsinducerade medlet DSS (dextran sulfate sodium) som leder till inflammation i
tjocktarmen. Resultaten visade att framst CLA och nitrit, men &ven nitrat till en viss grad,
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kunde lindra kliniska symptom och inflammatoriska processer i denna modell av
inflammatorisk tarmsjukdom. Aven tjocktarmsceller odlade i kultur studerades for att
lattare kunna undersoka aktivering av olika anti-inflammatoriska signalvégar. Genom att
studera effekterna av CLA i bade celler och tjocktarmsvéavnad fran moss, kunde vi se att
CLA troligtvis har skyddande effekt genom en aktivering av de anti-inflammatoriska
signalvidgarna PPAR-y (peroxisome proliferator-activated receptor gamma) och TFF3
(trefoil factor 3). Dessa signalvagar ar essentiella i lakningsprocessen av cellskador i
magtarmkanalen. FOr att vidare studera huruvida den anti-inflammatoriska effekten av
nitrit vid tarmsjukdom &ven kunde skydda vid en redan etablerad inflammation, gavs
behandling med nitrit till moss tre dagar efter start av DSS. Aven denna fordréjning av
nitritbehandling visade liknande anti-inflammatoriska effekter som nér nitrit gavs
samtidigt med DSS. Den skyddande effekten av nitrit visade sig kunna bero pa formagan
att oka tjockleken av det skyddande slemlagret i tjocktarmen som fungerar som en barriar
mellan bakterier och cellvagg i tarmen. Vidare studier pa tjocktarmsceller visade att nitrit
ocksa kunde forbattra lakningen av inducerade sar, vilket tros vara en viktig faktor for att
aven mildra symptomen av inflammatorisk tarmsjukdom hos manniska. Dessa tva studier
visar att dietart CLA, nitrit och till viss del nitrat, kan lindra inflammatorisk tarmsjukdom
hos mdss. Nitrit visade sig dven ha terapeutiska effekter i denna modell. Dessa resultat
kan ha viktig betydelse for framtida kostrekommendationer i behandlingen av
inflammatorisk tarmsjukdom hos manniska.

Under de senaste decennierna har manga studier visat effekter av ett extra tillskott av
nitrat och nitrit via kosten pa olika aspekter av hélsa och sjukdom. Mycket mindre
studerat ar hur kroppens egenproducerade nivaer av nitrat och nitrit fran NOS paverkar
regleringen av olika fysiologiska funktioner. | delarbete fyra (Paper 1V) undersoktes
rollen av kroppens egna nivaer av nitrat och nitrit pd magslemhinnan. Dessa effekter
studerades i bakteriefria mdss som inte kan omvandla nitrat till nitrit via bakterier i
munhalan, och darfor inte heller kan bilda NO i magsacken. Detta gor det mojligt att
istallet ge dessa moss olika doser av nitrit for att efterlikna det nitrit som annars normalt
svaljs ner under hela dygnet. Resultaten visade att bakteriefria moss hade ett extremt tunt
slemlager i magsacken, medan dven mycket laga nivaer av nitrit hade betydande effekter
genom att kraftigt 6ka detta slemlager. Eftersom bakteriefria méss uppvisade ett mycket
tunt slemlager, undersokte vi huruvida detta dven kunde pavisas i en annan kliniskt
relevant modell genom behandling av méss med bredspektrumantibiotika. Intressant nog
visade sig dessa djur ocksa ha ett tunnare slemlager i magsacken jamfort med
kontrollmdss, aven om effekten inte var lika stor som hos de bakteriefria mossen.
Behandling med antibiotika slog helt ut bakteriefloran i tarmen medan bakterierna i
munhala fortfarande existerade med formaga att reducera nitrat till nitrit. Detta kan
forklara varfor antibiotikabehandlade mdss fortfarande har ett relativt tjockt slemlager.
Betydelsen av en minskad slemtjocklek i magsacken for en 6kad kanslighet for magsar &r
annu inte faststalld. Fortsatta studier bor genomféras for att utrona betydelsen av detta
slemlager vid en okad pafrestning av magslemhinnan. Dessa resultat visar att dven
fysiologiska nivaer av nitrit som kan bildas av orala bakterier &r viktiga i regeleringen av
slemtjockleken i magsacken. Detta tyder pa att atervinning av nitrat som bildas genom
NO av NOS ar viktigt att uppratthalla en vél fungerande magslemhinna.
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7.3 Sammanfattning

Resultaten i denna avhandling pekar pa att specifika komponenter i var kost spelar en
direkt roll i regleringen av inflammatoriska reaktioner, bade pa lokal nivéa i sma blodkarl
och pa organniva i magtarmkanalen. Terapeutiska mojligheter har aven pavisats av dietart
nitrit i en etablerad modell av tarminflammation, en effekt som delvis férmedlades av
NO. Kroppseget nitrat, som fran borjan ar bildat via NOS, har ocksa en viktig roll i
regleringen av en vél fungerande magslemhinna, en process som ar beroende av bakterier
i munhalan som kan omvandla nitrat till nitrit.

37



Cecilia Jadert

8 ACKNOWLEDGEMENTS

Even though over four years have passed since | first started working with this project, it
feels like it was yesterday. | am so grateful for all the help and encouragement from all
my supervisors, colleagues and friends for making it an unforgettable time of my life. |
could never have done this without all the amazing people around me and | want to
express my special gratitude to:

My main supervisor Jon Lundberg, for always being super enthusiastic about science
and my results, no matter how insignificant they may seem to me. The door to your office
has always been open and | am amazed that you always have had time for my numerous
questions and plans. | am so grateful that you let me be a part of your amazing research
group, you have showed me what science is all about; curiosity.

Sara Borniquel, my co-supervisor and friend. Thank you for teaching me all your lab
skills and for not getting upset with my stupid mistakes as a total rookie. You also got
your fair share of my many questions and | really appreciate your patience. Thank you for
being so persistent to get me into the group!

My co-supervisor at Uppsala University, Mia Phillipson. You really helped me see my
PhD-project from new perspectives and | am so grateful for getting to know all the cool
in vivo methods you do in your lab! Thank you for always making me feel so welcome
and as a natural part of your group. You are a great researcher with endless energy for
science and students.

Lena Holm, my mentor and master of mucus! You are the real reason that I got to do this
PhD, thank you for seeing my potential when | showed up a bit confused with my master
thesis from Lund. | really appreciate you letting me work in your lab and join your group!

All the past and present members of the nitrate-group! The amazing teddy-bear like
Eddie Weitzberg, for always spreading that warm feeling and, together with Jon, sharing
an amazing enthusiasm for science. The invaluable lab-tech trio, also known as “the
girls”: Annika Olsson, Carina Nihlén and Meta Stensdotter, for helping me with
everything from chemistry calculations to recipes for cooking and support in important
life decisions. The lab and the group would literally be a mess without you! Mike Hezel,
for being so incredibly friendly and inspiring me to start producing small self-replicates ;)
Filip Larsen and Tomas Schiffer, the mitochondria-duo for always being so easy going
and letting me nag about your untidiness in the lab. Mattias Carlstrém, for all the
excellent questions and for partnering up with me to form an amazing golf-team against
Jon and Eddie, we have to book time for a rematch! All the people in Mattias group:
Maria Peleli, Christa Zollbrecht, Ming Liu and Ting Yang, for bringing so much
energy and lively chattering to the corridors! All the people that have come and left the
group; Blenda Agell, for sharing my interest in society and the environment; Barbara
Rocha, for such nice discussions and being a walking chemical dictionary; Raul Bescos,
for always being so positive and enthusiastic; Hiroaki Kishikawa and Liyue Huang, for
sharing your Asian flavors and manners.

38



Acknowledgements

All the amazing people working at FyFa! Thank you all for making every day fun by
always meeting nice smiles in the corridors, wonderful lunch-hangouts where the time
always seems to pass by too fast, long hours of teaching and all the Tabata and spinning
classes at Friskis. A special thanks to the crazy duo Asa Konradsson Geuken and Lars
Karlsson for bringing so much positive energy and for always finding reasons for a good
laugh. Anna Persson, for the invaluable and outstanding help with setting the layout of
this thesis! All wonderful people of past and present PhD-students, postdocs and staff;
Torun Malmléf, Carl Bjorkholm, Carolina Bengtsson Gonzales, Gustaf Wigerblad,
Lotte van Doeselaar, Devesh Mishra, Miyoung Lee, Jacomijn Dijksterhuis, Markus
Larsson, Magdalena Kegel, Bjorn Schilstrom, Sandra Travica Asanin, Isa Cavaco,
Louise Hagbard (fd Sivertsson), lIsabel Barragan, Carina Halleskog, Julian
Petersen, Elisa Arthofer, Michaela Kilander, Tianle Gao, Karuna Vuppalapati,
Kristin Feltmann, Ylva Haraldsdotter, Sara Lindholm and the amazing Micke EIm
and so many more!

All the past and present people in the Phillipson/Holm group in Uppsala, for always
wanting me to work more in your lab and putting up with all my complaints about the
never-on-time-SJ-trains. Ulrika Pettersson, for being such a warm person and sharing
many good talks about everything; Gustaf Christoffersson, for your helpfulness and
your amazing expertise in science, technical stuff and social skills; Sara Massena, for
supporting and helping me so much during my first time in the project and; Evelina
Vagesjo, for all the discussions and for sharing my passion about career options after
PhD; David Ahl, for being so helpful when working with all aspects of mucus and mice
intestines; Annika Jagare, for all the excellent help with the in vivo mucus
measurements, and the former members Joel Petersson for letting me take over your
exciting project and Olof Schreiber for being such a “goo Goéteborgare”.

The “Lindbom group”; Lennart Lindbom, Ellinor Kenne, Anne van der Does, Joel
Rasmuson and Erik Lundeberg, for letting me play around with the neutrophils in your
lab and joining me in nice presentations and discussions in FyFa’s best Journal Club, I
hope it will continue!

Lina Odevall and Therese Hogfeldt for starting up the PhD Club and letting me share
your endless energy! | have had so much fun and learned so much from you, | really hope
we can join our forces again sometime in the future © All other invaluable members of
the PhD Club; Johanna Brodin, Charlotte Hedskog, Agata Korecka and Shiva
Mansouri, thank you for all fun times organizing events and seminars!

A special thanks to Anethe Mansén, Tina Persson and Kerstin Beckenius at KI Career
Service for supporting and helping us so much with the PhD Club and letting me be a
part of your work to inspire PhD-students about their future careers!

To Vetenskapsradet (medicin och halsa) and my wonderful supervisors at
”Utvarderings- och forskningssekretariatet” at the Swedish Parliament for funding and
supervising my internship during the autumn of 2012. This work has truly inspired me
and | am so glad that you selected me for this internship! Johan Wallin, for helping me
improve my skills in research policy communication and opening my eyes for new career

39



Cecilia Jadert

options for people with a PhD in natural sciences; Lars Eriksson, for being so open-
minded and supporting about my work; Helen Limén, for your inspiring effectiveness
and burning interest in research communication; Sandra Rickemo, for your support at
the other side of the desk and wonderful lunch discussions, and all you others in
“Bananen”. Thank you so much for everything!

Anna Nilsson Vindefjard for letting me work with you at ForskalSverige and develop
my skills in research communication. It was really inspiring and instructive!

To my former study-buddies at the Biomedical program in Uppsala! It was here that the
seed of doing a PhD was planted and | could not have gone through those years without
such good friends. loana Bujila, for your outstanding bittersweet attitude towards life
and for being such an amazing travel companion; Jonas Gabrielsson, for all your
positive energy and never-forgettable studying sessions at the library in BMC; Anne-L.i
Lind, Karin Gustafsson and Brita Ivarsdotter, for wonderful discussions about life as a
PhD-student and giving me a reason to revisit Uppsala from time to time ©

My amazing friends from the year in Vancouver at UBC, you are all friends for life and
have meant a lot to me during these years! Emma Lérd, Kristofer Stalhammar and
Tobias Brunberg, | hope to see you more in the future ©

My older friends from school that have persistently kept contact and supported me in this
work: “Torke-brudarna”; Matilda Allroth (fd Malmberg), Emma Holmberg, Jenny
Larsson, Emelie Kalio and Sofia Lundgren. Also the hard working Maria Marklund,
I’m so glad that you contact me every time you visit Stockholm! To all my newer friends
for being interested in what | do and making an effort to understand when | explain my
project; Erika & Gustav, Erik & Carro, Gustav Jansson, Martin Persson and Frida
Siekkinen. Thanks for all the support and delicious dinners!

| also want to extend special thanks also to my cousin Asa Persson (with family), for all
your concern and for inspiring me into doing a PhD. Also cousin Karin Persson for
always caring and your positive attitude towards life! The “Bagis family”; Lillan, Lasse
and Anders Rafstedt for all your support during the years, you mean so much to me!

The wonderful Widblom-family in Goteborg; Karin & Janne and Jens & Samira for
always making me feel so welcome and for being so caring and interested in what | do! |
look forward to many more trips to Italy and Christmas celebrations with you all.

To my beloved family! Therése, Vali and Fredrik (with kids), the best siblings and
brother in law one could ever have! Thank you for never having a slightest doubt about
my ability and always pushing me to new heights. Mamma Kristina and pappa Tony,
your unconditional love, support and patience has got me this far and it is all thanks to
you. | will never stop loving you!

Finally, Marcus, you have been with me from the start of this journey this would not
have been possible without you! You mean everything to me and | love you more than |
can ever express with words. I can’t wait to start the next adventure together with you and
our little kicking girl inside of me!

40



Acknowledgements

This work was financially supported by: Kaolinska Institutet, the Swedish Research
Council, Vinnova (CIDaT), the EU 7th Framework Program (Flaviola), Ernfors
Foundation, Thurings Foundation, the Swedish Diabetes Association, the Swedish Heart—
Lung Foundation, Ragnar S6derbergs Foundation, Ruth and Richard Juhlin’s Foundation,
Dr. P Hakanssons/Druvan Stiftelse, Torsten Soderberg Foundation, Knut and Alice
Wallenberg foundation and Nanna Svartz Foundation.

41



Cecilia Jadert

9 REFERENCES

10.

11.

12.
13.
14.
15.
16.
17.
18.
19.
20.
21,
22,
23.

24,

42

Joshipura KJ, Hu FB, Manson JE, et al. The effect of fruit and vegetable intake on
risk for coronary heart disease. Ann Intern Med. 2001;134(12):1106-14.

Hung HC, Joshipura KJ, Jiang R, et al. Fruit and vegetable intake and risk of
major chronic disease. J Natl Cancer Inst. 2004;96(21):1577-84.

Appel LJ, Moore TJ, Obarzanek E, et al. A clinical trial of the effects of dietary
patterns on blood pressure. DASH Collaborative Research Group. N Engl J Med.
1997;336(16):1117-24.

Carter P, Gray LJ, Troughton J, Khunti K, Davies MJ. Fruit and vegetable intake
and incidence of type 2 diabetes mellitus: systematic review and meta-analysis.
BMJ. 2010;341:¢c4229.

Sofi F, Abbate R, Gensini GF, Casini A. Accruing evidence on benefits of
adherence to the Mediterranean diet on health: an updated systematic review and
meta-analysis. Am J Clin Nutr. 2010;92(5):1189-96.

Sobko T, Marcus C, Govoni M, Kamiya S. Dietary nitrate in Japanese traditional
foods lowers diastolic blood pressure in healthy volunteers. Nitric Oxide.
2010;22(2):136-40.

Bruckdorfer KR. Antioxidants and CVD. The Proceedings of the Nutrition
Society. 2008;67(2):214-22.

Kapil V, Webb AJ, Ahluwalia A. Inorganic nitrate and the cardiovascular system.
Heart. 2010;96(21):1703-9.

WHO, CANCER IAFRO. IARC Monographs on the Evaluation of Carcinogenic
Risks to Humans 2006 [cited Vol 94]. Available from:
http://monographs.iarc.fr/fENG/Monographs/vol94/mono94.pdf.
Livsmedelsverket. Skordetider - gronsakernas topplista 2013. Available from:
http://www.slv.se/sv/grupp3/pressrum/nyheter/pressmeddelanden/skordetider---
gronsakernas-topplista/.

Moncada S, Higgs A, Furchgott R. International Union of Pharmacology
Nomenclature in Nitric Oxide Research. Pharmacological reviews.
1997;49(2):137-42.

Ignarro LJ. Nitric oxide as a unique signaling molecule in the vascular system: a
historical overview. J Physiol Pharmacol. 2002;53(4 Pt 1):503-14.

Andrew PJ, Mayer B. Enzymatic function of nitric oxide synthases. Cardiovasc
Res. 1999;43(3):521-31.

Lincoln TM, Cornwell TL. Intracellular cyclic GMP receptor proteins. FASEB J.
1993;7(2):328-38.

Lucas KA, Pitari GM, Kazerounian S, et al. Guanylyl cyclases and signaling by
cyclic GMP. Pharmacological reviews. 2000;52(3):375-414.

Omar SA, Artime E, Webb AJ. A comparison of organic and inorganic
nitrates/nitrites. Nitric Oxide. 2012;26(4):229-40.

Butler AR, Feelisch M. Therapeutic uses of inorganic nitrite and nitrate: from the
past to the future. Circulation. 2008;117(16):2151-9.

Tannenbaum SR, Weisman M, Fett D. The effect of nitrate intake on nitrite
formation in human saliva. Food Cosmet Toxicol. 1976;14(6):549-52.

Lundberg JO, Weitzberg E, Lundberg JM, Alving K. Intragastric nitric oxide
production in humans: measurements in expelled air. Gut. 1994;35(11):1543-6.
Benjamin N, O'Driscoll F, Dougall H, et al. Stomach NO synthesis. Nature.
1994;368(6471):502.

Zweier JL, Wang P, Samouilov A, Kuppusamy P. Enzyme-independent formation
of nitric oxide in biological tissues. Nat Med. 1995;1(8):804-9.

Weitzberg E, Lundberg JO. Novel aspects of dietary nitrate and human health.
Annu Rev Nutr. 2013;33:129-59.

Authority EFS. Nitrate in vegetables: Scientific Opinion of the Panel on
Contaminants in the Food chain. The EFSA Journal 2008. p. 1-79.

Mensinga TT, Speijers GJ, Meulenbelt J. Health implications of exposure to
environmental nitrogenous compounds. Toxicological reviews. 2003;22(1):41-51.



http://monographs.iarc.fr/ENG/Monographs/vol94/mono94.pdf
http://www.slv.se/sv/grupp3/pressrum/nyheter/pressmeddelanden/skordetider---gronsakernas-topplista/
http://www.slv.se/sv/grupp3/pressrum/nyheter/pressmeddelanden/skordetider---gronsakernas-topplista/

References

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

van Velzen AG, Sips AJ, Schothorst RC, Lambers AC, Meulenbelt J. The oral
bioavailability of nitrate from nitrate-rich vegetables in humans. Toxicol Lett.
2008;181(3):177-81.

Lundberg JO, Govoni M. Inorganic nitrate is a possible source for systemic
generation of nitric oxide. Free Radic Biol Med. 2004;37(3):395-400.
Spiegelhalder B, Eisenbrand G, Preussmann R. Influence of dietary nitrate on
nitrite content of human saliva: possible relevance to in vivo formation of N-
nitroso compounds. Food Cosmet Toxicol. 1976;14(6):545-8.

Qin L, Liu X, Sun Q, et al. Sialin (SLC17Ab5) functions as a nitrate transporter in
the plasma membrane. Proc Natl Acad Sci U S A. 2012;109(33):13434-9.
Petersson J, Carlstrom M, Schreiber O, et al. Gastroprotective and blood pressure
lowering effects of dietary nitrate are abolished by an antiseptic mouthwash. Free
Radic Biol Med. 2009;46(8):1068-75.

Govoni M, Jansson EA, Weitzberg E, Lundberg JO. The increase in plasma nitrite
after a dietary nitrate load is markedly attenuated by an antibacterial mouthwash.
Nitric Oxide. 2008;19(4):333-7.

Carlsson S, Wiklund NP, Engstrand L, Weitzberg E, Lundberg JO. Effects of pH,
nitrite, and ascorbic acid on honenzymatic nitric oxide generation and bacterial
growth in urine. Nitric Oxide. 2001;5(6):580-6.

Peri L, Pietraforte D, Scorza G, Napolitano A, Fogliano V, Minetti M. Apples
increase nitric oxide production by human saliva at the acidic pH of the stomach: a
new biological function for polyphenols with a catechol group? Free Radic Biol
Med. 2005;39(5):668-81.

Gago B, Lundberg JO, Barbosa RM, Laranjinha J. Red wine-dependent reduction
of nitrite to nitric oxide in the stomach. Free Radic Biol Med. 2007;43(9):1233-42.
Jansson EA, Huang L, Malkey R, et al. A mammalian functional nitrate reductase
that regulates nitrite and nitric oxide homeostasis. Nat Chem Biol. 2008;4(7):411-
7.

Cosby K, Partovi KS, Crawford JH, et al. Nitrite reduction to nitric oxide by
deoxyhemoglobin vasodilates the human circulation. Nat Med. 2003;9(12):1498-
505.

Kapil V, Haydar SM, Pearl V, Lundberg JO, Weitzberg E, Ahluwalia A.
Physiological role for nitrate-reducing oral bacteria in blood pressure control. Free
Radic Biol Med. 2013;55:93-100.

Huang Z, Shiva S, Kim-Shapiro DB, et al. Enzymatic function of hemoglobin as a
nitrite reductase that produces NO under allosteric control. J Clin Invest.
2005;115(8):2099-107.

van Faassen EE, Bahrami S, Feelisch M, et al. Nitrite as regulator of hypoxic
signaling in mammalian physiology. Med Res Rev. 2009;29(5):683-741.

Magee PN, Barnes JM. The production of malignant primary hepatic tumours in
the rat by feeding dimethylnitrosamine. British journal of cancer. 1956;10(1):114-
22.

Lundberg JO. Cardiovascular prevention by dietary nitrate and nitrite. AmJ
Physiol Heart Circ Physiol. 2009;296(5):H1221-3.

Lundberg JO, Weitzberg E, Gladwin MT. The nitrate-nitrite-nitric oxide pathway
in physiology and therapeutics. Nat Rev Drug Discov. 2008;7(2):156-67.

Webb A, Bond R, McLean P, Uppal R, Benjamin N, Ahluwalia A. Reduction of
nitrite to nitric oxide during ischemia protects against myocardial ischemia-
reperfusion damage. Proc Natl Acad Sci U S A. 2004;101(37):13683-8.

Larsen FJ, Ekblom B, Sahlin K, Lundberg JO, Weitzberg E. Effects of dietary
nitrate on blood pressure in healthy volunteers. N Engl J Med.
2006;355(26):2792-3.

Webb AJ, Patel N, Loukogeorgakis S, et al. Acute blood pressure lowering,
vasoprotective, and antiplatelet properties of dietary nitrate via bioconversion to
nitrite. Hypertension. 2008;51(3):784-90.

Larsen FJ, Weitzberg E, Lundberg JO, Ekblom B. Effects of dietary nitrate on
oxygen cost during exercise. Acta physiologica. 2007;191(1):59-66.

43



Cecilia Jadert

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.
62.

63.

64.

65.
66.

67.

44

Larsen FJ, Schiffer TA, Borniquel S, et al. Dietary inorganic nitrate improves
mitochondrial efficiency in humans. Cell Metab. 2011;13(2):149-59.

Bjorne HH, Petersson J, Phillipson M, Weitzberg E, Holm L, Lundberg JO. Nitrite
in saliva increases gastric mucosal blood flow and mucus thickness. J Clin Invest.
2004;113(1):106-14.

Jansson EA, Petersson J, Reinders C, et al. Protection from nonsteroidal anti-
inflammatory drug (NSAID)-induced gastric ulcers by dietary nitrate. Free Radic
Biol Med. 2007;42(4):510-8.

Petersson J, Phillipson M, Jansson EA, Patzak A, Lundberg JO, Holm L. Dietary
nitrate increases gastric mucosal blood flow and mucosal defense. Am J Physiol
Gastrointest Liver Physiol. 2007;292(3):G718-24.

Kubes P, Suzuki M, Granger DN. Nitric oxide: an endogenous modulator of
leukocyte adhesion. Proc Natl Acad Sci U S A. 1991;88(11):4651-5.

Gaboury J, Woodman RC, Granger DN, Reinhardt P, Kubes P. Nitric oxide
prevents leukocyte adherence: role of superoxide. Am J Physiol. 1993;265(3 Pt
2):H862-7.

Ahluwalia A, Foster P, Scotland RS, et al. Antiinflammatory activity of soluble
guanylate cyclase: cGMP-dependent down-regulation of P-selectin expression and
leukocyte recruitment. Proc Natl Acad Sci U S A. 2004;101(5):1386-91.

Stokes KY, Dugas TR, Tang Y, Garg H, Guidry E, Bryan NS. Dietary nitrite
prevents hypercholesterolemic microvascular inflammation and reverses
endothelial dysfunction. Am J Physiol Heart Circ Physiol. 2009;296(5):H1281-8.
Carlstrom M, Persson AE, Larsson E, et al. Dietary nitrate attenuates oxidative
stress, prevents cardiac and renal injuries, and reduces blood pressure in salt-
induced hypertension. Cardiovasc Res. 2011;89(3):574-85.

Carlstrom M, Larsen FJ, Nystrom T, et al. Dietary inorganic nitrate reverses
features of metabolic syndrome in endothelial nitric oxide synthase-deficient mice.
Proc Natl Acad Sci U S A. 2010;107(41):17716-20.

Bryan NS, Fernandez BO, Bauer SM, et al. Nitrite is a signaling molecule and
regulator of gene expression in mammalian tissues. Nat Chem Biol.
2005;1(5):290-7.

Stamler JS, Lamas S, Fang FC. Nitrosylation. the prototypic redox-based signaling
mechanism. Cell. 2001;106(6):675-83.

Gow AJ, Farkouh CR, Munson DA, Posencheg MA, Ischiropoulos H. Biological
significance of nitric oxide-mediated protein modifications. Am J Physiol Lung
Cell Mol Physiol. 2004;287(2):L262-8.

Rocha BS, Gago B, Pereira C, et al. Dietary nitrite in nitric oxide biology: a redox
interplay with implications for pathophysiology and therapeutics. Current drug
targets. 2011;12(9):1351-63.

Tsikas D, Zoerner AA, Mitschke A, Gutzki FM. Nitro-fatty acids occur in human
plasma in the picomolar range: a targeted nitro-lipidomics GC-MS/MS study.
Lipids. 2009;44(9):855-65.

Harmon GS, Lam MT, Glass CK. PPARs and lipid ligands in inflammation and
metabolism. Chemical reviews. 2011;111(10):6321-40.

Calder PC. Polyunsaturated fatty acids and inflammatory processes: New twists in
an old tale. Biochimie. 2009;91(6):791-5.

Patterson E, Wall R, Fitzgerald GF, Ross RP, Stanton C. Health implications of
high dietary omega-6 polyunsaturated Fatty acids. Journal of nutrition and
metabolism. 2012;2012:539426.

Marion-Letellier R, Savoye G, Beck PL, Panaccione R, Ghosh S. Polyunsaturated
fatty acids in inflammatory bowel diseases: a reappraisal of effects and therapeutic
approaches. Inflamm Bowel Dis. 2013;19(3):650-61.

Ananthakrishnan AN, Khalili H, Konijeti GG, et al. Long-term intake of dietary
fat and risk of ulcerative colitis and Crohn's disease. Gut. 2013.

Cui T, Schopfer FJ, Zhang J, et al. Nitrated fatty acids: Endogenous anti-
inflammatory signaling mediators. J Biol Chem. 2006;281(47):35686-98.

Dilzer A, Park Y. Implication of conjugated linoleic acid (CLA) in human health.
Critical reviews in food science and nutrition. 2012;52(6):488-513.



References

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Fritsche JRR SH. Formation, contents, and estimation of daily intake of
conjugated linoleic acid isomers and trans-fatty acids in foods. Advances in
Conjugated Linoleic Acid Research. 1999(1):378 — 96.

Bhattacharya A, Banu J, Rahman M, Causey J, Fernandes G. Biological effects of
conjugated linoleic acids in health and disease. The Journal of nutritional
biochemistry. 2006;17(12):789-810.

Reynolds CM, Roche HM. Conjugated linoleic acid and inflammatory cell
signalling. Prostaglandins, leukotrienes, and essential fatty acids. 2010;82(4-
6):199-204.

Kepler CR, Hirons KP, McNeill JJ, Tove SB. Intermediates and products of the
biohydrogenation of linoleic acid by Butyrinvibrio fibrisolvens. J Biol Chem.
1966;241(6):1350-4.

Palmquist DL, Lock AL, Shingfield KJ, Bauman DE. Biosynthesis of conjugated
linoleic acid in ruminants and humans. Advances in food and nutrition research.
2005;50:179-217.

Kuhnt K, Kraft J, Moeckel P, Jahreis G. Trans-11-18 : 1 is effectively Delta9-
desaturated compared with trans-12-18 : 1 in humans. Br J Nutr. 2006;95(4):752-
61.

Loscher CE, Draper E, Leavy O, Kelleher D, Mills KH, Roche HM. Conjugated
linoleic acid suppresses NF-kappa B activation and IL-12 production in dendritic
cells through ERK-mediated IL-10 induction. J Immunol. 2005;175(8):4990-8.
McCarthy C, Duffy MM, Mooney D, et al. IL-10 mediates the immunoregulatory
response in conjugated linoleic acid-induced regression of atherosclerosis. FASEB
J. 2013;27(2):499-510.

Yu Y, Correll PH, Vanden Heuvel JP. Conjugated linoleic acid decreases
production of pro-inflammatory products in macrophages: evidence for a PPAR
gamma-dependent mechanism. Biochimica et biophysica acta. 2002;1581(3):89-
99.

J. Fritsche RR, H. Steinhart, M. P. Yurawecz, M. M. Mossoba, N. Sehat, J. A. G.
Roach, J. K. G. Kramer, Y. Ku. Conjugated linoleic acid (CLA) isomers:
formation, analysis, amounts in foods, and dietary intake. Lipid / Fett.
1999;101(8):272-6.

Mushtaq S, Heather Mangiapane E, Hunter KA. Estimation of cis-9, trans-11
conjugated linoleic acid content in UK foods and assessment of dietary intake in a
cohort of healthy adults. Br J Nutr. 2010;103(9):1366-74.

Wang Y, Proctor SD. Current issues surrounding the definition of trans-fatty
acids: implications for health, industry and food labels. Br J Nutr.
2013;110(8):1369-83.

Bonacci G, Baker PR, Salvatore SR, et al. Conjugated linoleic acid is a
preferential substrate for fatty acid nitration. J Biol Chem. 2012;287(53):44071-
82.

Bauman DE, Perfield, J.W., and Lock, A.L. Effect of trans fatty acids on milk fat
and their impact on human health. Proc Southwest Nutrition Conf, Tempe, AZ.
2004:pp. 41-52.

Brouwer 1A, Wanders AJ, Katan MB. Trans fatty acids and cardiovascular health:
research completed? Eur J Clin Nutr. 2013;67(5):541-7.

Gebauer SK, Chardigny JM, Jakobsen MU, et al. Effects of ruminant trans fatty
acids on cardiovascular disease and cancer: a comprehensive review of
epidemiological, clinical, and mechanistic studies. Advances in nutrition.
2011;2(4):332-54.

Ambort D, Johansson ME, Gustafsson JK, Ermund A, Hansson GC. Perspectives
on mucus properties and formation--lessons from the biochemical world. Cold
Spring Harb Perspect Med. 2012;2(11).

Johansson ME, Sjovall H, Hansson GC. The gastrointestinal mucus system in
health and disease. Nat Rev Gastroenterol Hepatol. 2013;10(6):352-61.

Petersson J, Schreiber O, Hansson GC, et al. Importance and regulation of the
colonic mucus barrier in a mouse model of colitis. Am J Physiol Gastrointest
Liver Physiol. 2011;300(2):G327-33.

45



Cecilia Jadert

87.

88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

46

Ho SB, Takamura K, Anway R, Shekels LL, Toribara NW, Ota H. The adherent
gastric mucous layer is composed of alternating layers of MUC5AC and MUC6
mucin proteins. Dig Dis Sci. 2004;49(10):1598-606.

Atuma C, Strugala V, Allen A, Holm L. The adherent gastrointestinal mucus gel
layer: thickness and physical state in vivo. Am J Physiol Gastrointest Liver
Physiol. 2001;280(5):G922-9.

Johansson ME, Phillipson M, Petersson J, Velcich A, Holm L, Hansson GC. The
inner of the two Muc2 mucin-dependent mucus layers in colon is devoid of
bacteria. Proc Natl Acad Sci U S A. 2008;105(39):15064-9.

McGuckin MA, Linden SK, Sutton P, Florin TH. Mucin dynamics and enteric
pathogens. Nat Rev Microbiol. 2011;9(4):265-78.

Schade C, Flemstrom G, Holm L. Hydrogen ion concentration in the mucus layer
on top of acid-stimulated and -inhibited rat gastric mucosa. Gastroenterology.
1994;107(1):180-8.

Velcich A, Yang W, Heyer J, et al. Colorectal cancer in mice genetically deficient
in the mucin Muc2. Science. 2002;295(5560):1726-9.

Van der Sluis M, De Koning BA, De Bruijn AC, et al. Muc2-deficient mice
spontaneously develop colitis, indicating that MUC2 is critical for colonic
protection. Gastroenterology. 2006;131(1):117-29.

Johansson ME, Gustafsson JK, Holmen-Larsson J, et al. Bacteria penetrate the
normally impenetrable inner colon mucus layer in both murine colitis models and
patients with ulcerative colitis. Gut. 2013.

Abraham C, Cho JH. Inflammatory bowel disease. N Engl J Med.
2009;361(21):2066-78.

Hoffmann W. Trefoil factors TFF (trefoil factor family) peptide-triggered signals
promoting mucosal restitution. Cellular and molecular life sciences : CMLS.
2005;62(24):2932-8.

Taupin D, Podolsky DK. Trefoil factors: initiators of mucosal healing. Nat Rev
Mol Cell Biol. 2003;4(9):721-32.

Newton JL, Allen A, Westley BR, May FE. The human trefoil peptide, TFF1, is
present in different molecular forms that are intimately associated with mucus in
normal stomach. Gut. 2000;46(3):312-20.

Rio MC, Bellocq JP, Daniel JY, et al. Breast cancer-associated pS2 protein:
synthesis and secretion by normal stomach mucosa. Science. 1988;241(4866):705-
8.

Jeffrey GP, Oates PS, Wang TC, Babyatsky MW, Brand SJ. Spasmolytic
polypeptide: a trefoil peptide secreted by rat gastric mucous cells.
Gastroenterology. 1994;106(2):336-45.

Suemori S, Lynch-Devaney K, Podolsky DK. Identification and characterization
of rat intestinal trefoil factor: tissue- and cell-specific member of the trefoil protein
family. Proc Natl Acad Sci U S A. 1991;88(24):11017-21.

Babyatsky MW, deBeaumont M, Thim L, Podolsky DK. Oral trefoil peptides
protect against ethanol- and indomethacin-induced gastric injury in rats.
Gastroenterology. 1996;110(2):489-97.

Farrell JJ, Taupin D, Koh TJ, et al. TFF2/SP-deficient mice show decreased
gastric proliferation, increased acid secretion, and increased susceptibility to
NSAID injury. J Clin Invest. 2002;109(2):193-204.

Mashimo H, Wu DC, Podolsky DK, Fishman MC. Impaired defense of intestinal
mucosa in mice lacking intestinal trefoil factor. Science. 1996;274(5285):262-5.
Kindon H, Pothoulakis C, Thim L, Lynch-Devaney K, Podolsky DK. Trefoil
peptide protection of intestinal epithelial barrier function: cooperative interaction
with mucin glycoprotein. Gastroenterology. 1995;109(2):516-23.

Thim L, Madsen F, Poulsen SS. Effect of trefoil factors on the viscoelastic
properties of mucus gels. Eur J Clin Invest. 2002;32(7):519-27.

Beck PL, Ihara E, Hirota SA, et al. Exploring the interplay of barrier function and
leukocyte recruitment in intestinal inflammation by targeting fucosyltransferase
V11 and trefoil factor 3. Am J Physiol Gastrointest Liver Physiol.
2010;299(1):G43-53.



References

108.

109.

110.

111.

112,

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124,

125.
126.

127.

128.

Huang P, Chandra V, Rastinejad F. Structural overview of the nuclear receptor
superfamily: insights into physiology and therapeutics. Annu Rev Physiol.
2010;72:247-72.

Thompson EA. PPARgamma physiology and pathology in gastrointestinal
epithelial cells. Molecules and cells. 2007;24(2):167-76.

Hwang D. Fatty acids and immune responses--a hew perspective in searching for
clues to mechanism. Annu Rev Nutr. 2000;20:431-56.

Ricote M, Li AC, Willson TM, Kelly CJ, Glass CK. The peroxisome proliferator-
activated receptor-gamma is a negative regulator of macrophage activation.
Nature. 1998;391(6662):79-82.

Schopfer FJ, Lin Y, Baker PR, et al. Nitrolinoleic acid: an endogenous peroxisome
proliferator-activated receptor gamma ligand. Proc Natl Acad Sci U S A.
2005;102(7):2340-5.

Borniquel S, Jansson EA, Cole MP, Freeman BA, Lundberg JO. Nitrated oleic
acid up-regulates PPARgamma and attenuates experimental inflammatory bowel
disease. Free Radic Biol Med. 2010;48(4):499-505.

Hontecillas R, Wannemeulher MJ, Zimmerman DR, et al. Nutritional regulation of
porcine bacterial-induced colitis by conjugated linoleic acid. J Nutr.
2002;132(7):2019-27.

Bassaganya-Riera J, Reynolds K, Martino-Catt S, et al. Activation of PPAR
gamma and delta by conjugated linoleic acid mediates protection from
experimental inflammatory bowel disease. Gastroenterology. 2004;127(3):777-91.
Bassaganya-Riera J, Hontecillas R. CLA and n-3 PUFA differentially modulate
clinical activity and colonic PPAR-responsive gene expression in a pig model of
experimental IBD. Clinical nutrition. 2006;25(3):454-65.

Shimada T, Fujii Y, Koike T, et al. Peroxisome proliferator-activated receptor
gamma (PPARgamma) regulates trefoil factor family 2 (TFF2) expression in
gastric epithelial cells. The international journal of biochemistry & cell biology.
2007;39(3):626-37.

Wilkinson K, Fikes J, Wojcik S. Improved mouse blood smears using the DiffSpin
slide spinner. Veterinary clinical pathology / American Society for Veterinary
Clinical Pathology. 2001;30(4):197-200.

Ley K, Laudanna C, Cybulsky MI, Nourshargh S. Getting to the site of
inflammation: the leukocyte adhesion cascade updated. Nat Rev Immunol.
2007;7(9):678-89.

Petri B, Phillipson M, Kubes P. The physiology of leukocyte recruitment: an in
vivo perspective. J Immunol. 2008;180(10):6439-46.

Kenne E, Soehnlein O, Genove G, Rotzius P, Eriksson EE, Lindbom L. Immune
cell recruitment to inflammatory loci is impaired in mice deficient in basement
membrane protein laminin alpha4. J Leukoc Biol. 2010;88(3):523-8.
Kolaczkowska E, Kubes P. Neutrophil recruitment and function in health and
inflammation. Nat Rev Immunol. 2013;13(3):159-75.

Soehnlein O, Lindbom L. Phagocyte partnership during the onset and resolution of
inflammation. Nat Rev Immunol. 2010;10(6):427-39.

Massena S, Christoffersson G, Hjertstrom E, et al. A chemotactic gradient
sequestered on endothelial heparan sulfate induces directional intraluminal
crawling of neutrophils. Blood. 2010;116(11):1924-31.

Ford AC, Moayyedi P, Hanauer SB. Ulcerative colitis. BMJ. 2013;346:f432.
Asakura H, Suzuki K, Kitahora T, Morizane T. Is there a link between food and
intestinal microbes and the occurrence of Crohn's disease and ulcerative colitis? J
Gastroenterol Hepatol. 2008;23(12):1794-801.

Molodecky NA, Soon IS, Rabi DM, et al. Increasing incidence and prevalence of
the inflammatory bowel diseases with time, based on systematic review.
Gastroenterology. 2012;142(1):46-54 e42; quiz e30.

Brinkberg Lapidus A. IBD okar starkt -&nnu oklart varfor. L&kartidningen.
2009;106(45):2980-2.

47



Cecilia Jadert

129.

130.
131.
132.
133.

134.

135.
136.
137.
138.

139.

140.

141.

142,

143.

144,

145.

146.

147.

148.

149.

150.

48

Thia KT, Loftus EV, Jr., Sandborn WJ, Yang SK. An update on the epidemiology
of inflammatory bowel disease in Asia. Am J Gastroenterol. 2008;103(12):3167-
82.

Backhed F, Ley RE, Sonnenburg JL, Peterson DA, Gordon JI. Host-bacterial
mutualism in the human intestine. Science. 2005;307(5717):1915-20.

Salim SY, Soderholm JD. Importance of disrupted intestinal barrier in
inflammatory bowel diseases. Inflamm Bowel Dis. 2011;17(1):362-81.
Swidsinski A, Loening-Baucke V, Theissig F, et al. Comparative study of the
intestinal mucus barrier in normal and inflamed colon. Gut. 2007;56(3):343-50.
Neurath MF, Travis SP. Mucosal healing in inflammatory bowel diseases: a
systematic review. Gut. 2012;61(11):1619-35.

Cooper HS, Murthy SN, Shah RS, Sedergran DJ. Clinicopathologic study of
dextran sulfate sodium experimental murine colitis. Lab Invest. 1993;69(2):238-
49.

Seidelin JB, Coskun M, Nielsen OH. Mucosal healing in ulcerative colitis:
pathophysiology and pharmacology. Adv Clin Chem. 2013;59:101-23.

Cosnes J, Gower-Rousseau C, Seksik P, Cortot A. Epidemiology and natural
history of inflammatory bowel diseases. Gastroenterology. 2011;140(6):1785-94.
De Vroey B, Colombel JF. IBD in 2010: optimizing treatment and minimizing
adverse events. Nat Rev Gastroenterol Hepatol. 2011;8(2):74-6.

Thomas S, Baumgart DC. Targeting leukocyte migration and adhesion in Crohn's
disease and ulcerative colitis. Inflammopharmacology. 2012;20(1):1-18.
Koboziev I, Karlsson F, Zhang S, Grisham MB. Pharmacological intervention
studies using mouse models of the inflammatory bowel diseases: translating
preclinical data into new drug therapies. Inflamm Bowel Dis. 2011;17(5):1229-45.
Mahler M, Bristol 1J, Leiter EH, et al. Differential susceptibility of inbred mouse
strains to dextran sulfate sodium-induced colitis. Am J Physiol. 1998;274(3 Pt
1):G544-51.

Kitajima S, Takuma S, Morimoto M. Histological analysis of murine colitis
induced by dextran sulfate sodium of different molecular weights. Experimental
animals / Japanese Association for Laboratory Animal Science. 2000;49(1):9-15.
Okayasu |, Hatakeyama S, Yamada M, Ohkusa T, Inagaki Y, Nakaya R. A novel
method in the induction of reliable experimental acute and chronic ulcerative
colitis in mice. Gastroenterology. 1990;98(3):694-702.

Araki Y, Mukaisyo K, Sugihara H, Fujiyama Y, Hattori T. Increased apoptosis
and decreased proliferation of colonic epithelium in dextran sulfate sodium-
induced colitis in mice. Oncol Rep. 2010;24(4):869-74.

Dieleman LA, Ridwan BU, Tennyson GS, Beagley KW, Bucy RP, Elson CO.
Dextran sulfate sodium-induced colitis occurs in severe combined
immunodeficient mice. Gastroenterology. 1994;107(6):1643-52.

Ito R, Shin-Ya M, Kishida T, et al. Interferon-gamma is causatively involved in
experimental inflammatory bowel disease in mice. Clin Exp Immunol.
2006;146(2):330-8.

Rakoff-Nahoum S, Paglino J, Eslami-Varzaneh F, Edberg S, Medzhitov R.
Recognition of commensal microflora by toll-like receptors is required for
intestinal homeostasis. Cell. 2004;118(2):229-41.

Perry MA, Phillipson M, Holm L. Transmural gradient of leukocyte-endothelial
interaction in the rat gastrointestinal tract. Am J Physiol Gastrointest Liver
Physiol. 2005;289(5):G852-9.

Holm L, Phillipson M. Assessment of mucus thickness and production in situ.
Methods Mol Biol. 2012;842:217-27.

Wang L, Frizzell SA, Zhao X, Gladwin MT. Normoxic cyclic GMP-independent
oxidative signaling by nitrite enhances airway epithelial cell proliferation and
wound healing. Nitric Oxide. 2012;26(4):203-10.

Mocsai A. Diverse novel functions of neutrophils in immunity, inflammation, and
beyond. J Exp Med. 2013;210(7):1283-99.



References

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Talukdar S, Oh da Y, Bandyopadhyay G, et al. Neutrophils mediate insulin
resistance in mice fed a high-fat diet through secreted elastase. Nat Med.
2012;18(9):1407-12.

Matsui H, Shimokawa O, Kaneko T, Nagano Y, Rai K, Hyodo I. The
pathophysiology of non-steroidal anti-inflammatory drug (NSAID)-induced
mucosal injuries in stomach and small intestine. J Clin Biochem Nutr.
2011;48(2):107-11.

Beck PL, Xavier R, Lu N, et al. Mechanisms of NSAID-induced gastrointestinal
injury defined using mutant mice. Gastroenterology. 2000;119(3):699-705.
Cauwels A, Buys ES, Thoonen R, et al. Nitrite protects against morbidity and
mortality associated with TNF- or LPS-induced shock in a soluble guanylate
cyclase-dependent manner. J Exp Med. 2009;206(13):2915-24.

Samal AA, Honavar J, Brandon A, et al. Administration of nitrite after chlorine
gas exposure prevents lung injury: effect of administration modality. Free Radic
Biol Med. 2012;53(7):1431-9.

Phillipson M, Heit B, Colarusso P, Liu L, Ballantyne CM, Kubes P. Intraluminal
crawling of neutrophils to emigration sites: a molecularly distinct process from
adhesion in the recruitment cascade. J Exp Med. 2006;203(12):2569-75.

Ohtake K, Koga M, Uchida H, et al. Oral nitrite ameliorates dextran sulfate
sodium-induced acute experimental colitis in mice. Nitric Oxide. 2010;23(1):65-
73.

Melgar S, Karlsson A, Michaelsson E. Acute colitis induced by dextran sulfate
sodium progresses to chronicity in C57BL/6 but not in BALB/c mice: correlation
between symptoms and inflammation. Am J Physiol Gastrointest Liver Physiol.
2005;288(6):G1328-38.

Vowinkel T, Wood KC, Stokes KY, et al. Mechanisms of platelet and leukocyte
recruitment in experimental colitis. Am J Physiol Gastrointest Liver Physiol.
2007;293(5):G1054-60.

Irving PM, Macey MG, Shah U, Webb L, Langmead L, Rampton DS. Formation
of platelet-leukocyte aggregates in inflammatory bowel disease. Inflamm Bowel
Dis. 2004;10(4):361-72.

Bergstrom KS, Kissoon-Singh V, Gibson DL, et al. Muc2 protects against lethal
infectious colitis by disassociating pathogenic and commensal bacteria from the
colonic mucosa. PLoS Pathog. 2010;6(5):e1000902.

Brown JF, Hanson PJ, Whittle BJ. Nitric oxide donors increase mucus gel
thickness in rat stomach. Eur J Pharmacol. 1992;223(1):103-4.

Brown JF, Keates AC, Hanson PJ, Whittle BJ. Nitric oxide generators and cGMP
stimulate mucus secretion by rat gastric mucosal cells. Am J Physiol. 1993;265(3
Pt 1):G418-22.

Fischer BM, Rochelle LG, Voynow JA, Akley NJ, Adler KB. Tumor necrosis
factor-alpha stimulates mucin secretion and cyclic GMP production by guinea pig
tracheal epithelial cells in vitro. Am J Respir Cell Mol Biol. 1999;20(3):413-22.
Niedbala W, Besnard AG, Jiang HR, et al. Nitric oxide-induced regulatory T cells
inhibit Th17 but not Th1 cell differentiation and function. J Immunol.
2013;191(1):164-70.

Bassaganya-Riera J, Hontecillas R, Horne WT, et al. Conjugated linoleic acid
modulates immune responses in patients with mild to moderately active Crohn's
disease. Clinical nutrition. 2012;31(5):721-7.

Sobko T, Reinders C, Norin E, Midtvedt T, Gustafsson LE, Lundberg JO.
Gastrointestinal nitric oxide generation in germ-free and conventional rats. Am J
Physiol Gastrointest Liver Physiol. 2004;287(5):G993-7.

Carlstrom M, Liu M, Yang T, et al. Crosstalk Between Nitrate-Nitrite-NO and NO
Synthase Pathways in Control of Vascular NO Homeostasis. Antioxidants &
redox signaling. 2013.

Rocha BS, Gago B, Barbosa RM, Lundberg JO, Radi R, Laranjinha J. Intragastric
nitration by dietary nitrite: implications for modulation of protein and lipid
signaling. Free Radic Biol Med. 2012;52(3):693-8.

49



Cecilia Jadert

170.

171.

172.

173.

174.

50

Bir SC, Pattillo CB, Pardue S, et al. Nitrite Anion Therapy Protects Against
Chronic Ischemic Tissue Injury in db/db Diabetic Mice in a NO/VEGF-Dependent
Manner. Diabetes. 2014;63(1):270-81.

Montenegro MF, Amaral JH, Pinheiro LC, et al. Sodium nitrite downregulates
vascular NADPH oxidase and exerts antihypertensive effects in hypertension. Free
Radic Biol Med. 2011;51(1):144-52.

Nystrom T, Ortsater H, Huang Z, et al. Inorganic nitrite stimulates pancreatic islet
blood flow and insulin secretion. Free Radic Biol Med. 2012;53(5):1017-23.

Kapil VV, Milsom AB, Okorie M, et al. Inorganic nitrate supplementation lowers
blood pressure in humans: role for nitrite-derived NO. Hypertension.
2010;56(2):274-81.

Gilchrist M, Winyard PG, Aizawa K, Anning C, Shore A, Benjamin N. Effect of
dietary nitrate on blood pressure, endothelial function, and insulin sensitivity in
type 2 diabetes. Free Radic Biol Med. 2013;60:89-97.



