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Summary

English

Background: Various factors, including dietary components, the gut microbiota and host
responses, are imperative for gut health. Optimal interactions between diet, gut microbiota
and host are suggested to be important to avoid imbalanced gut microbial ecosystems and
low-grade inflammation. Dietary fiber components, in particular, have been highlighted for
their positive effects on the microbiota and gut inflammation status. Furthermore, although
high-fat diets, mainly based on animal fat, have been associated with gut inflammation it is
not clear to what extend different fat sources (i.e., animal type), and modes of fat intake affect

the gut inflammatory process.
Objectives

The overall aim of the current thesis was to investigate the differential impact of fiber and
protein fractions from faba beans and different fat types on the microbiota composition and
gut health in mice with and without low-grade inflammation in the gut. Another aim was to
assess the role of reactive oxygen species (ROS) induced by NADPH oxidase 1 (NOX1) for

low-grade gut inflammation and microbial community in the colon.

Methods: After the establishment of a low-grade inflammation model with the chemical
dextran sodium sulfate (DSS) feeding trials with C57BL/6] mice were performed. Besides
the wild type (WT), C57BL/6], mice deficient in the NOX1 gene were used (NOX1-KO mice).
The diets offered during the mouse experiments varied in macronutrient composition and
energy intake. Briefly these diets were: a standard mouse diet (chow diet), a synthetic low-
fat diet (LFD), a purified western diet (WD) and modified western diets (WDs), in which
defined fractions from faba beans were incorporated. These fractions were protein fraction
(PF) and fiber fraction (FF) that replaced partially casein and cellulose substances in WDs,
respectively. Body weight, colon length, gene expression of inflammatory and reactive
oxygen species related genes, biomarkers of inflammation in blood and fecal sample were
parameters to be examined. Shifts of the colonic microbiota populations in phylum and
genus level upon the termination of experiments were additionally evaluated using LEfSe

(Linear discriminant analysis Effect Size).



Results: In Paper I, we established the low-grade inflammation mouse model and showed
that NOX1 plays a significant role in ROS formation in the colon during pathogenesis towards
the status of low-grade inflammation. We demonstrated that NOX1 modulates the colonic
microbiota both in a steady-state (healthy) and during low grade inflammation. Also, while
absence of NOX-1 did not influence the pathology scores, the inflammation-related genes and
lipocalin 2 (LCN-2) expression tended to be higher in NOX1 deficient mice than in WT mice.
From these results we conclude that NOX1-dependent ROS production is important for

shaping microbiota composition and for protecting against insults to the colon.

In Paper II, we compared the impact of a low-fat diet (LFD) and different western diets (WD)
with fat from various sources on colon health in low-grade inflammation. We falsified the
hypothesis that WD fed mice would manifest more severe symptoms compared to LFD fed
mice as we observed that LFD mice were more susceptible to DSS-induced inflammation and
revealed a less diverse microbiota with increased relative abundance of the Proteobacteria
phylum compared to WD fed mice. Both fat sources (milk and lard) tested as part of the WD
induced similar immediate ‘protective’ effect as compared to the LFD. Because these results
contradict many other studies, we suspect that the higher fat content protects against the
establishment of the DSS-induced low-grade inflammation. Therefore, we raise the concern
that the DSS model of mouse inflammation might be unfit for the purpose of studying the

differential impact of dietary fats.

In Paper III, we investigated possible metabolic and colonic beneficial effects of faba bean
protein and fiber fractions when ingested as part ofa WD. Although the diets were isocaloric
the mice thatingested diets with added faba bean protein content (WD+PF and WD+BF) had
a higher increase in body weight compared to the pure WD or the WD+FF. However, no
differences were revealed in glucose and insulin tolerance test between dietary groups. Also,
neither the protein nor the fiber fraction protected against DSS induced low-grade gut
inflammation as compared with mice fed a pure WD. Furthermore, marginal changes were

found in the microbiota at the genus level.

Conclusions: Collectively, our results demonstrate a role for ROS in the healthy gut and in
response to DSS induced inflammation which may be related to controlling and shaping the

microbiota. Furthermore, unexpectedly, we found that a high fat content in the diet protected
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against DSS induced inflammation as compared with the LFD group and speculate that the
high fat content confounds the establishment of the DSS induced low-grade inflammation
model. Also,a WD with a higher protein fraction from faba bean resulted in even higher gain
of weight compared to standard WD. Only marginal changes were found for the microbiota

composition when increasing the fiber fraction of the WD and it did not protect against

weight gain.
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Norwegian (Norsk sammendrag)

Bakgrunn: Ulike faktorer, slik som neeringsstoffer, tarmmikrobiota og biologiske
vertsresponser, er avgjgrende for tarmhelsen. Optimal interaksjon mellom disse er viktig for
a unngd ubalanserte mikrobielle tarmgkosystemer og lavgradig betennelse. Seerlig har
kostfiber blitt fremhevet som viktig og positiv for bdde mikrobiota og
tarmbetennelsesstatus. I tillegg, selv om kosthold med hgyt fettinnhold fra animalske kilder
har veert assosiert med tarmbetennelse, er det ikke entydig klart i hvilken grad ulike

fettkilder (dvs. dyretype), og inntak av fett som sddan pavirker betennelse i tarm.

Mal: Det overordnede malet med denne oppgaven var d undersgke i hvilken grad fiber- og
proteinfraksjoner fra fababgnner og ulike fetttyper pavirket mikrobiotasammensetningen
og tarmhelsen hos mus med og uten lavgradig betennelse i tarmen. Et annet mal var a
evaluere rollen til reaktive oksygenforbindelser (ROS) indusert av NADPH-oksidase 1

(NOX1) for lavgradig tarmbetennelse og mikrobielle samfunn i tykktarm.

Metoder: Etter etablering av en lavgradig inflammasjonsmodell med det kjemiske stoffet
dekstran-natriumsulfat/dextran sodium sulfate (DSS) ble det utfgrt foringsforsgk med
C57BL/6]-mus. I tillegg til & bruke villtypemus (WT), ble C57BL/6]J-mus uten uttrykk av
NOX1-genet benyttet (NOX1-KO-mus). De ulike fortypene som ble brukt under
museforsgkene varierte i sammensetning av makroneringsstoffer og energiinnhold.
Fortypene bestod (i korthet) av: standard musefor ogsa kalt chow, lav-fettdiett (LFD), en
vestlig hgy-fettdiett (WD) og modifiserte vestlige dietter, der fraksjoner fra faba bgnner ble
inkorporert. Disse fraksjonene var proteinfraksjon (PF) og fiberfraksjon (FF) som delvis
erstattet henholdsvis kasein- og cellulose i WD-fortypene. Alle fortypene med unntak av
chow var kontrollerte (kjent innhold av alle naeringsstoffene og ingrediensene). Chow-foret
er mer udefinert fordi det er satt sammen av hele ravarer. Kroppsvekt, tykktarmslengde,
genuttrykk avinflammatoriske og ROS-relaterte gener, biomarkgrer for betennelse i blod og
avfgringsprgver var parametere som skulle undersgkes. Endringer av tykktarmens
mikroflora ved avslutning av eksperimenter ble i tillegg evaluert ved bruk av sakalt LEfSe

(Linear discriminant analysis Effect size).

Resultater: I Artikkel I (Paper ) etablerte vi musemodell forlavgradig inflammasjon og viste

at NOX1 spiller en betydelig rolle i ROS-produksjon i tykktarmen under lavgradig betennelse

Vil



indusert med DSS. Vi viste ogsa at NOX1 modulerer tykktarmsmikrobiotaen bade i en
‘steady-state’ (sunn) og under lavgradig betennelse. Videre sa vi at, mens fraveer av NOX-1
ikke pavirket patologi, hadde de betennelsesrelaterte genene og uttrykk av lipocalin 2 (LCN-
2) en tendens til & veere hgyere i NOX1-knockout mus enn i WT-mus. Fra disse resultatene
konkluderer vi med at NOX1-avhengig ROS-produksjon er viktig for & forme

mikrobiotasammensetning og for 3 beskytte mot skader i tykktarmen.

[ Artikkel II (Paper II) sammenlignet vi effekten av en lav-fettdiett (LFD) og ulike vestlige
dietter (WD) med fett fra ulike kilder pd tykktarmshelsen ved lavgradig betennelse. Vi
forkastet derfor hypotesen om at WD-forede mus ville manifestere mer alvorlige symptomer
sammenlignet med LFD-forede mus da vi observerte at LFD-mus var mer mottakelige for
DSS-indusert betennelse og avslgrte en mindre mangfoldig mikrobiota med gkt relativ
tilstedeveaerelse av Proteobakterier (fylum) sammenlignet med WD-férede mus. Begge
fettkilder (melk og svinefett) testet som en del av WD fgrte i begge tilfeller til umiddelbar
"beskyttende" effekt sammenlignet med LFD. Fordi disse resultatene motsier mange andre
studier, mistenker vi at det hgyere fettinnholdet beskytter mot etableringen av DSS-indusert
lavgradig betennelse. Derfor reiser vi bekymringen for at DSS-modellen for musebetennelse
kan veere uegnet for det formal a studere den differensielle pavirkningen av fettrikt for med

den hensikt a studere fysiologiske effekter av hgyfett-dietter.

I Artikkel II (Paper III) undersgkte vi potensielt metabolske effekter av proteiner og fiber
(begge var fraksjoner) isolert fra fababgnner som ble blandet inn WD-foret. Selv om diettene
var isokaloriske, hadde musene som inntok foret beriket med proteiner fra fababgnner
(WD+PF og WD+BF) fant vi at disse musene hadde en hgyere gkning i kroppsvekt
sammenlignet med ren WD eller WD+FF (fiberfraksjon). Imidlertid ble det ikke avdekket
forskjeller i glukose- og insulinregulering mellom de ulike diettgruppene. Heller ikke
protein- eller fiberfraksjonen fra fababgnner beskyttet mot DSS induserte lavgradig
tarmbetennelse sammenlignet med mus som ble foret med en ren WD. Videre ble det funnet

marginale endringer i mikrobiotaen pa slektsniva.

KonKlusjoner: Samlet viser resultatene vare en rolle for ROS i den sunne tarmen og som
respons pa DSS-indusert betennelse som kan vere relatert til & kontrollere og forme

mikrobiotaen. Videre, og noe uventet, fant vi at et hgyt fettinnhold i kostholdet (WD)
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beskyttet mot DSS-indusert betennelse sammenlignet med LFD-gruppen og spekulerer i at
det hgye fettinnholdet pavirker etableringen av den DSS-induserte lavgradige
betennelsesmodellen, muligens direkte. Dessuten resulterte en WD med en hgyere
proteinfraksjon fra fababgnne i enda hgyere vektgkning sammenlignet med standard WD.
Bare marginale endringer ble funnet for mikrobiotasammensetningen ved tilsetning av

fiberfraksjonen til WD, og den beskyttet ikke mot vektgkning.



Abbreviations
AOM: Azoxymethane

BF: Both protein and fiber fractions
CD: Crohn disease

DCs: Dendritic cells

DSS: Dextran sodium sulfate

F/B: Firmicutes/Bacteroidetes

FBDGs: food-based dietary guidelines
FF: Fiber fraction

GALT: Gut associated lymphoid tissue
GF: Germ free

GI: Gastrointestinal

HFD: High fat diet

IECs: Intestinal epithelial cells

IgA: Immunoglobulin A

IL: Interleukin

LCN-2: Lipocalin-2

LEfSe: Linear discriminant analysis Effect Size

LFD: Low fat diet

MAMPs: Microbial associated molecular patterns
NCDs: Non-communicable diseases

NF-xB: Nuclear factor-kappa B

NLRs: Nod like receptors

NNR: Nordic Nutrition Recommendations
NOX1-KO mice: NADPH oxidase 1 knockout mice
PAMPs: Pathogen associated molecular patterns
PF: Protein fraction

PRRs: Pattern recognition receptors

ROS: Reactive oxygen species

SCFAs: Short chain fatty acids

Th: T helper

TLR: Toll like receptor

Tregs: T regulatory cells

UC: Ulcerative colitis

WD: Western diet

WT: Wild type



List of papers

PAPER ]

The ROS-generating enzyme NADPH oxidase 1 modulates the colonic microbiota but offers
minor protection against dextran sulfate sodium-induced low-grade colon inflammation in

mice.

Herfindal A.M., Rocha S.D.C., Papoutsis D., Bghn S.K,, Carlsen H.

Published in the Free Radical Biology & Medicine, Volume 188, June 2022, Pages 298-311,
https://doi.org/10.1016/j.freeradbiomed.2022.06.234

PAPERII

Western diet attenuates DSS effects in a low-grade inflammation mouse model compared
with a low-fat diet.

Papoutsis D., Rocha S.D.C., Herfindal A.M., Bghn S.K., Carlsen H.

Published in The Journal of Nutrition, Volume 152, Issue 3, December 2021, Pages 758-
769, https://doi.org/10.1093/jn/nxab401

PAPER III
Intestinal effect of faba bean fractions in WD-fed mice treated with low dose of DSS.

Papoutsis D., Rocha S.D.C., Herfindal A.M., Bghn S.K,, Carlsen H.

Published in PLOS ONE, August 2022, https://doi.org/10.1371/journal.pone.0272288

Xl






1. Introduction

The large intestine, also known as colon, is an indispensable part of the digestive system
contributing to a wide range of vital functions. Itis responsible for the constant maintenance
of fluid and electrolyte balance, the removal of waste metabolic products and is the region
where the most dense and diverse microbial community, collectively referred as gut
microbiota is harbored within the host. Along the gastrointestinal tract (GI-tract) numerous
Bacteria, Archaea and Eukarya are found, with the former domain of life being the most
dominant. Some of their primary functions are to recover energy from food through
digestion of complex carbohydrates, to provide vitamins such as riboflavin (vitamin B2),
biotin (vitamin B7), folate (vitamin B9) and vitamin K and to offer protection against

pathogens [1].

The GI-tract receives daily a plethora of environmental factors which shape the gut
microbiota assembly with beneficial or detrimental consequences in metabolic processes
and immunity. Diet is probably the environmental determinant with the greatest influence
on microbiota composition and function. Dietary fiber, fat and proteins can act as microbial
modulators and cause metabolic implications and diseases [2]. Although a lot has been
learned on how food nutrients are involved in microbiota profile, there are still a number of
issues that are not clearly understood, like to what extent disease patterns influenced by diet
are causally linked to the microbiota profile and importantly how host factors including the
immune system affects microbiota. The use of animal models for research may provide

useful insights and nutrition remains a compelling target to elaborate.

The current thesis focuses on whether diets varying quantitively and qualitative in
macronutrients affect the colon state and the formation of colonic microbiota. The thesis also
focuses on host factors important in shaping and regulating microbiota such as reactive
oxygen species (ROS). Herein, the introductory chapter provides knowledge on diet, health
and gut microbiota aspects. Apart from that, the structure and the immune system of the GI-
tract are described together with the interplay between dietary choices, bacteria and host
health. Lastly, commonly used mouse models for studying inflammatory bowel diseases and

arguments for the utilization of rodents as experimental animals are displayed.
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1.1 Diet and health

Searching in a dictionary for the word diet, which derives from the Greek word “diaita”, we
come across two main definitions. It can be either all the dietary choices that a person or
an animal consumes habitually, or a list of food and drinks strictly followed by an
individual person due to a medical problem or just with the intention to lose weight.
Selection of food choices is depending on several individual and public determinants such
as taste, income, socioeconomic status, availability of time, ethnicity, religion and

culture([3, 4].

From the perspective of health, an optimal diet is often regarded as a balanced diet, which
contains appropriate amounts of macronutrients and micronutrients with the aim to
balance the energetic and physiological requirements of the body. The value of nutrition
on health was stated by Hippocrates, around 400 BC, with the phrase “Let food be thy
medicine”. Proteins, fats, carbohydrates fibers and small proportions of minerals,
vitamins are necessary for growth, metabolism and maintenance of life. Despite the
constant evolving knowledge on dietary patterns through intervention trials, the endeavor

to define a healthy diet and classify dietary regimens in energy balance is challenging [5].

In 2004, the World Health Assembly, a committee of health ministers from 194 member
states, adopted the recommendations from World Health Organization (WHO). According to
the report, named “WHO Global Strategy on Diet, Physical Activity and Health”, the main
objective was to prevent malnutrition and simultaneously reduce the prevalence of non-
communicable diseases (NCDs) [6]. Nevertheless, as long as such aims remain unsolved,
international policies require rapid actions for promoting appropriate dietary styles in order

to deal with obesity, cardiovascular diseases, diabetes and cancer [7].

Globally, numerous studies strongly support that replacement of saturated and trans fats
with unsaturated fats, limitations in salt and sugar, increased consumption of fruits,
legumes and vegetables and restriction of the total energy intake have a major effect on

reducing the risk for several diseases [8-10].

Recent advances in technological fields allow experts in nutrition to offer proper diet

consultancy. In 2021, a study published in Nature Foods, assessed the impact of around



6.000 foods on disease burden. From the analysis it was suggested that individuals could
gain up to 48 minutes added life span per day when 10% of caloric intake from beef and

processed meats was replaced by fruits, vegetables and legumes in their daily meal [11].

In Europe, food-based dietary guidelines (FBDGs) set an example, where eating styles are
adjusted to agreed principles by WHO and Food and Agriculture Organization (FAO) for
improving public health [12]. Although these guidelines are primarily depending on
dietary data, often other healthy related parameters, like physical activity and body

weight, are included.

For Nordic countries, the national FBDGs came out between 2013 and 2015 (2014 for
Norway) and their basis was the Nordic Nutrition Recommendations (NNR) 2012 [13].
Below (Table 1) is presented the most recent macronutrient intake indicated by NNR for the
general population in Nordic regions and during 2022 the new recommendations would
become available. For people with diseases or with other special needs, amendments might
be required regarding the macronutrient uptake. Proteins, carbohydrates and fatty acids are
presented as percentage of energy intake, whereas the estimation for dietary fiber is

expressed as minimum grams per day or grams per Megajoule (M]).

Macronutrients Percentage in energy intake (E%)
Proteins Adults & children (2>years) 10-20 E%, elderly (=65 years) 15 E%
Carbohydrates Total intake between 45-60 E%
Fatty acids (triglycerides) Monounsaturated fatty acids 10-20 E%

Polyunsaturated fatty acids 5-10 E%

Saturated fatty acids less than 10 E%

Dietary fibers Adults minimum 25-35g/d or 3g/MJ, children (>2 years) 2-3g/MJ

Table 1. I1lustration of macronutrients intake for Nordic citizens by NNR.



1.1.1 The western diet

In western societies, where more than 80% of deaths are attributed to NCDs, western diet
(WD) is regarded as a major reason for the onset of pathological conditions [14]. WD is a
modern type of diet characterized by high quantities of saturated fats and omega-6 fatty
acids, refined sugars, salt and reduced amounts of fibers and omega-3 fatty acids [15].
Processed and ultra-processed foods constitute a big part of the Western pattern diet and
often diet recommendations suggest limiting or avoiding their consumption. Generally, they
are agricultural commodities that go through a series of mechanical and chemical
procedures such as heating, chopping, milling, canning, pasteurizing and addition of food
additives [16]. On top of a western lifestyle, characterized by physical inactivity, air pollution,
low exposure to sun and unhealthy habits (alcohol, smoking), WDs can trigger intestinal
barrier dysfunction, increase gut permeability and lead to leakage of bacteria and harmful
bacterial metabolites into the blood circulation, a condition known as endotoxemia [17].
These pathophysiology’s are responsible for the development of low-grade systemic
inflammation and are associated with metabolic syndrome, cancer and autoimmune
diseases [18, 19]. IBDs, multiple sclerosis rheumatoid arthritis and psoriasis compose a
heterogeneous group of autoimmune diseases that present multifactorial etiologies. Diet and
specifically WD appears to be a major risk factor for the occurrence of the above-mentioned
diseases and prominently for IBDs [20]. Based on recent data for the worldwide prevalence
of IBDs, countries in Europe and North America report the highest values [21]. Indicatively,
the incidence of ulcerative colitis in Norway is 505 per 100.000 persons whereas the
estimation for Crohn's disease in Germany is 322 per 100.000 persons [22]. Although WD is
typically considered as a diet without macronutrient and micronutrient deficiencies, it may
alter the immune system function and hence influence immune-mediated diseases [23].
Consumption of WD or other diets high in fat content can lead to systemic inflammation due
to immune system activation via proliferation of immune cells and cytokine production [24].
Food additives and substances, added in order to enhance the texture, the stability and the
flavor of the products, are often considered as factors that affect intestinal health. For
instance, it has been shown that two dietary emulsifiers, carboxymethylcellulose (CMC) and

polysorbate 80 (P80), can induce alterations in human and mouse gut microbiota in a



manner that subsequently promotes chronic intestinal inflammation and colon
carcinogenesis [25-27].

The impact of dietary components on gastrointestinal health is revealed through in vitro
studies, animal models and human studies. It has been proposed that elevated intake of
animal proteins, gives rise to active metabolites like ammonium, branched-chain fatty acids,
hydrogen sulfide upon degradation. Ultimately, those metabolites may affect gut barrier
function and increase predisposal to Crohn’s disease [28]. Interestingly, the macronutrient
metabolism has the capacity to modulate intestinal microbiota. According to interventions
studies, proteins, fats, carbohydrates can promote the presence of commensal bacteria or
induce a dysbiotic environment [29]. The source and the quantity of macronutrients are

significant factors in terms of the gut response in colitis and other inflammatory conditions.

1.1.2 Legumes and pulses

Legume is any plant or seed of a plant that belongs to the Fabaceae or Leguminosae family
[30], counting more than 800 genera and 20.000 species [31]. Legumes, which include dry

and oil seeds, constitute the second most edible crops after cereals [32].

Dry seeds or dry grains, is categorized as pulses by the Food and Agriculture Organization of
the United Nations (FAO) to discriminate them from fresh green crops like green beans and
green peas, which are categorized as vegetables. Dry beans, dry peas, lentils and chickpeas
are characteristic examples of the 11 primary pulses recognized by FAO and possess a
significant position in the nutritional and economic value chain worldwide [33]. India,
Canada, China, USA, Russia, Brazil are the leading countries in pulse production with a
diversity of cultivars and numerous varieties depending on the size, the color and the shape

of thatyield [34].

Interestingly, consumers in Europe over the last years have shown an increased interest in
legumes for health and environmental reasons. Grain legumes can be discriminated to the
warm season legumes, which include soybeans (Glycine max L.) and common beans
(Phaseolus vulgaris L.), and the cold season legumes. Faba beans (Vicia faba L.) and field peas

(Pisum sativum) set an example of the latter group. These protein crops are highly preferred



for cultivation in Northern Europe due to their tolerance of low temperatures. Yield
differences in legumes even between Nordic countries can be influenced by high latitude
conditions[35]. Therefore, pulses like the faba beans can be exploited by Norwegian farmers
and ultimately contribute to the effort of a more sustainable environment characterized by

protein self-sufficiency and reduced of soybeans and other imported plant-based sources.

Pulses are acknowledged in human diet as an important food mainly because they are a dish
of high nutritional value due to their macronutrient and micronutrient composition. In
particular, pulses are among the edible plants with the highest protein content with an

approximate number of 7.7g/0.5cup serving size and 17-30% of dry weight [36, 37].

Additionally, the high amounts of carbohydrates (55-65% of their total dry weight), minerals
(e.g. iron, magnesium, potassium), insoluble and soluble fibers (approximately 7g/0.5cup
serving) [38], results in recognizing pulses as a valuable nutritional dish for humanity. It
should be clarified that the nutrient composition of pulses varies among the species, variety
and seeding process used. Although pulses are protein rich, they are somewhat low in some
essential amino acids (methionine, tryptophan, cysteine), but when combined with other
animal or plant protein sources, they complement each other. Thus, for vegetarians, intake
of a combination of different pulses is recommended to cover intake of all essential amino

acids in the diet [39].

Legumes also comprise a pool of non-nutritional compounds which includes antinutrients
and toxic factors. These compounds may interfere with digestion and uptake of other
nutrients, cause micronutrient malnutrition and mineral deficiencies and thus influence
metabolism [40]. Prominent antinutrients in legumes are phytic acid, saponins, a-
galactosides, protease inhibitors, amylase inhibitors and lectins. The presence of these
antinutrients can be drastically reduced by physical and biochemical methods such as
dehulling, soaking, milling, cooking, fermentation and germination. Furthermore, legumes
contain other phytochemicals such as flavonoids, other polyphenols, and phytosterols which
can contribute beneficially to human health. Flavonoids have been shown to increase insulin
secretion and reduce insulin resistance [41, 42], suggesting that these phytochemicals have
positive outcomes against obesity and diabetes [43]. Polyphenols, can affect bodyweight by

diminishing appetite and enhancing lipid metabolism [44] and also interact with
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gastrointestinal microbiota in a bi-directional manner [45]. Through bacterial metabolism
polyphenols are converted to more bioactive compounds that can affect gut ecology [46, 47].
Observational studies also highlight anticancer, antimicrobial and antioxidant properties of

legumes [48-51].

Findings from systematic reviews and meta-analyses of prospective cohort studies provide
a series of indications for legumes and diseases. In 2009 Aune et al., found an inverse
association between legume intake and cancer risk. Particularly, populations consuming at
least 100g of legumes weekly, demonstrated lower risk in manifesting colorectal, stomach

and kidney cancer [52].

Later, Afshin et al., showed that legume consumption was related to reduced ischemic heart
disease, but no significant associations were revealed for stroke and diabetes [53]. Similar
results were obtained in 2017 and 2019 from Marventano [54] and Viguiliouk [55],
respectively. Both evaluated the role of dietary patterns rich in legume and pulse
proportions at coronary heart disease incidence and other cardiometabolic outcomes.
Interesting are the results from two very recent randomized controlled trials. In 2021, Hafiz
after examining the impact of pulses on long-term glycemic control in adults with and
without type 2 diabetes, concluded that pulse consumption can improve glycemic control
parameters [56], while data from Ferreira et al., suggested that intake of 150g pulses daily
can benefit against cardiovascular risk factors, including blood lipid profile, glycemic control

and inflammatory status [57].



1.2 The gastrointestinal system

The digestive system is composed of the gastrointestinal tract (GI-tract), a hollow tube
starting from the mouth and ending at the anus with a length of 7-11 meters, and accessory
organs which includes the pancreas, gall bladder and liver. Thus, teeth, tongue, pharynx,
esophagus, stomach, small and large intestine, with the assistance of secreting enzymes and
bile from salivary glands, pancreas, gall bladder and liver, contribute to the digestion and
absorption of nutrients and water into the body. The human GI-tract, which is the biggest
interface with our environment, spans around 32 m?surface area, of which 2 m? are ascribed
to the large intestine [58]. Besides that, the removal of dead microorganisms, waste and
undigested food through feces and the involvement on host’s defense, as part of the immune

system, are fundamental functions of the GI-tract.

1.2.1 Anatomy and physiology of the gut

The regional specialization along the Gl-tract is attributed to differences in the tissue
structure of intestines. The small intestine is separated into three parts; the duodenum in
the proximal part, followed by jejunum and the distal region, ileum. Characteristic for the
small intestine is the presence of villiand microvilli folds. These finger-like lumen formations
increase the surface area and assist the uptake of nutrients together with several enzymes
known as brush border enzymes. [leum participates also in nutrient absorption but also with

specific roles in reuptake of bile acids and uptake of vitamin B12.

The large intestine, separated from the small intestine by the ileocecal valve is the last part
of Gl-tract and consists of the appendix, cecum, colon, rectum and anus. With an average
length of 1.5 meters, it is involved in water absorption, formation of stools removed by
defecation and fermentation of indigestible food material by commensal bacteria. In contrast
to the small intestine, colon is lacking villi and microvilli protrusions and contain only crypts

[59].

Mucosa, submucosa, muscularis externa or propria and serosa are the four tissue layers
found similarly in the gastrointestinal wall structure (Figure 1). From the luminal side,

mucosa, the innermost tissue layer of the GI-tract, is a mucous membrane that comprises



epithelium and lamina propria. The former is a continuous sheet of different specialized
epithelial cells whereas the latter is a thin layer of connective tissue mainly responsible for
protection against microorganisms. Mucus secretion into the stomach and intestines is
important because itacts as a shield against digestive enzymes, bacteria and also assists food
transfer through lubrication. Submucosa is composed of connective tissue, a complex nerve
plexus blood vessels and lymphatics. It supports mucosa by joining it to the third layer called
muscularis externa which contain circular and longitudinal smooth muscle. Together with
enteric neurons this layer is instrumental in regulating movements such as peristalsis and
segmentation. The last layer is serosa, which is a smooth membrane coated by fluid from

body cavities to avoiding mechanical damage between adjacent organs or surfaces [60].
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Figure 1: Three-dimensional view of the anatomy and structure at the large intestine.
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Cells in the epithelium arise from stem cells situated in the crypts and apart from the
absorptive-type intestinal epithelial cells (enterocytes in small intestine, colonocytes in
colon), they give rise to secretory type cells including goblet, Paneth, enteroendocrine and

tuft cells.

Goblet cells secrete mucus (a dense structure of glycoproteins known as mucins) for the
formation of a mucus layer, which separates the epithelium content from the lumen and acts
as a protective barrier for host’s defense against pathogens and avoid commensal bacteria
reaching the epithelium [61, 62]. These cells are present in higher numbers in colonic crypts
than in small intestine and justifies why mucus thickness is enhanced at the colon with two
distinct layers. Particularly in mice, the inner dense stratified mucus layer, which lines next
to the epithelial cells is approximately 50 um whereas the loose outer layer is approximately

100pm.

Paneth cells reside in the bottom of small intestinal crypts but are missing from a healthy
colon. They are important for stem cell maintenance and production of anti-microbial
peptides such as lysozyme, defensins, C-type lectin regenerating islet-derived protein IIly
and defensins that contribute to the protection of epithelial barrier and maintenance of a

balance with intestinal microbiota [63-65].

Enteroendocrine cells have a major role in the regulation of appetite, glucose levels by
sensing the presence of nutrients in the small intestine and controlling the secretion of
peptide hormones. So far, more than 10 subsets of enteroendocrine cells are known to exist
between stomach and large intestine with different functions. The absorbed food nutrients
affect the hormones secreted by those cells in small intestine, whereas the response of
enteroendocrine cells in the large intestine is depended on microbial metabolites and

products [66].

Tuft cells or brush cells along the GI-tract are a type of chemosensory cells with primary role
to induce type 2 immune responses to parasites. Specifically, when parasites like intestinal
helminths or protozoa are recognized in the intestine, tuft cells induce the secretion of a

cytokine called interleukin 25, which causes the stimulation of lymphoid cells. From their
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side, they produce another cytokine (interleukin 13) and as a result those unwelcomed

microorganisms are faced effectively [67, 68].

M cells (microfold cells) are a special cell-type located within the epithelium overlying
lymphoid tissues of the small intestine such as Peyer’s patches and the large intestine. Their
role is to take up particulate antigens including viruses and bacteria and deliver them to the
underlying lymphoid follicles containing dendritic cells to initiate adaptive immune

responses [69].

1.2.2 The gut immune system

The GI-tract constitutes an external mucosal surface that separates the outer environment
from the inner body, made up of a single layer of epithelial cells body and is the biggest
compartment for the immune system homeostasis. Since it is exposed to numerous and
diverse microorganisms and environmental factors, it requires prompt protective
mechanisms. Mechanical, chemical and microbiological barriers in the skin and mucosa
areas are defensive mechanisms constantly ready to prevent the passage of microbes from
the luminal content, which after crossing the epithelium can colonize tissues and cause
infections. Thus, the constant effort of the host on a routine basis to eliminate harmful
microorganisms, control the growth of commensal microorganisms and develop tolerance

on foreign antigens like nutrients is quite challenging.

Starting from the stomach, the low pH attributed to parietal cell secreting HCI, is an effective
chemical barrier to decrease the number of microorganisms entering the oral route into the
intestine. Besides the mucus layer, tight junctions formed between adjacent intestinal
epithelial cells restricts passage of pathogens into the lamina propria. The latter barrier can
be weakened in case of inflammation or other disorders [70]. The mucosal immune system
consists of regions with different functional properties known as inductive and effector sites.
The cellular procedure for gut immune response is achieved by migration of immune cells
from the inductive sites to the effector sites through the lymphatic system. Effector T cells
and B cells achieve this by expressing surface proteins acting as address tags in order to

“home” back to the mucosal effector sites [71].
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The gut-associated lymphoid tissue (GALT), which is composed of lymphoid tissues and
immune cells, has a crucial role for maintaining an adaptive immune response and protecting
against pathogens and infections. The major inductive sites in the GALT are Peyer’s patches
and isolated lymphoid follicles. Peyer’s patches are distinctive secondary lymphoid organs
present in the small intestine (mainly in the ileum) that comprise T cells, B cells, dendritic
cells (DCs), whereas isolated lymphoid follicles are dominant in the large intestine and
consist B cells [72]. The effector sites are found in the lamina propria, the underlying
connective tissue, in which macrophages, T cells, B cells and DCs migrate. Mesenteric lymph
nodes are additional inductive sites of the intestine and is the place where food and microbial
antigens are presented to naive T cells. Their dual function is based upon their ability to
tolerate food nutrients and to maintain homeostasis by preventing spread of
microorganisms. Almost 70% of the total immune cells in human body are present in the

GALT [73].

The firstline of immune defense is the innate system that includes macrophages, eosinophils,
neutrophils, stromal, innate lymphoid and DCs (Figure 2). A common feature of innate
immune cells and intestinal epithelial cells is the expression of pattern recognition receptors
(PRRs), which have the ability to recognize different molecular structures of the invaders
known as pathogen associated molecular patterns (PAMPs) or microbial associated
molecular patterns (MAMPs) and damage-associated molecular patterns (DAMPs) on their
apical or basolateral surfaces [74]. DNA, RNA and various compounds of the cell wall like the
lipopolysaccharide of specific bacteria (Gram-negative) are examples of PAMPS/MAMPs,
while Toll-like receptors (TLRs) and Nod-like receptors (NLRs) are the most well-studied

PRRs and demonstrate structural and ligand similarities [75, 76].

12


https://www.sciencedirect.com/topics/medicine-and-dentistry/lymphatic-follicle

Mucous layer

e o L ] .o °
L] [y [ ] — [ ]
MAMP -
- : Bacteria ° =] °
° ° ' .
\J’/ . - - — Epithelial barrier

[ﬂn‘n llwﬂnn oy i IMW"
\ *% e

Goblet cell

NLR TLR °© o, °
°
Stromal cell Panethcell — A
@ O Innate &
Mdcmphage T eell lymphoid cell
Dendritic cell Adaptive and innate .O @ @ Vein
immune response Ve

Figure 2: Adaptive and innate immune mechanisms in the intestine. Picture adopted from
Elia et al, 2014 [74].

TLRs comprises 10 transmembrane proteins that are expressed on the surface or the inner
side of immune and non-immune cells. Signaling of TLRs results in the activation of the
transcription factor nuclear factor-kappa B (NF-kB), interferon regulatory factors or
mitogen-activated protein kinases. Subsequently, those transcription factors regulate
cytokines’ expression (interleukins, chemokines, and interferons) and determine the result
of innate immune responses [77]. Cytokines can act either in a synergistic or antagonistic
manner and depending their role to trigger inflammatory response or repress the immune
system are classified as pro-inflammatory (e.g., TNF-alpha, IL-1 beta) and anti-inflammatory
(e.g., 1L-10, IL-11, IL-13) cytokines respectively [78]. NLRs are a group of intracellular
proteins (22 known members in humans, 34 in mice) that detect by-products due to tissue

damage or other intracellular pathogens and regulate inflammation [79].

In contrast to the unspecific and rapid responses of the innate immune system, the activation
of the adaptive immunity, is mediated by lymphocytes. The naive forms of B and T cells
depend on antigen presenting cells for proliferation and differentiation, in which DCs are
most prominent. These cells present antigens to T helper cells (Th cells) at the inductive site
and depending on whether the antigen poses a threat or is harmless, different subsets of Th
cells are induced including Th1, Th2, Th17 or T regulatory cells (Tregs). Th cells are mainly

involved in activating the immune system to evoke an immune response, whereas Tregs
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suppress and control the immune response [80]. In mucosal tissues, immune tolerance
against food antigens and commensals is the default state to prevent an overt immune
reaction every time an antigen is presented to the immune system. DCs are important in this
regard because they produce several metabolites including retinoic acid that can induce T
cells to become Tregs. The contribution of Treg cells is pivotal, and largely dependent on the
interaction with dendritic cells because they suppress immune response to self-antigens,
harmless food antigens and commensals. This is a critical feature that ensures a tolerant
state when no danger is present (immune tolerance) [81]. B cells are especially important
for immune exclusion, by secreting large amounts of IgA. IgA’s main role is to act in the gut
lumen through binding to microbes and restrict access to the host (immune exclusion). In
this process, IgA produced by B cells in the lamina propria is transported through the
epithelia cell layer by transcytosis [82, 83]. In contrast to IgG and IgM, IgA does not activate
the complement system, which plays a key role in defense against pathogens and in host
homeostasis, and that is important for keeping immune responses in low rhythm or low

activity and is considered anti-inflammatory.
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1.2.3 Reactive oxygen species

Reactive oxygen species (ROS) are unstable active oxygen-derived compounds with short
lifetime. They constitute essential effectors of the innate immune system, but in excess, ROS
can cause damage to cells and are implicated in disease risk. Under normal physiological
conditions, their endogenous presence in low or moderate amounts is important since they
regulate signaling pathways. Mitochondria are the cellular organelles where most of the ROS
are produced during cell respiration, but self-generated ROS is also prevalent in many cells
that contain specific enzymes with the aim of producing ROS. Although generation and
elimination rhythm is largely controlled by the host, an abnormal rise from various sources
(Figure 3) can cause oxidative stress (inability to remove excess ROS), often involved in the

pathogenesis of intestinal, cardiovascular and other diseases [84].
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Many of the ROS are free radicals such as superoxide (02*-) and hydroxyl radical (*OH)
whereas hydrogen peroxide(H202) and hypochlorous acid (HOCI) are non-radical ROS.
Similar to ROS is another type of highly active molecules named reactive nitrogen species

(RNS) observed also in oxidative stress state. Nitric oxide (NO*), nitrogen dioxide (*“NO2z) and
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peroxynitrite (ONOO-) are members of that group. Particularly for ONOO-it is formed after
the reaction of NO* with O2*-occurs [85].

Apart from the mitochondrial electron transport chain, ROS/RNS production is achieved by
phagocytic cells during respiratory burst and non-immune cells. Through NAPDH oxidase
enzymes (NOX isoforms, DUOX isoforms) and NO synthases (NOS), macrophages,
neutrophils and dendritic cells give rise to ROS/RNS. That process is an additional defensive
mechanism of the immune system, which promotes homeostasis. However, abnormal levels
of ROS/RNS are harmful since they are leading to impairments in basic components of cells
and tissues. Mutations in the DNA, protein oxidation and lipid peroxidation are conditions

attributed to high concentrations of those molecules [86].

In mammals five NOX (NOX1-5) and two DUOX isoforms are expressed in the GI tract but
their abundance varies within the gut. NOX1 is expressed in intestinal epithelial cells, with
highest expression in the ileum and colon, NOX2 in phagocytes in the lamina propria upon
immune cell infiltration or in phagocytic cells residing in this area, whereas DUOX2 is found
in all regions of intestine [87]. The composition of intestinal microbiotais a factor that affects
expression and activity of NOX and DUOX isoforms [88]. In terms of NOS, it is expressed in
the epithelial cells of the small intestine and is responsible for the production of NO-.
Specifically, that enzyme converts L-arginine into NO* and citrulline. Endothelial NOS
(eNOS), inducible NOS (iNOS) and neuronal NOS (nNOS) are the three isoforms known.
Under inflammation, microbes and their products or proinflammatory cytokines upregulate
the iNOS gene and stimulate iNOS synthesis [89]. Generally, overexpression of ROS in the gut
damages intestinal epithelial cells, affects the barrier integrity and is linked with the
progression of gastrointestinal diseases [90]. Nevertheless, while IBDs and colon cancer are
often outcomes due to intense ROS production, complete removal of them may also cause
gastrointestinal problems [86]. Thus, maintaining a balance on ROS molecules is crucial for

gut welfare.

1.3 The gut microbiota
The human GI-tract is estimated to host around 3.9x1013 bacteria [91]. This diverse
community, which comprises mainly bacteria but also fungi, archaea, protozoa and viruses,

is collectively referred as human gut microbiota or human microflora. While the number of

16



bacterial species found in the human gut exceeds 1000 different species, approximately only
160 species are found in fecal sample per individual [92]. The distribution of microbiota
varies enormously between duodenum at the small intestine (103 bacteria/ml) and the large
intestine (1012 bacteria/ml). Antimicrobial peptides, oxygen concentration, pH, thickness of

the mucus layer have the ability to condition bacterial amount along the GI-tract [93].

Intestinal microbiota is actively involved in innate immunity by helping the immune cells to
distinguish on what compounds present in the gut are unnecessary/harmful and which are
needed. Synthesis of certain vitamins (vitamin B and K), production of short chain fatty acids
(SCFAs) metabolites after anaerobic fermentation of non-digestible dietary fibers and
metabolism of primary bile acids into secondary bile acids before their return to the liver are
processes where bacteria are importantly involved. Moreover, bacterial metabolites have
the potential to regulate appetite and enhance indirectly gut protection since their presence
stimulates mucus secretion from the goblet cells. Apart from beneficial relationships with
the host, known as symbiosis, some microorganisms, defined as pathogens, can induce
negative consequences for the overall health. Dysbiosis is a frequently used term to describe
rise of pathogens, loss of commensal bacteria with beneficial properties and reduced

microbiota diversity in the gut [94-96].

Colonization of gut microbiota begins from the early stages of life by the transfer of microbes
from the mother during birth and the local environment and is more or less stable after 2-3
years of age [97]. Microbiota shifts will nevertheless change throughout life and are
contingent on various factors (Figure 4). Maternal microbiota, mother’s lifestyle, and the
way of delivery, vaginal or C-section, play a pivotal role to microbiota establishment.
Breastfeeding is another important process for shaping microbiota in the infant gut. Breast
milk is rich in probiotics (facultative and strict anaerobes bacteria) and prebiotics (e.g.,
human milk oligosaccharides). Disruptions in microbial colonization at the early stages of
life may affect immune and metabolic pathways which can increase risk for diseases later in
life [98]. Inflammation, stress, infections, antibiotic treatment and habits like alcohol,
smoking and physical activity are additional factors that influence to a higher or a lower
extent microbiota development [92, 99]. Last but not least, geographical location and

ethnicity reveal divergences in the microbiota profile [100].
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During the last two decades the main method for identification, quantification and
classification of gut microbiota is by DNA based assays. Among them, 16S ribosomal RNA
sequencing is the most common procedure because the 16S rRNA gene contains both
conserved and variable regions, which allow the designing of suitable primers and the
recognition between the bacteria taxa. The taxonomic system for bacteria has the following
descending order: Phylum, Class, Order, Family, Genus, Species. The five most dominant
phyla in the intestine are Firmicutes, Bacteroidetes, Proteobacteria, Actinobacteria and
Verrucomicrobia, with Firmicutes and Bacteroidetes comprising 80% of all gut bacteria
[101]. In addition to classification of taxa, evaluating microbial diversity through alpha and
beta diversity is also important to better distinguish bacterial structure and profiles. Alpha
diversity refers to the variation within one sample whereas beta diversity refers to the

variation between samples [95, 102].
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Figure 4: Environmental and genetical factors that affect gut microbiota composition.

Adopted from Feng etal., 2020 [103].
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1.3.1 Gut microbiota, health and diets

Over the last decades, researchers have demonstrated a growing interest in microbial
diversity because of the consensus that gut microbiota has a key role for host’s welfare.
Microbiota studies with animals provide advantages and therefore more comprehensive
knowledge in that field compared to outcomes from human studies, due to limitations. The
ability to utilize not only stools but also tissues samples, animals without bacterial flora
(germ-free animals), the human interference with a specific strain or even combinations of
bacteria and the controlled experimental conditions assist researchers to understand better

different aspects of microbiota on intestinal health.

Despite the flexibility given by animal studies and the potential interesting findings obtained,
conclusions must be drawn carefully when translating animal data for human’s benefit.
Regardless the gut microbiome similarities between humans and experimental animals, that
dynamic community can easily alter by external factors. Focusing on the mouse intestinal
microbiota, in 2018 Ericsson and his group proved that laboratory equipment and materials
such as cages and beddings, often not considered by many researchers, are able to influence
microbiota [104]. Earlier, another relevant study from Jakobsson et al., showed that mice
housed in the same facility had different microbiota which affected barrier structures such

as the mucus phenotype [105].

As mentioned above, diet constitutes a major determinant of microbiota, since dietary
changes promote the overgrowth of some species over others and consequently influence
host’s metabolism and immune system. It has therefore been suggested that nutrition can
affect gut microbiota composition up to 57% whereas host genes account for less than 12%
[106].

So far, many reviews highlight the causative effect of the dietary pattern on gut microbes [99,
107]. Human studies reveal the ability of animal and plant-based diets to modify the gut
microbiota composition within 24 hours [108, 109]. Lawrence and his colleagues
demonstrated that short-term consumption of an animal diet was responsible for the rise in
bile-tolerant bacteria (Alistipes, Bacteroides) and simultaneously the decline of Firmicutes-

belonging bacteria that metabolize plant polysaccharides (Roseburia, Eubacterium rectale)
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[109]. Also, another study revealed the dominance of Bacteroides and Prevotella genera in
humans consuming animal proteins and plant diets respectively [110]. Moreover,
populations with frequent consumption of starchy carbohydrates are associated with high
levels of Bifidobacterium genus [111], while preference for WDs boost Bacteroides and

Bilophila [112].

Insights from animal studies, where HFDs were investigated extensively, suggest that mice
fed with abundant amounts of saturated fats are characterized by an elevated Firmicutes/
Bacteroidetes ratio (F/B ratio) [113-115] and a significant drop of the Actinobacteria
phylum, which is actively involved in obesity maintenance [116]. Findings from Cani and
Delzenne revealed that diets rich in fat caused a marked reduction of Bifidobacteria species
[117] and notable is the fact that SCFAs production is decreasing under a HFD. Furthermore,
animals following diets with increased fat content presented high relative abundance of
Proteobacteria [118, 119]. Several studies demonstrated the significant rise of species
included in that phylum (Desulfovibrio, Escherichia, Shigella), which produce endotoxins,
release proinflammatory cytokines and act as opportunistic pathogenic bacteria. Normally a
healthy human gut encompasses only minor amounts of Proteobacteria. Therefore, in cases
where increased proportions are observed, they are proposed as a microbial marker of
dysbiosis and linked to human diseases [120, 121]. Lastly from Verrucomicrobia phylum,
Akkermansia muciniphila, a mucin-degrading bacterium with a relative abundance of around
4% in the gut of healthy subjects, has gained attention [122, 123]. That genus was decreased
in HFD-fed mice [124] and both in mice [124] and humans [125] there is an inverse

correlation with body weight.

Many studies have demonstrated that animals fed a HFD with lard lead to an increased F/B
ratio, whereas the seemingly opposite outcome is observed in humans consuming animal-
based diets rich in fat and proteins (low F/B ratio) [126]. Intriguingly this can be attributed
to differences in fat source between animal and human studies. This was demonstrated by
Devkota et al., who conducted a mouse experiment with a HFD (lard), a HFD (milk). While,
HFD (lard) revealed an increased F/B ratio, mice fed HFD with milk had a reduction in

Firmicutes and an increase of Bacteroidetes compared to LFD-fed mice [127].
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Mediterranean and middle east diets, which are typically high in fibers from fruits,
vegetables, legumes and grains, can rapidly shift microbiota in a positive manner.
Indicatively, a study from 2016 revealed that Mediterranean diet was associated with a
higher abundance of Bacteroidetes, Prevotellaceae and Prevotella, while the concentration
of Firmicutes and Lachnospiraceae was lower [128]. However, another study conducted by
De Filippo in children from Africa showed an increase of Bacteroidetes and a decline of
Proteobacteria and Firmicutes compared to children from Europe [129]. The outcome was
attributed to their rural diet, which is abundant in fibers, starch and other carbohydrates,
while poor in animal protein and fats. Thus, it becomes evident the complex relationship

between diet and microbiota.

In a plethora of mouse studies with legumes and pulses, researchers point out the increased
microbial diversity and the elevated abundance of SCFA-producing genera (Roseburia,
Prevotella, Dorea), Bifidobacteria strains (able to reduce production of proinflammatory
cytokines) and Ruminococcus flavefaciens (usually reduced relative abundance in
overweight subjects). Collectively, these plant-based diets promote the dominance of the
above-mentioned bacteria, which from their side benefit intestinal epithelial cells in order to
thrive, maintain barrier integrity and ultimately protect the host from pathological

conditions [130-133].
1.3.2 Relationships between gut microbiota and inflammation

In broad terms, inflammation is body’s response triggered by a noxious stimulus, responsible
for causing tissue injury, with ultimate aim to repair the damage and prevent the spread of
aninfection. As part of the defensive system, that dynamic procedure, which restores tissue’s
integrity and function, is important for maintaining homeostasis. Various factors can affect
the advent of inflammation including infective pathogens (viruses, bacteria), non-infectious
conditions (chemicals, damaged cells, radiation, burn, physical injury) and autoimmune
diseases (inflammatory bowel disease, celiac disease, type-1 diabetes, etc.). In the latter case,
the immune system is mistakenly activated against host’s tissues or cells, because they are
recognized as foreign or abnormal. The etiology for an inflammatory response is
multifactorial but the symptoms that usually accompany an inflamed tissue are redness,

swelling, warmth and pain.
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A major discrimination that should be clarified is systemic inflammation in nonmucosal
tissues versus inflammation in mucosal tissues. Briefly the main features of the former
inflammation in the affected tissue are activation of macrophages that secrete inflammatory
cytokines, recruitment of innate immune cells from the blood to that tissue, migration of
dendritic cells to secondary lymphoid tissues to initiate adaptive immune responses. From
these responses, effector T cells and antibodies are transferred the infected tissue until
infection is terminated. On the contrary, in nonmucosal tissues that interact sporadically
with commensal microorganisms, the strategy applied differs. In the gut any disruption of
the epithelial layer can lead to influx of bacteria from the lumen and thus infection. In that
case a rapid adaptive response occurs in order recruit memory and effector immune cells. A
feature of the mucosal immune system is the effort to prevent inflammation because it
causes tissue damage and gut inflammation, which is often linked with chronic diseases, can

worsen infection instead of solving the problem.

Gut microbiota is acknowledged as a key driver for inflammation since it interacts with
pathways and performs different actions depending on the individual’s profile. NF-xB
pathway is a characteristic example that has an active role in the expression of many
inflammation-related genes [134]. During inflammation immune cells secrete plenty
signaling molecules with various functions called cytokines. The main classification for those
molecules based on their properties is pro-inflammatory and anti-inflammatory [135]. In the
context of that thesis TNFa, IL-1b and IL-6 were the pro-inflammatory cytokines studied.
Increased levels of TNFa are linked to disorders of the metabolic syndrome [136] and often
attributed to microbiota. In 2007 a study revealed that humans with higher relative
abundance of a Bifidobacterium strain (probiotic genus) had lower levels of TNFa [137]. IL-
1bis another molecule released from intestinal myeloid cells (macrophages, monocytes) and
a versatile mediator for inflammation. Although its function is important for host-responses
against infections and injuries, elevated levels are apparent in chronic diseases [138].
Although limited are the insights about the role of IL-1a and IL-1b in colitis-models, recently
Menghini et al., demonstrated that neutralization of IL-1a reduces intestinal symptoms by
causing modifications of gut microbiota [139]. IL-6, which is secreted from macrophages and

is associated with inflammation and type-2 diabetes [140], possess a role in intestinal
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microbial formation. Faecalibacterium is inversely related with IL-6 production and that
could be explained by its ability to produce butyrate, a SCFA capable of inhibiting NF-«xB
pathway [141]. Lastly, a human study in obese and overweight adults showed a correlation

of IL-6 with Lactobacillus strains [142].

Lipopolysaccharide (LPS) is a component of the cell wall of gram-negative bacteria. When
the intestinal barrier is damaged, due to diet, pathogens, chemicals etc., that endotoxin can
pass from the intestine layers to the blood circulation leading to what is commonly referred
as leaky gut. High concentration of LPS in the serum or plasma is observed in subjects
suffering from metabolic diseases [143]. Also, LPS can bind to a particular toll-like receptor
(TLR4) expressed on cells of the immune system and induce a cascade of inflammatory
reactions in the intestine and other areas. Rodent studies with Lactobacillus, also belonging

to probiotics, reduced the levels and LPS effects, therefore proposing an association [144].
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1.4 Types of inflammation, IBDs and detection methods

Different parameters, like the duration, the degree and the region (local or systemic) of
inflammation, define the inflammatory response type and influence the immune reactions at
molecular and cellular level. The most common classification for inflammation is acute or
chronic. Normally during acute inflammation, harmful compounds are faced rapidly and
efficiently in a controlled manner by the immune system, without creating a risk for
impending events (injuries, infections). That type of inflammation is beneficial because it

resolves the problem and promotes tissue recovery.

On the other side, the body’s inability to eliminate a threat, frequently gives rise to a
prolonged inflammatory state, known as chronic inflammation. However, the constant evoke
of immune cells from the bloodstream can damage and destroy healthy tissues. In addition
to microbes, the modern way of life with a variety of features such as diet, physical inactivity,
smoking, stress and age may turn an uncontrolled acute inflammation into a chronic
inflammation, usually linked with inflammatory bowel diseases, type-2 diabetes mellitus,

obesity, fatty liver disease and cancer.

Regardless the severity and the location of inflammation, the mechanism characterizing an
inflammatory response briefly contains the following steps: i) recognition of the stimulus
from innate immune sensors, ii) activation of inflammatory pathways, iii) release of

inflammatory markers, iv) recruitment of immune and non-specific immune cells.

When inflammation rises in the intestine, two forms of IBDs, Crohn’s disease (CD) and
ulcerative colitis (UC) can occur. The general feature for IBDs is that the intestine is
experiencing relapsing inflammation due to uncontrolled activation of the mucosal immune
system[145]. The main difference is that CD has a patchy appearance affecting both the small
intestine (most often in the ileum) and colon, while ulcerative colitis is a continuous
inflammation of the colon. Common symptoms for both diseases are diarrhea, rectal
bleeding, abdominal pain, fatigue and weight loss. The molecular mechanisms remain
elusive, however in the pathogenesis of IBDs genetic and environmental factors can affect
host’s susceptibility [146]. For example, mutations in the NOD2 gene, which result in
defective responses of the immune system, are observed in patients suffering from CD [147].

Diet and lifestyle are considered factors for the development of intestinal pathologies and
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together with their cross talk with commensal bacteria flora can modify both risk and
severity of IBDs [148-150]. The role of microbiota is highly important since decreased
microbial diversity, termed often as dysbiosis, is apparent in individuals with IBDs [151,
152]. Importantly, the presence of microbes in the gut is necessary for developing IBD as
germ-free mice are resistant towards this disease, due to the absence of antigenic stimuli for

activating the mucosal immune system [153].

Endoscopy is the gold standard method to monitor the disease activity of IBDs, but one of
the major focuses in medical fields is the identification of non-invasive, sensitive, simple,
cheap and effective biomarkers [154]. In the literature several potential biological markers
for studying intestinal inflammation are available either from fecal material or blood
samples, which are easy to obtain and process for the diagnosis. Although the degree of
reliability varies among them, it is likely that fecal biomarkers (e.g., neutrophil gelatinase B-
associated lipocalin, calprotectin, neutrophil myeloperoxidase) may reflect better local
inflammation in the gut compared to serum markers (like C-reactive protein, al-acid
glycoprotein, f2-microglobulin and sialic acid). Potential explanation is the fact that feces
have direct contact with mucosal areas and signals detected in blood may be higher

attributed to systemic inflammatory response[155].

Lipocalin-2 (LCN2) or neutrophil gelatinase-associated lipocalin (NGAL), the second name
stands also for the protein human analog, is a promising and widely used stool biomarker
for IBDs due to its high sensitivity. Elevated concentration of that innate immune protein has
been identified in feces during infections and other intestinal pathologies [156]. LCN2 is
produced from intestinal epithelial cells and immune cells such as neutrophils and
macrophages. It deactivates macrophages and induce apoptosis of immune cells, in order to
terminate systemic hyper-inflammation [157]. Apart from these functions, LCN2 is
participating in iron homeostasis. Specifically, it inhibits iron uptake from gut bacteria and

thus it prevents their excessive development [158].
Intestinal inflammation and impairments in the gut integrity are often linked with bacterial
translocation. Due to increased permeability toxins like LPS and peptidoglycan trigger the

rise of proinflammatory signals, which may lead to chronic diseases. A suitable biomarker

for measuring indirectly LPS is the lipopolysaccharide binding protein (LBP)[159]. That
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protein is mainly secreted by hepatocytes and its concentration is depending on the
circulatory LPS levels. Studies have shown that people suffering from type 2 diabetes

mellitus and obesity manifest elevated levels of LBP [160].
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1.4.1 Mouse models of intestinal inflammation

For exploring mechanisms involved on intestinal inflammation and thus the pathogenesis of
IBDs, different mouse models are utilized depending on the research interest (Table 2). In

the context of the current thesis, DSS was the option for inducing acute colonic inflammation.

Models for IBDs Achieved by Region Type of Response
DSS Epithelial damage
Chemically Induced TNBS Epithelial damage Immune-mediated
Oxazolone Epithelial damage Immune-mediated
Spontaneous Mutation C3H/HelBir Immune-mediated
: Colon
Adoptive T Cell Transfer CD4'CD45RB" Immune-mediated
Genetically Engineered IL-10 knockout mice Immune-mediated
-free TL-1 k i
Microbiome Induced Ge.rm Tee ano? out mice Immune-mediated
with/without microbial transfer

Figure 4: Common experimental mouse models for investigating intestinal inflammation.

The DSS model

It was 1990 when Okayasu et al., administered a derivative from dextran, known as dextran
sodium sulfate (DSS), in mice through drinking water and tried to understand the role of
immune cells in an acute and chronic ulcerative colitis state. DSS is a synthetic sulfated
branched polysaccharide, negatively charged and water soluble. It has the ability to disrupt
the epithelial barrier, allowing the passage of microorganisms into the mucosa and mimics
enterocolitis disease [161]. Additionally, the activation of immune cells has a crucial role in
mucosal inflammation. Macrophages, which are apparent in DSS colitis, give rise to
proinflammatory cytokines and other cytokines that have a role in barrier function [162]. In
addition, tissue damage can be aggravated by the presence of neutrophils [163]. Among the
advantages it offers as a chemical of preference compared to others, is that experiments are
carried out in a simple, quick, easily reproducible and controllable manner.

The induction of epithelial damage and thus inflammation is attributed to its ability to form
nano-lipocomplexes with medium-chain-length fatty acids (MCFAs) in the colon [164].
However, while MCFAs and long chain fatty acids long chain fatty acids promote

inflammation, the opposite happens with SCFAs such as butyrate, propionate and acetate.
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These fatty acids have the property to attenuate inflammation by influencing immune cell
differentiation and gut microbiota profile [165]. The doses and the treatment cycles of DSS
applied in each experimental model allows the study of different forms of intestinal

inflammation.

The TNBS and oxazolone model

2,4,6-trinitro benzene sulfonic acid (TNBS) is a chemical used to investigate intestinal
inflammation and provides many similarities with Crohn’s disease. Intrarectal
administration of that chemical to mice causes colitis recognized by immune cell infiltration
in the lamina propria together with diarrhea and weight loss. On the other hand, oxazolone
is a chemical that elicits inflammation in the colon but in a different manner compared to
TNBS and shares many properties not with Crohn’s diseases but with ulcerative colitis. In
ulcerative colitis increased production of IL-13 and IL-9 is noticed and lamina propria
contains high amounts of natural Killer T-cells. Both those chemicals are considered to
behave as haptens because they bind to endogenous proteins in the colonic mucosa and

induce an immune response through macrophage and T cell activation [163].

IL-10 knockout mice

Interleukin-10 (IL-10) is an important anti-inflammatory cytokine in shaping mucosal
immune responses in the intestine. This cytokine is produced by regulatory T cells, epithelial
cells, macrophage and dendritic cells and is characterized by significant properties, such as
stimulation of B-cell differentiation, immunoglobulin secretion and suppression of
macrophage activation to inhibit inflammatory cytokines production. IL-10 is a good
therapeutic candidate against IBD due to its immunosuppressive activity and central role in
downregulating inflammatory cascades. Genetically engineered mice lacking expression of
IL-10 gene are widely used due to the fact they develop spontaneous inflammation in the
colon and they increased cell infiltration there [163]. Experimentally, Leoni etal.,, and Treton
etal.,, used IL-10-KO mice to study ROS production by NOX1 during colitis induced by DSS or
TNBS because they supported that only NOX1 deficiency was not able to produce a
phenotype that represents colitis [166, 167]. After crossing IL-10-KO with NOX1-KO mice,
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development of spontaneous colitis was visible to mice and that mimicked patients suffering

from UC and CD.

1.5 Rodents as animal models for human gut diseases
In biomedical studies, animal utilization is an indispensable tool for studying systemically
several pathological conditions. Nematodes, Drosophila, Zebrafish, rodents, rabbits, pigs are

some of the available options with advantages and limitations.

Murine models provide a variety of advantageous features, including their small size, the low
cost of maintenance and the high reproductive rate compared to other animals. Another
rational reason for why researchers show a preference on mice is the available knowledge
over genetics. Two decades have passed since the whole mouse-genome sequencing
completed (December 2002), allowing the application of techniques, such as gene editing or
silencing. Gene interference and the creation of transgenic and knockout mice, assist
scientists to study human diseases and disorders in a more comprehensive way.
Modifications of genetic lines can lead to new phenotypes, which potentially provide
answers on how the immune system regulation affects various aspects of gut inflammation.
CB7BL/6 mouse belongs to the common mouse species (Mus musculus) and is the most
widely used strain in the lab. The fact that those mice are inbred, thus characterized by the
same genotypic background, make them a good experimental option for investigating the
role of genetics in the disease occurrence [168]. Currently over 400 inbred strains of mice
are available for research purposes [169].

Focusing on gut research, the overall anatomy of the GI-tract, the composition of sectional
tissue in the small and the large intestine, the presence of similar cells along the intestine are
important parameters closely shared between humans and mice. Nevertheless, despite the
many common similarities, prominent differences are also found between the species, like
the cecum size, the distribution of Paneth and Goblet cells and appendix presence.

Several are the advantages of using mouse models in gut health and its microbiota. Firstly,
the small size of mice together with. The fact thatit allows scientists to conduct interventions
that would not be easy or manageable in humans with the aim to explore effect of diet or

microbiota in a healthy or unhealthy state. As already mentioned, the extensive knowledge
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of mouse genetics and the plethora of mouse models available that allow either gene editing

or gene silencing are benefits provided by them [168].

On the other side, despite the common features shared in terms of genes, physiology,
immunity and intestinal function, the use of mouse models comprises limitations and
potential drawbacks in translating the knowledge acquired from mice to humans. A notable
example is the lesions found in patients suffering from IBDs that are not the same with the
lesions observed in mice after DSS administration or any other chemical that induces
intestinal inflammation [170]. Besides that, in contrast to humans, mice are coprophagic
animals meaning that this behavioral pattern may affect intestinal health through changes in
nutrient balance and shifts in intestinal microbiota population [171]. Particularly for
intestinal microbiota, studies have revealed significant differences at genera level. The
abundance of Akkermansia, Alistipes and Lactobacillus varied among mouse strains such as
C57BL/6 and BALB/c [172, 173]. As a result, the interpretations may be inaccurate and

provide wrong conclusions.
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2. Research objectives

The overall objectives of this thesis were to understand the impact of NOX1 induced ROS for
colon health state in mice and study the interaction effect between diets and bacteria during

chemically induced low-grade intestinal inflammation.
Therefore, the main aims were:

I To establish a mouse model for low-grade inflammation using a low dose of DSS and
evaluate the role of NOX1 induced ROS in the colon, both in the steady state (without
inflammation) and during low-grade inflammation, measuring biomarkers of intestinal

inflammation and effects on the microbiota (Paper I).

II To compare the impact of high fat; WD, versus low fat intake; LFD, on colon and its
microbiota prior and during low-grade inflammation induced by 1% DSS and investigate the

impact of different fat sources (Paper II)

III To evaluate a potential beneficial role of adding protein and fiber fractions from faba
beans as part of a WD, by examining the effects of the different macronutrient compositions

on the inflammatory responses and changes in the microbiota profile (Paper III)
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3. Summary of the papers

Paper I

The goal of paper I was to establish a colonic low-grade inflammation mouse model to study
the role of the Nox1 gene for ROS production and inflammation. First, different doses of DSS
(0.5%, 1%, 2%, 4%) were given in drinking water to find the optimal dose, where mice
revealed none or minor visible signs of disease, while having a moderate up-regulation of
inflammation-related genesin the colon. After concluding that 1% of DSS for six days was an
adequate concentration to induce colonic low-grade inflammation, we assessed the role of
NOX1 gene to wild type (WT) and NOX1-KO mice. A disease activity index (DAI) score was
used to grade colonic inflammation after DSS exposure, based on improper body weight gain,
stool quality, activity level and hunched posture. Ex vivo imaging showed that NOX1-KO mice,
both DSS treated and untreated, manifested lower levels of peroxynitrite than WT,
confirming that NOX1 is important for ROS production. Expression of inflammatory genes
(TNF-a,IL-1b,IL-6, Ptgs2, Lcn-2) were up-regulated in both genotypes during DSS treatment.
TNF-a and IL-6 expression were higher in NOX1-KO mice than WT mice. Also, analysis of
LCN-2 proteinin fecal samples revealed an increase in NOX1-KO mice after DSS exposure but
no histological differences in colon were observed between NOX1 KO mice and WT mice
treated with DSS. The effect of NOX1 in colonic microbiota composition was visible by
assessing alpha diversity and beta diversity between WT and NOX1-KO mice. Generally,
prior to DSS, there was a decrease in the alpha diversity of NOX1-KO mice compared to WT
mice whereas the beta diversity of fecal samples analyses demonstrated that all groups were
statistically different from each other. Further analysis at phylum level, indicated an
increased Firmicutes/Bacteroidetes ratio in NOX1-KO untreated mice, whereas at genus

level, the absence of Nox1 gene led to an increase of genera related to inflammation.

To sum up, the role of NOX1 in the colon in NOX1-deficient and wild type mice, under mild
and subclinical low-grade inflammation was investigated and presence of the Nox1 gene was
found to be important for keeping the gut healthy. However, NOX1 only marginally protected
against the severity of inflammation which indicate the involvement of compensatory

mechanisms.
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Paper II

Effects of two matched purified diets, a LFD and a WD were compared, in a chemically
induced low-grade inflammation model established earlier (PAPERI). The main finding was
that WD fed mice were less prone to DSS as manifested by decreased degree of inflammation
and minor microbiota changes compared to the LFD fed mice treated with DSS. Genes related
to proinflammatory cytokines (TNF-a, IL-1b, IL-6, Ptgs2), ROS (iNOS, Nox1, Nox2) and barrier
function (Z0-1, occludin) were up-regulated significantly in LFD fed mice with DSS in their
drinking water. In addition, DAI score and biomarkers assessed for intestinal inflammation
(LCN-2, LBP) were significantly increased in LFD fed mice after DSS treatment. Furthermore,
16S rRNA sequencing revealed less fecal microbial diversity and less pathogenic-related
bacteria belonging to Proteobacteria phylum in the LFD fed mice compared with WD fed
mice leading us to hypothesize that the milk-fat contentin the WD could protect against DSS-
induced colitis. That impelled us to carry out two short additional experiments to compare
the ability of different fat sources to protect against DSS-induced colitis. Initially, we
compared WD with milk fat to that of lard, as well as LFD. Both fat sources protected equally
well against DSS-induced intestinal damage based on DAI score and proinflammatory genes.
LFD were again more severely affected. In order to reveal whether the fatin the WD protects
against the damaging effect of DSS, we carried out a second follow-up study, where the diet
inthe LFD fed mice was switched one day before 1% DSS was provided. The exposure to WD

immediately prior to DSS treatment protected the mice against the adverse effects of DSS.

In overall, the high fat proportion in the WD, both milk fat and lard (41% of energy content)
protected against chemically (1% DSS) induced low-grade inflammation as compared to LFD
fed mice. However, the microbiota was less diverse in the WD fed mice compared to LFD fed
mice, from phyla level to genus level. Future trials should investigate whether the fat intake
induces protective mechanisms against DSS disease development or inhibits the

establishment of the DSS-induced colitis model.
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Paper III

The goal of paper 11l was to investigate whether adding the protein fraction (PF) and/or fiber
fraction (FF) of faba beans to the mice diets would protect against the adverse effects of a
WD. First, mice were fed a WD for seven weeks with the intention to cause symptoms of the
metabolic syndrome (obesity, glucose intolerance/insulin resistance), before dividing the
mice into four diet groups: 1) WD, 2) WD+PF, 3) WD+FF, 4) WD+BF (both fractions). To
ensure that modified diets were equal in energy content, 30% of the casein was substituted
by PF and 7% of the cellulose was replaced by FF. The mice with added faba bean protein
content (WD+PF and WD+BF) had a higher increase in body weight compared to the pure
WD or the WD+FF. There was no difference observed between the diets for glucose
regulation. The L-012 signal from peroxynitrite production in the intestine, an indicator of
ROS production (unpublished data), was very low in mice consuming protein, fiber or both
faba bea fractions. After inducing low-grade inflammation using 1% DSS for six days, no
differences were revealed between the diet groups with regards to gene expression,
biomarkers of gut leakage and inflammation (LCN-2, LBP). On the contrary, in both the
WD+PF or WD+FF fed mice we found a slight but not significant increase of TNF-a, Ptgs2 and
NOX2.Interms of microbiota analysis among the DSS treated groups, alpha diversity showed
a significant difference only between WD and WD+PF fed mice. Futhermore, the DSS treated
mice following a pure WD had a tendency for a higher relative abundance of Actinobacteria

and Proteobacteria.

In summary, enrichment of WDs with protein and fiber faba bean fractions respectively, led
to no significant differences on colonic health, indicators of metabolic syndrome or

inflammation but marginally modulated the intestinal microbiota.
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4. Discussion

The presence of ROS is imperative for the proper function of the immune system and the
maintenance of a steady state for the host. Aging, cancer and cardiovascular problems are
pathologies associated with irregular levels of ROS production [174]. Focusing on gut health,
ROS have been given considerable attention because apart from constituting harmful
byproducts, they are crucial regulators for gut homeostasis. In paper I we studied the way a
highly expressed in colonocytes ROS-generating enzyme, NOX1, was involved in modulating
colonic microbiota and how it affected colon in a normal and in a low-grade inflammation
state induced by 1% DSS. Earlier studies from our group in mice have shown that
peroxynitrite, a highly reactive nitrogen intermediary formed when nitric oxide (from iNOS)
and superoxide (from Nox1, Nox2) react, is regulating microbiota in the small intestine [175].
The reason for applying 1% DSS in our model was that it represents a condition many
individuals are experiencing through lifespan without manifesting serious symptoms. In
other words, it causes a mild irritation in the colon due to various genetical and
environmental factors. However, even if the outcomes from an animal model tries to mimic
human’s intestinal disturbance, interpretation should be done critically and carefully. It is
frequently discussed the dissimilar outcomes obtained among the use of different chemicals

and mouse strains [161, 176], raising the issue of experimental reproducibility.

Herein, ex vivo imaging revealed that NOX1-KO mice with and without DSS, had lower level
of ROS/RNS signal than in WT mice, confirming the NOXI dependency for peroxynitrite
production. Regardless the genotype, expression of iNOS significantly increased in DSS
treated mice compared to untreated mice. The ROS production in NOX1-KO mice treated
with 1% DSS may be attribute to other ROS sources forming peroxynitrite such as NOX3
[177] and myeloperoxidase enzymes [178]. In terms of inflammation, although prior DSS
treatment no significant differences were revealed between NOX1-KO and WT mice, higher
expression of proinflammatory genes was observed in the knockout mice when DSS was
administrated. Additionally, analysis of a sensitive inflammatory biomarker, LCN-2 protein,
in fecal samples showed a modestrise in the NOX1-KO mice given DSS but not in the WT with
DSS. That result contradicts Makhezer’s findings, where Lcn-2 expression in colonocytes is

partly dependent on Nox1 gene [179]. However, one explanation of our outcome can be the
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fact that bacteria affect LCN-2 production [158] and DSS increases bacterial exposure due to
colon tissue damage [180]. Thus, the increased permeability of the mucus layer allows the
passage of bacterial populations. Another explanation could be the state of a study that
different LCN-2 levels are associated with the initial microbiota present before DSS

treatment [181].

Indeed, microbiota comparisons of both fecal and colon tissue samples demonstrated a
decrease in alpha diversity of NOX1-KO mice. For beta diversity fecal samples were
statistically different in all groups. These data point out the influence of NOX gene in
microbiota population. At the phylum level, the ratio of the Firmicutes/Bacteroidetes was
increased in NOX1-KO mice, as it happens with chronic low-grade inflammation induced by
obesity [182]. Also, Verrucomicrobia phylum, with Akkermansia as representative in our
results, had an elevated abundance in NOX1 KO mice than WT prior to DSS, whereas after
treatment the difference was not visible because there was a bloom in WT mice. The
significance of that genus remains a topic of discussion although references provide a
positive impact on intestinal homeostasis [122, 183, 184]. Considering that NOX1-KO mice
have an increased number of goblet cells and as a result more mucus secretion [185], the
high relative abundance in untreated NOX1-KO mice could be an argument. The harmful
effects of DSS on the mucus layer [180] may justify the reason for rising Akkermansia in WT
mice. Nevertheless, it remains vague why Akkermansia in NOX1-KO mice is unaffected by
DSS. Another interesting observation was that NOX1 absence induced shifts in microbiota.
Reduction of bacteria related to barrier function stability and anti-inflammatory
response[186, 187] in NOX1-KO mice and simultaneously increase of genera linked to
inflammation and diseases [188, 189] were observations worth to be mentioned. Finally, it
could be said that the bacterial profile of NOX1-KO mice had a closer resemblance to mice

treated with 1% DSS.

Generally, despite the microbiota shifts in NOX1-KO mice towards a more dysbiotic profile,
no pathological changes were manifested. Observations from different assays, support an
enhanced inflammatory response and suggest a meaningful function for NOX1 gene in

intestinal welfare.
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In paper II we observed that mice following a WD (41% fat in energy content) were less
affected by DSS compared with mice fed a LFD (10% fat). Quite surprisingly, LFD-fed mice
displayed a significantly higher degree of inflammation and a more dysbiotic microbiota
profile in response to the DSS treatment compared to the WD fed mice. In paper I we also
used 1%DSS in mice fed a standard unrefined low-fat diet (chow), however these mice did
not experience severe symptoms of colonic inflammation compared to mice fed the synthetic
low-fat diet (LFD) demonstrated in paper II. The main difference between these two low-fat
diets was the richness of fibers in the chow diet, whereas the LFD is a purified diet with only
cellulose as a fiber source. As diet specialists claim, researchers are often using improper
control diets when they want to study metabolic syndrome and other diseases in animal
models. Therefore, these results demonstrate the importance of including a proper control
diet where factors such as fiber remain the same to avoid potential confounding effects

leading to misinterpretation of data [190].

Another macronutrient that proportionally varied in our food pellets was the fat. For many
years, the consensus for dietary advice was a diet with not excessive amounts of fat in an
attempt to limit chronic diseases. However, over the last years there are indications that
ketogenic diets, characterized by high fatlevels and low carbohydrates, may have pleiotropic
effects on health [191]. In animal studies, the vast majority of experiments with HFDs
indicated that fat negatively modulates intestinal microbiota, exacerbates colonic
inflammation under DSS exposure and is a risk factor for colon cancer [192-194]. In contrast
to those outcomes, according to Enos and his colleagues, high fat diets offered a protection
against azoxymethane/dextran sodium sulfate-induced colon cancer (AOM/DSS model)
[195], which is line with what we observed in DSS-treated mice. Also, Wolters in a systemic
review pointed out that in most cases fat amount and fat sources matter on gut microbiota
and metabolic health but data are not always consistent [196]. In the initial feeding
experiment we used a WD containing milk fat. Milk fat contains short chain fatty acids
(SCFAs) and is particularly abundant in the butyrate. We therefore suspected that milk fat
rich in butyrate was partially responsible for the moderate inflammatory response in mice
following DSS treatment. Since no data about oral administration of butyrate and colon

health during an inflammatory state are available in the literature, we tested in a short follow
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up experiment whether lard fat would provide the same protection as milk fat in the WD-fed
mice during DSS treatment. Both DAI score and expression of TNF-q, IL-1b and Ptgs2 genes
revealed no differences between milk and lard fat. While fat type had no significance, its
presence during DSS treatment proved to contribute since LFD-fed mice when switched to

WD reduced their disease phenotype.

Regarding microbiota composition, we observed an increased Firmicutes/Bacteroidetes
ratio in the WD fed mice, which agreed with other studies [197, 198]. Furthermore, we found
a strikingly higher abundance of Bifidobacteria (phylum Actinobacteria) in the LFD fed mice
prior to DSS treatment, which has been reported by others [199]. After DSS treatment the
abundance of Bifidobacteria dramatically decreased. Although controversial views exist,
Bifidobacteria are generally considered a beneficial commensal and exploited for probiotic
purposes [200, 201]. Arecent report found that supplementing mice with Bifidobacteria could
protect against DSS-induced colitis, which argues against an unbeneficial effect of high pre-
DSS levels in the LFD-fed mice [202]. Proteobacteria (including Escherichia, Shigella and
Parasutterella genera) increased in LFD-fed mice treated with DSS. That phylum is proposed
as an indicator of an inflammatory phenotype with a potential disease [120]. Earlier studies
showed that different doses of DSS (1%, 2%, 3 %) increased the abundance of the family

Enterobacteriaceae (which includes Escherichia, Shigella) and depleted Bifidobacteria [203].

Overall, conclusions in terms of the direct or indirect impact of fat are difficult to be drawn
when many parameters are involved in an animal study. The animal model, the strain of
animal, the initial microbiota profile, the environment the experiment is taking place, the

chemicals used are determinants, which can manipulate the outcomes.

In paper III we wanted to investigate the effects of faba bean fractions in the colon when
incorporated into the WD used in Paper II. So far, itis supported the contribution of legumes
and pulses at reducing the risk of 10 chronic diseases [204]. Reduction of the risk for colon
cancer [205], blood cholesterol levels [206] and cardiovascular disease [54] are some of the
health benefits. The presence of soluble fibers, vitamins, lignans, minerals, phenolic acids,
phytoestrogens, flavonoids and isoflavones are key players for the protective action. Much
interest has given to fiber fractions from legumes and pulses because their mechanisms to

prevent intestinal inflammation and types of cancer are attributed to mediation in intestinal
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microbiota [207]. That is why dietary fiber is proposed to have a major role in shaping
microbiota and influences the occurrence of IBDs [208]. For humans is often recommended
a minimum fiber uptake of 38 g and 25 g per day for adult men and women respectively
[209]. One of our hypothesis was that under 1% DSS-induced inflammation, a WD
supplemented with soluble fibers (pectins, fructans, hemicelluloses, gums, etc.) from faba
bean hulls [210] could improve colonic health compared to the pure WD, which contained

only the insoluble fiber cellulose.

Apart from fibers and phytochemicals with antioxidant and anti-inflammatory activity,
recently the plant protein content is gaining attention [211]. Bioactive compounds in the
protein part of legumes, such as Bowman and Birk protease inhibitors (BBIs), trypsin-
chymotrypsin inhibitors, lectins, are defined non-nutrients or antinutrients. Soaking,
cooking, germination are processes applied in order to remove or reduce substantially their
presence [206, 212]. On the other hand, statements reveal beneficial properties of bioactive
compounds, which can be applicable in bioscience and biomedicine [213-215]. For our
experiment protein and fiber fractions were cooked before making the modified WDs
because we wanted to limit the negative factors mentioned above and also follow the way

humans consume pulses.

Prior to DSS, in vivo imaging for ROS, glucose tolerance, insulin resistance and body weight
were measured. In ROS production assay, the L-012 signal was drastically reduced in all
three groups fed faba bean fractions. One explanation could be the macronutrient content of
our fractions. Analysis showed that protein fraction contained small but not negligible
proportions of fibers, starch and other polysaccharides whereas fiber fraction had proteins.

Therefore, the use of concentrates and not isolate fractions might have an influence.

Legumes are often mentioned as a food dish that increases satiety [216]. In our case, mice
fed WD+PF and WD+BF gained significantly more weight than pure WD and WD+FF
probably because the food was more appealing to them. After five weeks in WDs with faba
bean fractions did not reveal a better metabolic profile neither to body weight nor to glucose
tolerance compared to those following a pure WD. Our outcome was in accordance with a

study in 2017, where Lamming and his group stated that short term consumption of a plant
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protein diet (three weeks) from C57BL/6] mice did not show improvement in glucose

homeostasis [217].

Studies for investigating the role of legumes in the large intestine under an inflammatory
condition are not new. First of all, Monk and her colleagues have conducted a series of
experiments trying to elucidate the role of different pulses in DSS-induced colitis. Kidney
beans, cranberry beans, navy beans, chickpeas and lentils were some of the dietary
substances used in mice feeding trials [131, 218-221]. Their results highlight the ability of
pulses to improve colon health prior to DSS treatment and reduce the disease severity
manifested. Expression of antimicrobial and epithelial barrier integrity genes (TLR4, Relmb,
MUC1-3), serum levels of proinflammatory cytokines (TNF-a, IL-1b, IL-6) and colonic
histological damage (cell proliferation, crypt height, mucus content) were basic assays
performed. In our case no significant differences were obtained when expression of
proinflammatory (TNF-a, IL-6, IL-1b) and ROS (iNOS, NOX1, NOX2) genes were measured. On
the contrary the NOX2 gene, which is up regulated during colonic inflammation, was higher
expressed in mice following the faba bean supplemented WDs than those kept on the

standard WD.

Compared to our experimental design Monk’s group decided to stop feeding mice with
pulses during the DSS exposure. They argued that this would avoid potential confounding
effects and wanted to mimic humans’ eating habits while experiencing gastrointestinal
disturbances. Another difference was that they preferred to use pulse flours in a basal
purified diet (AIN 93G) whereas we opted protein and fiber concentrate fractions in WD. One
explanation for their significant results after DSS exposure could be the presence of
macronutrients and micronutrients in those flours, whereas in our case although the
fractions were purer in composition, maybe they were lacking some important compounds.
However, it should be mentioned that the amounts of the two faba bean fractions utilized in
our experiment was close to Monk’s diets. From their side they applied the highest intake

level of pulse consumers in Canada that is approximately 295 g of pulses per day [222].

Searching the literature, we came across studies describing the positive outcomes in the gut
from pea proteins [223, 224]. Characteristically, Utrilla and her group showed that pea

albumin extracts manifested anti-inflammatory activities in mice treated with 3.5% DSS.
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That conclusion was drawn by assessing the mRNA expression of proinflammatory genes,
toll-like receptors, inducible enzymes in addition to proteins involved in barrier function.
The ameliorated damage in colon was partially attributed to active BBIs present in the pea

protein fraction [224].

Finally, Monk’s group examined how diets supplemented with pulses altered the colonic
microbiota composition and mitigated colitis severity, but they admitted that further
research must be done [225]. Some of their findings indicated that pulse consumption in
mice reduced the relative abundance of Clostridiaceae family, which contains harmful
bacteria often seen in CD patients. Also, genera from Prevotella, a genus related to SCFAs

production [129], showed a rise in mice following the chickpea diet.

From our sequencing data in fecal samples, alpha diversity was elevated in WD fed mice with
fractions compared to WD fed mice but no changes appeared in beta diversity. There was a
decrease of Proteobacteria and an increase of several members belonging to Bacteroidetes,
in mice fed modified WDs. Those phyla, which are related to pathogenic conditions [120,
121] and necessary functions [226] respectively provide indications on how that outcomes
may be manipulated for human’s benefit. In that experiment, from LEfSe analysis, the
relative abundance of Prevotellaceae family was significantly higher in WD+FF, WD+BF
groups, while the genus Bifidobacterium was elevated in WD+PF. On the other side,
Tyzzerella, a genus which is overrepresented in CD patients [227] showed an increase in WD

mice.
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5. Conclusions

In the current work, we successfully established a low-grade inflammation mouse model to
investigate the importance of NOX1 protein for colon health and its interaction with gut
microbiota. Moreover, the role of different diets in composition, with primary emphasis on
WDs, were explored regarding their contribution to the inflamed colon and microbiota
formation. Although overexpression of ROS is linked with gut damage and progression of
gastrointestinal diseases, our results indicate that a certain amount of ROS (i.e., peroxynitrite
produced by NOX1) is needed to keep the microbial content in check and ensure a healthy
colon. Mice without the NOX1 gene had compromised gut health. However, NOX1 only
marginally protected against the severity of the DSS induced inflammation which indicate

the involvement of compensatory protective mechanisms.

Inline with previous findings, we demonstrated that WD induced unbeneficial effects in mice
in terms of metabolic profile, inflammation and weight gain under steady-state conditions.
However, unexpectedly, we found that the high fat proportion in the WD, both milk fat and
lard (41% of energy content) protected against chemically (1% DSS) induced low-grade
inflammation when compared to LFD fed mice. The microbiota was less diverse in the WD-
fed mice compared to LFD-fed mice, from phyla level to genus level which is in line with
previous studies. We speculated that the fat content in the WD inhibits the establishment of
the DSS induced colitis model. A less likely explanation is that the fat could induce protective

mechanisms but more research is needed to clarify these findings.

Finally, we investigated if the enrichment of WDs with protein and fiber faba bean fractions
would protect against the unbeneficial impacts of a WD. We found no significant effects of
the faba-bean fractions on colonic health, indicators of metabolic syndrome or inflammation
and only marginally modulation of the intestinal microbiota. It is possible that such shifts in
the microbiota by the enrichment of the diet with faba bean fractions could offer health
beneficial effects but clinical trials of substantial sizes are required to investigate the
importance for human health. Nevertheless, the faba bean fractions were well tolerated and
from a sustainable point of view and due to the nutritional content faba beans can be

recommended to be included as part of a healthy diet.
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6. Future perspectives

The findings on the research conducted for this thesis have increased the knowledge about
the importance of genes, diets, microbiota and their interactions on intestinal health.
Although the mechanisms involved in maintaining intestinal homeostasis are not entirely
clear and depend on a range of genetic and environmental factors, further studied could be
performed for answering some of the queries. The use of mice as experimental animals for
studying aspects of human nutrition and gut health provides promising results for the impact

of diet but have to be verified in human studies in order to gain more attention.

While the current work showed the importance of ROS production for colonic microbiota
(Paper I), we only focused on one gene (NOX1) generating ROS. There are many other genes
involved in the pathway of generating ROS. Also, the ROS group includes a large variety of
molecules with a wide spectrum of effects and interactions, impacting not only in the gut but
in other host’s tissues and cells. Thus, silencing and knocking other ROS related genes in mice
could be useful to elucidate the importance of different types of ROS and the upstream
pathways that are involved in the induction of the responses. More advanced techniques for
identifying different ROS may be applied for more accurate and reliable measurements.
Considering that a standard chow diet was used, it would be interesting an experiment

containing both a chow and a purified diet.

The results of a beneficial contribution of fat presence in a WD against the DSS effects in the
colon were unexpected. These outcomes, which in our case were not attributed to fat type,
should be studied more thoroughly in order to explain why higher proportion of fat in diet
can have a positive function in terms of protecting against DSS-induced damage. Whether
the fat directly protects against DSS damage in the gut or induce beneficial effects directly in
the colonocytes or indirectly by modulating the microbiota are proposed hypotheses that

could be investigated.

In the end, the fact that we found no benefits of adding faba bean fractions to a WD during
DSS-induced low-grade inflammation, raises questions whether the type and the amounts of
faba bean fractions used in WD were sufficient for the mice. Importantly, the DSS model may

notbe the best model to study moderate effects of food components as the effects of DSS will
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be too big in comparison. Last but notleast, faba beans represent only one member of pulses
among the wide variety that exists. For that reason, peas, lentils, chickpeas and even other
types of beans can be utilized in future nutritional studies. Besides the short or long feeding
trials with fractions of different legumes in animal models, the performance of clinical trials
in humans may provide more versatile clinical evidence on the attempt to prevent or treat a

spectrum of human diseases.
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ARTICLE INFO ABSTRACT
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The enzyme NADPH oxidase 1 (NOX1) is a major producer of superoxide which together with other reactive
oxygen and nitrogen species (ROS/RNS) are implicated in maintaining a healthy epithelial barrier in the gut.
While previous studies have indicated NOX1’s involvement in microbial modulation in the small intestine, less is
known about the effects of NOX1-dependent ROS/RNS formation in the colon. We investigated the role of NOX1
in the colon of NOX1 knockout (KO) and wild type (WT) mice, under mild and subclinical low-grade colon
inflammation induced by 1% dextran sulfate sodium (DSS). Ex vivo imaging of ROS/RNS in the colon revealed
that absence of NOX1 strongly decreased ROS/RNS production, particularly during DSS treatment. Furthermore,
while absence of NOX1 did not affect disease activity, some markers of inflammation (mRNA: Tnfa, Il6, Ptgs2;
protein: lipocalin 2) in the colonic mucosa tended to be higher in NOX1 KO than in WT mice following DSS
treatment. Lack of NOX1 also extensively modulated the bacterial community in the colon (16S rRNA gene
sequencing), where NOX1 KO mice were characterized mainly by lower a-diversity (richness and evenness),
higher abundance of Firmicutes, Akkermansia, and Oscillibacter, and lower abundance of Bacteroidetes and
Alistipes. Together, our data suggest that NOX1 is pivotal for colonic ROS/RNS production in mice both during
steady-state (i.e., no DSS treatment) and during 1% DSS-induced low-grade inflammation and for modulation of
the colonic microbiota, with potential beneficial consequences for intestinal health.

1. Introduction

Reactive oxygen and nitrogen species (ROS/RNS) are reactive mol-
ecules produced by cells during normal cellular metabolism and their
production can be triggered in cells of the innate immune system to kill
bacteria [1-3]. They include superoxide (O3%°), hydrogen peroxide
(H203), hydroxyl radical (*OH), nitric oxide (*NO), peroxynitrite
(ONOO), and hypochlorous acid (HOCI). Although ROS/RNS can lead
to cellular damage and diseases their essential roles in cellular signaling
are widely recognized [1-3]. Several enzymes are responsible for
ROS/RNS production, with expression patterns and functions that vary
depending on cell type [4].

During normal steady-state conditions in the intestine, NADPH oxi-
dase (NOX) 1 (NOX1) and dual oxidase 2 (DUOX2) in epithelial cells are

* Corresponding author.

the primary sources of ROS, producing superoxide and hydrogen
peroxide, respectively [4-7]. The role of NOX1 could be particularly
important in the colon where the expression is highest [8-13], with an
increasing expression gradient from proximal to distal end [9,10,13,14].
To convert oxygen to superoxide, NOX1 is dependent on a stabilizing
protein (p22P"°%), an activator (NOXA1), an organizer (NOXO1/p47-
phoxy "and a Rac GTPase [4]. Colonic NOX1 is suggested to produce a
basal level of ROS in the colon [4,15], which could be further enhanced
during specific circumstances like inflammation [16] and bacterial in-
vasion [15]. Another relevant RNS-producing enzyme in the intestine,
not belonging to the NOX family, is inducible nitric oxide synthase
(iNOS). iNOS produces nitric oxide which can spontaneously create
peroxynitrite when reacting with superoxide [17]. While the expression
of iNOS is high in the small intestine during normal conditions [18,19],
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colonic iNOS is mainly expressed during inflammation or infection [20].
During inflammation, NOX2 in phagocytic cells will also contribute
significantly to ROS/RNS generation [4].

The role of NOX1 in the colon is not fully understood. Still, studies of
NOX1 have indicated its involvement in several processes, including
endoplasmic reticulum stress in goblet cells [21], mucosal wound repair
[16,22,23], and epithelial cell proliferation and differentiation [24].
NOX1 has also been proposed to be an important participant in crosstalk
between the gut bacteria and the host [25,26]. Induced NOX1 mRNA
expression in the colon of specific pathogen-free compared to germ-free
mice [13] further indicates a relationship between colonic NOX1 and
gut bacteria, although this result was not observed by others [19].
Together, these findings suggest important roles of NOX1 in colonic
homeostasis. We have previously shown that NOX1 impacts bacterial
levels and composition in the ileum [8], possibly through mechanisms
involving NOX1- and iNOS-dependent formation of peroxynitrite, as
assessed by in vivo and ex vivo imaging using the chemiluminescent
molecule L-012 [8,27]. Similar mechanisms could be present in the
colon during inflammation when both NOX1 and iNOS are active. Pre-
vious studies of NOX1’s role during colon inflammation have mostly
used pathological concentrations of dextran sulfate sodium (DSS; 2-4%
in drinking water) [16,21,22,28], a widely used inducer of colitis. In
those studies, NOX1-deficient mice exhibited overall small differences in
colitis pathology compared to wild type (WT) mice. However, WT mice
recover faster after the withdrawal of DSS [16] in line with NOX1’s
beneficial role in wound healing [22,23].

Severe colitis is an extreme situation with a massive release of in-
flammatory mediators and high production of ROS/RNS from many
sources, which may mask the effects of the absence or presence of NOX1
in the DSS models using high concentrations. Thus, a more relevant
condition for studying effects of NOX1 is low-grade colon inflammation,
characterized by mild signs of inflammation with few or no signs of
pathology [29], which can lead to impaired gut barrier integrity and
disturbances in the bacterial composition of the colon. Low-grade in-
testinal inflammation is a state frequently encountered in patients with
irritable bowel syndrome, in patients with inflammatory bowel disease
in remission, and in people with a poor diet [29-33]. Low-grade
inflammation can be induced in mice by applying low doses of DSS
typically in the range of 0.5-1% [34]. Under these conditions, elevated
levels of nitrotyrosine have been observed in the epithelial layers of the
colon, indicative of enhanced peroxynitrite production [35], most likely
facilitated by NOX1- and iNOS-dependent ROS/RNS formation. Since
NOX1 is highly expressed in the colonic epithelial cells in healthy mice,
it is plausible that NOX1 together with iNOS are the primary sources of
peroxynitrite during low-grade inflammation induced by 1% DSS, and
we speculate that in this condition peroxynitrite will have an impact on
colon inflammation and bacterial composition.

The aim of this study was therefore to investigate the role of NOX1-
dependent ROS/RNS production in the colon both during steady-state
and during a mild and subclinical low-grade inflammation. Specif-
ically, we wanted to investigate (1) whether ROS/RNS production in the
colon is dependent on NOX1, (2) whether NOX1 has a protective role
during low-grade colon inflammation, and (3) whether and how NOX1
impacts the bacterial composition in the colon.

2. Material and methods
2.1. Mice

All mice had C57BL/6J genetic background (The Jackson Labora-
tory, Bar Harbor, ME). NOX1 knockout (KO) mice (Jax stock #018787)
[85] were bred by homozygous breeding (Nox1 ™/~ x Nox1~’¥) and the
genotype was confirmed by standard PCR with specific primer pairs as
recommended by The Jackson Laboratory (Table S1). WT and NOX1 KO
mice were bred and housed in separate individually ventilated cages
(Innovative, San Diego, CA) in the same controlled environment (rack)
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(12h-light-dark cycle, 24 + 1°C, 45-55% humidity), with standard ro-
dent chow (RM1, SDS Diet, Essex, UK) and water ad libitum. A low
number of mice per cage (2-3) was maintained to reduce potential cage
effects. Prior to the experiments, both genotypes were bred for several
generations in the same rack with identical feeding and handling rou-
tines, thereby giving them the same external bacterial exposures.

2.2. Mouse experiments

Two mouse experiments were performed (Fig. 1). In Experiment 1,
mice were treated with different doses of DSS in drinking water to find
the optimal dose and length of DSS treatment to induce low-grade
inflammation in the colon. In the present study, colonic low-grade
inflammation refers to the presence of few or no visible signs of dis-
ease (i.e., weight loss and change in stool quality) together with a
moderate up-regulation of inflammation-related genes. For this purpose,
24 WT male mice (10-14 weeks old) were divided into four groups
(n=6) which were given 0, 0.5, 1 or 2% (w/w) DSS (Dextran Sulfate
Sodium Salt Colitis Grade, 36,000-50,000 MW, MP Biomedicals, Santa
Ana, CA) in water for eight days. In Experiment 2, WT and NOX1 KO
mice were used to investigate the effect of NOX1-deficiency on ROS/
RNS production, gut microbiota, and colonic low-grade inflammation.
Nineteen WT and 20 NOX1 KO mice (14-17 weeks old) were used for
this purpose. Mice of each genotype were divided into two groups
(n=9-10, two males per group), each of which were given 0 or 1% (w/
w) DSS in water for six days. For both experiments, fresh DSS solutions
in new bottles were prepared every second day as recommended [36].
Water for the control mice was changed accordingly. Animal experi-
ments were performed with permission from The Norwegian Food
Safety Authority (FOTS #14805), and they were conducted in compli-
ance with the current guidelines of The Federation of European Labo-
ratory Animal Science Associations.

2.3. Sampling

Mice were weighed and stool quality was inspected every second day
of the experiments. On the last day of the experiments, prior to termi-
nation, feces was collected for enzyme-linked immunosorbent assay
(ELISA). Mice were then anesthetized by intraperitoneal injection with
ZRF cocktail (10 pL/g mouse, Table S2). The feed was removed ~4 h
before the ZRF injection. Blood for ELISA was collected through cardiac

A Experiment 1 B Experiment 2

no DSS no DSS
n==6 19 n=9
WT
| |0.5%DSS| | mice | |_|1%DSS
24 n=6 n=10
WT
mice 1% DSS 20 | noDSS
n=6 NOX1| | n=10
2% Dss || KO 1% DSS
— =5 mice | —| =10
8 days 6 days

Fig. 1. Experimental group design for (A) Experiment 1 and (B) Experiment 2.
In Experiment 1, WT mice were treated with 0 (no DSS), 0.5, 1, or 2% DSS for
eight days (n=6 per group). In Experiment 2, WT and NOX1 KO mice were
treated with 0 (no DSS) or 1% DSS for six days (n=9-10 per group). WT, wild
type; DSS, dextran sulfate sodium; NOX1, NADPH oxidase 1; KO, knockout.



A.M. Herfindal et al.

puncture with syringes coated with disodium EDTA as anticoagulant
(0.05 M, final concentration 2-5 mM). After termination by cervical
dislocation, the intestine was isolated and ex vivo imaging was per-
formed (Experiment 2 only). After measuring the colon length, the colon
was opened longitudinally, 2 cm from both sides. From these sections,
10-30 mg of lamina propria was scraped off with a glass slide for RNA
extraction. The remaining middle segment was fixed for histological
observations. In addition, 1 cm of the colon (referred to as “colon tis-
sue™) and one fecal pellet were collected from the proximal-middle
section for DNA extraction (Experiment 2 only).

2.4. Ex vivo imaging of ROS/RNS using L-012 luminescence probe

Ex vivo imaging of the intestine in Experiment 2 was performed with
IVIS Lumina II (PerkinElmer, Waltham, MA). On the termination day, L-
012 luminescence probe (Wako Chemical, Neuss, Germany) was injec-
ted intraperitoneally (10 mg/kg mouse) after the ZRF injection. Light
emission from intestine was measured as photons/second/cmz/stera—
dian 3 min after the L-012 injection with 5 min exposure time using the
Living Imaging software (PerkinElmer). While presented images show
both the small intestine and the colon, only the light emission from the
colon was of interest and used for statistical analyses.

2.5. Quantification of LBP in plasma and LCN2 in feces using ELISA

ELISA was performed on plasma and feces from Experiment 2. Blood
samples with disodium EDTA were placed on ice immediately after
sampling. After centrifugation (10 min, 6000xg), plasma was collected
and stored at —20°C until further processing. Plasma levels of lipo-
polysaccharide (LPS) binding protein (LBP) as a surrogate marker for
LPS [37] were measured with Mouse LBP Quantification ELISA kit
(Biometric, Greifswald, Germany) after diluting the plasma samples 800
times. After sampling, feces was stored at —80°C until further process-
ing. Levels of lipocalin 2 protein (LCN2) in feces were used as an indi-
cator of DSS-induced colon inflammation. Mouse Lipocalin-2/NGAL
DuoSet ELISA and DuoSet ELISA Ancillary Reagent Kit 2 (R&D Systems,
Minneapolis, MN) were used following the manufacturer’s protocol.
Feces was processed as described by Chassaing et al. [34] and super-
natants were diluted between 20 and 20,000 times prior to the assay
procedure. For both assays, levels of target protein were estimated using
standard curves created using 4-parameter logistic curve fit and samples
were analyzed in duplicates.

2.6. Histology

Histological analyses were performed on colon tissue from three
mice per group from Experiment 2. Colon segments were fixed as a swiss-
roll [38]. Briefly, the colon lumen was washed out with modified Bouin’s
fixative (50% ethanol, 5% acetic acid in dH20) and opened longitudi-
nally. Segments were rolled into swiss-roll arrangement, with the luminal
side facing inwards. Samples were kept in 10% buffered formalin
overnight at room temperature and then stored in 70% ethanol at 4°C
until standard ethanol dehydration procedures and paraffin embedding.
Samples were cut with 7 pm thickness and stained with hematoxylin and
eosin to be analyzed under an optical light microscope. The histological
evaluation was based on the infiltration of immune cells in the lamina
propria, space between epithelial cells bases and muscularis mucosa,
and crypt structure, parameters commonly observed during
DSS-induced colon inflammation [16,36].

2.7. RNA isolation and mRNA expression analyses of lamina propria

Lamina propria samples were placed in RNAlater (Sigma-Aldrich, St.
Louis, MO) directly after sampling, stored at 4°C for 24 h, and then
stored at —20°C until further processing. For RNA extraction, Nucleo-
Spin RNA/Protein Purification kit (Macherey-Nagel, Diiren, Germany)
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was used. DSS is known to inhibit both reverse transcriptase and PCR
reactions [39,40]. Extracted RNA was therefore cleaned following the
lithium chloride method as recommended [40]. Reverse transcriptase
conversion of cleaned RNA to cDNA was performed using iScript cDNA
Synthesis kit (Bio-Rad, Hercules, CA). For the qPCR reactions, we used
HOT FirePol EvaGreen qPCR Supermix (Solis BioDyne, Tartu, Estonia)
and measured fluorescence in LightCycler 480 Instrument II (Roche,
Basel, Switzerland). Samples were analyzed in duplicates. LinRegPCR
Software (version 2018.0) [41] was used to calculate quantification
cycle (Cq) values based on a common threshold for all primers and in-
dividual primer efficiencies. The following target genes (symbol) were
assessed: Tumor necrosis factor alpha (Tnfa), interleukin 6 (I16),
prostaglandin-endoperoxide synthase 2 (Ptgs2), interleukin 1 beta (111b),
lipocalin 2 (Lcn2), cytochrome b-245 (Cybb, also known as Nox2), dual
oxidase 2 (Duox2), inducible nitric oxide synthase 2 (Nos2, also known
as iNOS), and NADPH oxidase 1 (NoxI, Experiment 1 only). The
housekeeping gene glyceraldehyde-3-phosphate  dehydrogenase
(Gapdh) was used as reference, and relative mRNA expression for each
target gene in each sample was calculated using the formula
R= (Em,get(’cq‘“’gﬂ)) /(Ere erence'_Carenee) ) where E denotes the primer effi-
ciency. See Tables S3-S7 for reagents, primers, and temperature cycles
for cDNA synthesis and qPCR. Results are only presented for proximal
colon.

2.8. DNA extraction from feces and colon tissue

Fecal pellets (~0.05 g) and colon tissue from Experiment 2 were
placed in S.T.A.R buffer (300 pL, Roche) with acid-washed glass beads
(app. 0.2 g, <106 m, Sigma-Aldrich) directly after sampling and stored
at —80°C until further processing. Later, the fecal samples were added
an additional 300 pL S.T.A.R buffer to obtain the same volumes (600 pL)
as used during method testing. All samples were processed twice on
FastPrep 96 (1800 rpm, 40 s, 5 min cooling step in-between, MP Bio-
Medicals, Irvine, CA) to obtain cell lysis. Processed samples were
centrifuged (~13,226xg, 10 min) and 50 pL supernatants were trans-
ferred to 96-well plates for protease treatment followed by DNA
extraction using Mag Midi LGC kit (LGC Genomics, Teddington, UK)
according to the manufacturer’s protocol on a KingFisher Flex DNA
extraction robot (Thermo Fisher Scientific, Waltham, MA).

2.9. Library preparation and gene sequencing of 16S rRNA

A similar workflow of 16S rRNA gene sequencing has been reported
by others [42]. After DNA extraction, 16S rRNA genes were amplified by
PCR using prokaryote-targeting primers (target region V3-V4,
Table S8&S9). As DSS in feces has inhibitory effects on PCR (identified
through dilution series on qPCR), we diluted the extracted DNA from
fecal samples 1:4 prior to amplicon PCR (total dilution of 1:100 in PCR
reaction). PCR products (~466 bp) were purified with AMPure XP
(Beckman-Coulter, Indianapolis, IN) and 10 further PCR cycles with
index primers modified with Illumina adapters were performed
(Tables S10-S12), resulting in PCR products of ~594 bp. All PCR
products were qualitatively confirmed by gel electrophoresis. Quantifi-
cation, normalization, and pooling of individual libraries were followed
by purification by AMPure XP and quantification of the pooled library.
The pooled library was diluted to 6 pM and sequenced with the MiSeq
Reagent Kit V3 (cat. nr. MS-102-3003, Illumina, San Diego, CA) on the
Nlumina MiSeq following Illumina’s protocol (16S Metagenomic
Sequencing Library Preparation Part# 15044223 Rev. B), except we
used nuclease free-water instead of Tris for PhiX library dilution. 20%
PhiX served as an internal control.

2.10. Processing of 16S rRNA gene sequencing data

The resulting 300 bp paired-end reads from gene sequencing of 16S
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rRNA were paired-end joined and split into their respective samples,
quality-filtered using QIIME [43], and clustered into taxonomically
assigned operational taxonomic units (OTUs) with >97% identity using
closed-reference usearch algorithm (version 8) [44,45] against the SILVA
database (version 128) [46]. The resulting dataset included 2,392,173
high-quality and chimera-checked sequences from the 78 samples (8644
to 61,079 sequences/sample). The OTU counts for each sample were
normalized by even subsampling (rarefaction) in QIIME with 6500 se-
quences per sample as normalization cut-off. In the normalized dataset,
538 OTUs were identified in total (rarefaction curves in Fig. S1). The
OTUs were taxonomically binned into phylum- and genus-level abun-
dance tables. Abundances of bacterial taxa are presented as relative
abundances (%) where the lowest detectable abundance was 0.015%.

2.11. Alpha- and beta-diversity

Measures of bacterial diversity within (a-diversity; number of
observed species, Shannon-Wiener index, and evenness) and between
(p-diversity; Bray-Curtis and weighted UniFrac distances [47]) samples
were calculated based on the normalized OTU table.

The number of observed species in one sample was calculated as the
number of OTUs with sequence count >0. The Shannon-Wiener index

s
for one sample was calculated as H = — ) (p;In(p;)), where s denotes the

i
number of OTUs with sequence count >0 and p; the proportion of the
community represented by OTU number i. Equitability (evenness) for
one sample was calculated as E=H/Hpo Where Hpg =
In(number of OTUs with sequence count> 0).

B-diversities (Bray-Curtis and weighted UniFrac distances) between
samples were calculated using QIIME default scripts (cor-
e_diversity_analyses.py). Analyses of B-diversities were conducted in R
[48] (version 4.1.2). Ordination of B-diversities by non-metric multidi-
mensional scaling (NMDS) was performed using the metaMDS() func-
tion from the vegan package [49] (version 2.5-7), with
autotransform=FALSE and try=100. Ordination of p-diversities by
principal coordinate analyses (PCoA) was performed using the cmdscale
() function from the stats package [48] (version 4.1.2) with k=2. Global
PERMANOVA of p-diversities was performed using the adonis() function
from the vegan package with permutations=999, p.method="BH", and
nperm=999 (four groups: WT, WT + 1% DSS, NOX1 KO, and NOX1 KO
+ 1% DSS). Dispersion homogeneity between groups was assessed using
the function betadisper() from the vegan package. Significant global
PERMANOVA was followed by pairwise PERMANOVA, performed by
applying the pairwise.perm.manova() function from the RVAideMemoire
package (version 0.9-79) [50] with nperm=999 and p.method=“BH".
The p-values reported from global and pairwise PERMANOVA are the
mean p-values from 100 PERMANOVA runs. PERMANOVA was per-
formed separately for feces and colon tissue.

2.12. Statistics

All statistical analyses, except PERMANOVA (section 2.11) and
linear discriminant analysis (LDA) effect size (LEfSe), were performed
using GraphPad Prism (version 9.3.0 for Windows, GraphPad Software,
San Diego, California USA). All reported p-values are two-tailed where
p<0.05 was considered significant.

Colon length and mRNA expression data from Experiment 1 (0, 0.5, 1
and 2% DSS in WT mice) were analyzed using one-way ANOVA while
body weight change was analyzed using repeated measures 2-way
ANOVA. Significant effect of DSS in one-way ANOVA was followed by
pairwise comparison of the four different DSS doses using Tukey’s test
for multiple comparisons. Significant effect of day and DSS dose in the
repeated measures 2-way ANOVA was followed by pairwise comparison
of DSS doses within each day using Tukey’s test for multiple compari-
sons. mRNA expression data were log10-transformed to obtain normally
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distributed model residuals with equal residual variance between
groups.

Colon length, L-012 signal, mRNA expression, protein biomarkers,
a-diversity, and phylum abundance data from Experiment 2 (effects of
1% DSS treatment and genotype) were analyzed using 2-way ANOVA
when appropriate while body weight change was analyzed using
repeated measures 3-way ANOVA. Significant interactions between
treatment and genotype in 2-way ANOVA were followed by the assess-
ment of simple main effects (effect of treatment within each genotype
and effect of genotype within each treatment) with Bonferroni correc-
tion for multiple comparisons. mRNA expression, protein biomarkers,
and some phylum abundance data (specified in figure captions) were
log10-transformed to obtain normally distributed model residuals with
equal residual variance between groups. In cases where residuals from 2-
way ANOVA were not reasonably normally distributed or when equality
of residual variance between groups could not be reasonably assumed
(even after data transformation), comparisons of genotypes (WT versus
NOX1 KO) were performed within each treatment (0 and 1% DSS) using
a model suitable for each case (t-test, Welch’s t-test, Mann-Whitney test,
or Fisher’s exact test, specified in figure captions).

Normality of model residuals was evaluated using Q-Q plot and
Shapiro-Wilk test and homoscedasticity of model residuals was evalu-
ated using residual plots and Brown-Forsythe test. Data are presented as
individual values (with some exceptions) with group means + standard
error of the mean (SEM) or geometric group mean x/+ geometric SD
factor in cases where statistical analyses were performed on logl0-
transformed data.

To identify differentiated bacterial genera between groups, we used
LEfSe [51] available at https://huttenhower.sph.harvard.edu/galaxy/,
with p<0.05 and the LDA effect size 2.0 to explain differences between
groups.

3. Results
3.1. Establishment of the low-grade colon inflammation model

The main aim of the study was to investigate the role of NOX1-
dependent ROS/RNS production in the colon during steady-state and
DSS-induced low-grade colon inflammation. The criteria set for a rele-
vant inflammation model were few or no visible signs of disease together
with a moderate up-regulation of inflammation-related genes in the
colonic mucosa. To find the optimal time-dose for inducing low-grade
colon inflammation, we treated WT mice with 0, 0.5, 1, or 2% DSS for
eight days (Experiment 1).

Mice treated with the highest dose of 2% DSS had significant weight
loss after six days (Fig. S2A). Mice treated with 0.5 or 1% DSS showed
only marginal or no weight loss and did not differ significantly from
untreated mice. From day four, 2% DSS-treated mice presented poorer
stool quality i.e., loose consistency and traces of blood, while 1 and 0.5%
DSS-treated mice only presented minor changes by day six and eight,
respectively. At termination (day eight), 2% DSS-treated mice had
significantly shorter colons than all other groups, whereas the colon
length of 0.5 and 1% DSS-treated mice were not different from untreated
mice (Fig. S2B).

Compared to untreated mice, DSS-treated groups had a dose-
dependent higher mRNA expression of the inflammation-related genes
Tnfa, Ptgs2, 116, I11b, and Lcn2, and of the ROS/RNS-related genes Nox2,
Duox2, and iNOS in the colonic mucosa at termination (Figs. S3A-H).
The lowest dose of 0.5% DSS was not associated with higher expression
of the inflammation- or ROS/RNS-related genes, except for Tnfa.
Expression of Nox1 was unaffected by all DSS doses tested (Fig. S31).

Based on the results from Experiment 1, we concluded that treatment
with 1% DSS for six days would be a suitable dose and duration to induce
low-grade colon inflammation due to lack of marked clinical signs while
high enough to significantly up-regulate inflammation- and relevant
ROS/RNS-related genes.
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3.2. NOX1 is important for ROS/RNS production in the colon

For the main experiment, where WT and NOX1 KO mice were treated
with 0 or 1% DSS for six days (Experiment 2), we first sought to inves-
tigate whether the colonic ROS/RNS production was dependent on
NOX1, especially during DSS-induced inflammation. We hypothesized
that the ROS/RNS levels in NOX1 KO mice would be significantly lower
than in WT mice, mainly due to lack of NOX1-dependent peroxynitrite
formation.

L-012 luminescence from ex vivo imaging of the colons at termination
(day six) was used as a sensor of ROS/RNS (Fig. 2A&B). Regardless of
genotype, the L-012 mediated ROS/RNS signal was higher in DSS-
treated mice than in untreated mice. Furthermore, in agreement with
our hypothesis, the ROS/RNS signal was significantly lower in NOX1 KO
than in WT mice, both with and without DSS treatment. In untreated and
DSS-treated mice, the average (median) ROS/RNS signal in WT mice
was ~2 and ~5 times higher, respectively, than in NOX1 KO mice.

Next, we investigated the importance of the ROS/RNS-related genes
iNOS, Duox2, and Nox2 for the ROS/RNS production by assessing the
mRNA expression in the colonic mucosa at termination. All these genes
encode enzymes which can contribute to the L-012 signal (i.e., ROS/RNS
production) through different reaction pathways. Expression of iNOS
was higher in DSS-treated than in untreated mice, but no difference was
found between WT and NOX1 KO mice (Fig. 2C). Duox2 expression was
only moderately elevated in DSS-treated mice with no differences be-
tween WT and NOX1 KO mice (Fig. 2D) while expression of Nox2 was
unaffected by both DSS treatment and genotype (Fig. 2E). The median
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expression of iNOS and Duox2 was about 40 and 2 times higher,
respectively, in DSS-treated compared to untreated mice.

Taken together, these data show that NOX1-deficiency abolished
ROS/RNS-dependent L-012 luminescence despite DSS-induced high
expression of both iNOS and Duox2. Additionally, we show that
expression of iNOS and Duox2 was not dependent on NOX1.

3.3. NOX1 has minor impact on the susceptibility for DSS-induced low-
grade colon inflammation

Since ex vivo imaging with L-012 indicated reduced ROS/RNS pro-
duction in the NOX1 KO mice, we next asked whether the lack of NOX1-
dependent ROS/RNS would affect the severity of the 1% DSS-induced
low-grade colon inflammation. We hypothesized that NOX1 would
have a protective role where NOX1 KO mice would be more susceptible
to inflammation.

Six days of 1% DSS treatment did not result in significant changes in
body weight for WT or NOX1 KO mice (Fig. S4A). Most of the DSS-
treated mice displayed changes in stool quality from day four and they
had reduced colon length at termination compared to untreated mice,
but these changes were not different between WT and NOX1 KO mice
(Fig. S4B).

To further evaluate the severity of the inflammation, we measured
the mRNA expression of the inflammation-related genes Tnfa, Il6, Ptgs2,
Il1b, and Lcn2 in the colonic mucosa at termination. All genes were
significantly higher expressed in DSS-treated than in untreated mice
(Fig. 3A-E). Further, for Tnfa, there was a significant interaction
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Fig. 2. ROS/RNS production in the colon of WT and NOX1 KO mice with or without 1% DSS treatment for six days. (A) Representative ex vivo images of one animal
from each of the four groups after injection with L-012. Pseudo colors represent light intensity expressed as photons/sec/cm?/steradian (p/s/cm?/sr). Red markings
show the region of interest (ROI) in the colon. (B) L-012-induced chemiluminescence from the colon ROI expressed as average radiance (p/s/cm?/sr). n=9-10 per
group. (C-E) Relative mRNA expression of (C) inducible nitric oxide synthase 2 (iNOS) (D), dual oxidase 2 (Duox2), and (E) cytochrome b-245 (Nox2) in mucosa from
the proximal colon. n=4-10 per group. P-values from 2-way ANOVA (main effect of treatment (t; no DSS versus 1% DSS) and genotype (g; WT versus NOX1 KO), and
interaction effect (txg)) on logl0-transformed data. Horizontal lines and whiskers are geometric group mean x/-- geometric SD factor. ROS, reactive oxygen species;
RNS, reactive nitrogen species, WT, wild type; NOX1, NADPH oxidase 1; KO, knockout; DSS, dextran sulfate sodium. *p<0.05. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)
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genotype (g; WT versus NOX1 KO), and interaction effect (txg)) on logl0-transformed data. In cases with significant interaction, p-values for simple main effects
from post-hoc tests with Bonferroni correction for multiple comparisons are presented. Horizontal lines and whiskers are geometric group mean x/+ geometric SD
factor. WT, wild type; NOX1, NADPH oxidase 1; KO, knockout; DSS, dextran sulfate sodium. *p<0.05.

between treatment and genotype, indicating a stronger DSS-induced up-
regulation of Tnfa in NOX1 KO than in WT mice (Fig. 3A). Similar trends
were observed for Il6 (Fig. 3B) and Ptgs2 (Fig. 3C).

In addition to mRNA expression, we also investigated if the protein
levels of LCN2 in feces were different between DSS-treated WT and
NOX1 mice, as fecal LCN2 has been shown to be a sensitive marker of
colon inflammation [34]. As for Lcn2 mRNA expression, the LCN2 pro-
tein levels were higher in DSS-treated than in untreated mice. Further-
more, DSS-treated NOX1 KO mice tended to have higher LCN2 levels
than DSS-treated WT mice, although not significantly (Fig. 3F). As a
measure of intestinal barrier breach, commonly associated with colon
inflammation, we also measured the protein levels of LBP in plasma. LBP
levels were higher in DSS-treated than in untreated mice, but no dif-
ferences were found between WT and NOX1 KO mice (Fig. 3G).

Finally, we evaluated the structural impacts of the DSS treatment on
colon tissue in a selection of WT and NOX1 KO (n=3 per group). Both
WT and NOX1 KO mice displayed similar mild signs of colon inflam-
mation in response to DSS, with infiltration of immune cells in lamina
propria and increased space between epithelial cell bases and muscularis
mucosa (Fig. 4). In mice not treated with DSS, no signs of colon
inflammation were observed in neither of the genotypes.

3.4. NOX1 affects the community structure and diversity of the colonic
microbiota

To assess the role of NOX1 on the colonic microbiota both during
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steady-state and inflammatory conditions, we performed 16S rRNA gene
sequencing of both feces and colon tissue samples, representing the
luminal- and mucosa-associated microbiota, respectively.

First, two different measures of between-sample diversity (p-di-
versity) were used to assess the overall differences in bacterial com-
munity structures between the four groups of mice: 1) Bray-Curtis
distances (based on OTU abundances) and 2) weighted UniFrac dis-
tances (abundance-weighted phylogenetic distances). As illustrated in
NMDS ordination plots in Fig. 5A&C, feces samples clustered signifi-
cantly according to both DSS treatment and genotype for both Bray-
Curtis and weighted Unifrac distances, where all four groups were
significantly different from each other. For colon tissue, we also found
significant clustering according to both DSS treatment and genotype
when applying Bray-Curtis distances (Fig. 5B) while for weighted Uni-
frac, samples clustered only according to treatment with no difference
between WT and NOX1 KO mice (Fig. 5D). The same clustering patterns
were obtained when applying PCoA as ordination method (Fig. S5).

We next examined the effect of NOX1 and DSS treatment on fecal
bacterial diversity (richness and evenness) by applying three selected
indices of within-sample diversity (a-diversity): 1) The Shannon-Wiener
index (richness and evenness combined; Fig. 6A), 2) number of observed
species (richness; Figs. 6B), and 3) evenness (Fig. 6C). Untreated NOX1
KO mice had lower diversity than untreated WT mice for all the three
indices. Further, regardless of genotype, DSS-treated mice had higher
Shannon-Wiener index and evenness compared to untreated mice, while
number of observed species was unaffected by DSS treatment.
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NOX1 KO

Fig. 4. Colon tissue of WT and NOX1 KO mice with or without 1% DSS
treatment (6 days). Representative images (n=3 per group) except from DSS-
treated NOX1 KO mouse. In this case we present the most severe observed
case. The other DSS-treated NOX1 KO mice could not be distinguished from the
DSS-treated WT mice. Green arrows indicate the infiltration of immune cells
into the lamina propria. Red arrows indicate increased space between epithelial
cell bases and muscularis mucosa. Colon sections (7 pm) were stained with
hematoxylin and eosin. WT, wild type; NOX1, NADPH oxidase 1; KO, knockout;
DSS, dextran sulfate sodium. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

Interestingly, with DSS treatment, the difference in evenness between
WT and NOX1 KO mice observed in untreated mice was no longer pre-
sent. Similar patterns were found for colon tissue, although not as
prominent (Fig. 6D-F).

In conclusion, the results on - and a-diversity illustrate 1) that both
NOX1 and DSS treatment highly affects the overall structures of the
bacterial communities, 2) that NOX1 KO mice generally display a lower
bacterial diversity than WT mice, and 3) that the differences between
WT and NOX1 KO mice are more prominent for the luminal-associated
microbiota.

3.5. NOX1 affects colonic bacterial composition at the phylum level

Based on the assessment of overall bacterial community structure
and diversity, it was clear that the NOX1 KO and WT mice had consid-
erable differences in the colonic microbiota, both during steady-state
and inflammatory conditions. To obtain a more detailed understand-
ing of these differences, we first assessed the effects of NOX1 and DSS
treatment on the relative bacterial abundances at the phylum level
(Fig. 7A). Only phyla with average relative abundance above 1% in at
least one group were included in the analyses (individual plots for all
analyzed phyla in Fig. S6).

In both feces and colon tissue, representing the luminal- and mucosa-
associated microbiota, respectively, the main effects of DSS treatment
were higher abundance of Firmicutes and Tenericutes, while lower
abundance of Bacteroidetes and Proteobacteria. No main effect of ge-
notype was found for any of the above-mentioned phyla. However, in
feces, we found significant interaction between treatment and genotype
for Bacteroidetes (Fig. 7B, Fig. S6B) and Firmicutes (Fig. 7C, Fig. S6A).
Untreated NOX1 KO mice had lower abundance of Bacteroidetes than
untreated WT mice, while there was no difference between the geno-
types when treated with DSS, mainly due to reduced abundance in the
WT mice. For Firmicutes, no significant differences were found between
NOX1 KO and WT mice, but a tendency towards higher abundance in
untreated NOX1 KO than in untreated WT mice. In addition to the higher
Firmicutes/Bacteroidetes ratio in NOX1 KO mice, the phylum Verruco-
microbia was significantly more abundant in feces from NOX1 KO than
from WT mice, both with and without DSS treatment (Fig. 7D, Fig. S6I).
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Furthermore, WT mice treated with DSS had higher abundance of Ver-
rucomicrobia than untreated WT mice, but the levels were still lower
than in NOX1 KO mice. The Verrucomicrobia abundance showed similar
patterns in colon tissue.

3.6. NOX1 affects colonic bacterial composition at the genus level

To assess the effect of NOX1 and DSS treatment on the relative
abundances at the genus level, we performed LEfSe separately for feces
and colon tissue for the four relevant comparisons: comparison of ge-
notypes (WT and NOX1 KO) within each treatment condition (0 and 1%
DSS), and comparison of treatments within each genotype. From the
LEfSe results (Figs. S7-S10), 21 genera in total were identified as
different between NOX1 KO and WT mice in feces and/or colon tissue.
Twelve LEfSe-identified genera were considered abundant (average
abundance above 0.1% in feces and/or colon tissue, Fig. 8) while nine
were low abundant (Fig. S11).

Of the abundant LEfSe-identified genera, Lachnospiraceae FCS020
group was the only one to be unaffected by DSS treatment itself and the
abundance was generally lower in NOX1 KO than in WT mice (Fig. 8A).
The genera Faecalibaculum, Lachnospiraceae UCG-001, and unknown
Bacteroidales S24-7 group (identical to family Bacteroidales S24-7 group)
had, with some exceptions, lower abundance in NOX1 KO than in WT
mice and were decreased by DSS treatment in both genotypes
(Fig. 8B-D). Alistipes (identical to family Rikenellaceae) was overall
decreased by DSS, but more strongly in NOX1 KO mice, resulting in
lower abundance of this genus in NOX1 KO mice compared to WT when
treated with DSS (Fig. 8E). The abundance of Akkermansia (identical to
phylum Verrucomicrobia, see section 3.5) was much higher in NOX1 KO
mice compared to WT both in untreated and DSS-treated mice, and DSS
led to enrichment of Akkermansia only in the WT mice (Fig. 8F). In
untreated mice, Oscillibacter and Ruminococcaceae UCG-005 had similar
abundances between WT and NOX1 KO mice, while DSS led to enrich-
ment only in the NOX1 KO mice (Fig. 8G&H). Three genera Rumino-
coccus1, unknown Peptococcaceae and unknown MollicutesRF9 (identical
to order MollicutesRF9) showed an abundance pattern where DSS
treatment led to enrichment, but only the WT mice (Fig. 81-K). Finally,
NOX1 KO mice had lower abundance of Blautia compared to WT when
not treated with DSS, and while DSS treatment led to decreased levels in
WT mice, Blautia was enriched in DSS-treated NOX1 KO mice (Fig. 8L).

Of the low abundant genera identified by LEfSe, two genera showed
particularly distinct differences between NOX1 KO and WT mice.
Ruminiclostridium1 was only detected in NOX1 KO mice (Fig. S11A),
while Peptococcus was almost exclusively found in WT mice (Fig. S11B).

4. Discussion

As a primary producer of ROS/RNS in colonic epithelial cells, NOX1
contributes to intestinal homeostasis [16,21-24] and its role could be
particularly relevant when combined with other ROS/RNS-generating
enzymes such as iNOS [8]. In this study, we hypothesized that
NOX1-dependent ROS/RNS production influences the severity of
low-grade inflammation and bacterial composition in the colon. To
explore this hypothesis, we investigated the effects of NOX1-deficiency
on ROS/RNS production, markers of inflammation, and bacterial
composition in the colon both during steady-state and in 1%
DSS-induced subclinical low-grade colon inflammation. While reduced
levels of ROS/RNS in the colon of NOX1 KO mice only marginally
aggravated the severity of inflammation, the colonic microbiota was
highly affected by the lack of NOX1-depedent ROS/RNS.

As a marker of extracellular ROS/RNS in the colon, we used L-012, a
chemiluminescent molecule that emits light when it reacts with various
ROS/RNS, most prominently peroxynitrite, hypochlorous acid and hy-
droxyl radical [52-57]. While DSS treatment increased colonic
ROS/RNS levels, the levels were substantially lower in NOX1 KO mice
than in WT. Reduced L-012 signal in the colon of NOX1-deficient mice in
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Fig. 5. Bacterial p-diversity between WT and NOX1 KO mice with or without 1% DSS treatment (6 days). NMDS ordination plots of (A,B) Bray-Curtis and (C,D)
weighted UniFrac distances between (A,C) feces and (B,D) colon tissue samples. Colors indicate which group individual samples belong to. Stress values indicate the
NMDS goodness-of-fit. n=9-10 per group. P-values in graph from global PERMANOVA. For data presented in A, B, and C, pairwise PERMANOVA showed a significant
difference between all four groups (all p<0.007). For data presented in D, there was no difference between genotypes in neither treatment condition (no DSS: all
p>0.2; DSS: all p>0.7), only across treatment independent of genotype (all p’s<0.03). WT, wild type; NOX1, NADPH oxidase 1; KO, knockout; DSS, dextran sulfate
sodium; NMDS, non-metric multidimensional scaling. *p<0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

steady-state conditions has been reported by others [11,58], but we
show here that NOX1 is also important for colonic ROS/RNS production
during DSS-induced inflammation. Together with the marked
DSS-induced up-regulation of iNOS mRNA, but not of Nox1, Nox2, or
Duox2, our results suggest that the DSS-increased L-012 signal in WT
mice originated primarily from peroxynitrite, formed by NOX1-and
iNOS-dependent production of superoxide and nitric oxide, respec-
tively. Still, although NoxI expression was not affected by DSS treat-
ment, we cannot claim that iNOS alone was responsible for the increased
L-012 signal, as colitis can cause increased protein expression [16] and
enzyme activity [59] of NOX1. Further, since DSS also increased the
L-012 signal in the absence of NOX1, although modestly, it appears that
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peroxynitrite was not the sole source of the L-012 signal. One possible
explanation for this observation is that Duox2, which can give rise to
hydroxyl radical and hypochlorous acid via hydrogen peroxide, was
modestly up-regulated by DSS. The formation of hypochlorous acid from
hydrogen peroxide is catalyzed by myeloperoxidase, which can be
induced by 1% DSS [34]. Lastly, deletion of NOX1 may cause
up-regulation of other NOXs such as NOX3 [28] as a compensatory
mechanism that can also contribute to the ROS/RNS mediated L-012
signal.

Even though the ROS/RNS production was clearly reduced in NOX1
KO mice, these mice did not have higher susceptibility towards low-
grade inflammation than WT with regard to crude inflammatory
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Fig. 6. Bacterial a-diversity in the colon of WT and NOX1 KO mice with or
without 1% DSS treatment (6 days). (A,D) Shannon-Wiener index, (B,E) number
of observed species (OTUs), and (C,F) evenness (equitability) of bacterial
communities in (A-C) feces and (D-F) colon tissue. P-values from 2-way
ANOVA (main effect of treatment (t; no DSS versus 1% DSS) and genotype
(g; WT versus NOX1 KO), and interaction effect (txg)). In cases with significant
interaction, p-values for simple main effects from post-hoc tests with Bonferroni
correction for multiple comparisons are presented. In two cases (A and C),
extreme value was excluded from statistical analysis (dotted circles). When
included, the significance of the interaction increased for the Shannon-Wiener
index (p=0.06) and decreased for evenness (p=0.02). In cases where 2-way
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NOX1, NADPH oxidase 1; KO, knockout; DSS, dextran sulfate sodium; OTU,
operational taxonomic unit. *p<0.05.
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disease markers evaluated by body weight, colon length, stool quality,
and histology. These observations are in line with other studies of NOX1-
deficient mice using higher DSS concentrations [21,28]. However, the
lack of more pronounced inflammation in NOX1 KO mice could be
attributed to a NOX3 compensatory mechanism [28], as alluded to
above. Mice deficient of the enzyme NOXO1, the organizing subunit of
NOX1 and NOX3 [4], display a stronger pathological response than WT
mice during DSS-induced colitis [11]. Thus, in the absence of
NOX1-generated superoxide, up-regulation of NOX3 may to some extent
compensate for NOX1-loss.

Despite no differences between NOX1 and WT mice regarding crude
signs of inflammation after DSS treatment, mRNA levels of genes
encoding the pro-inflammatory mediators TNF-a, IL-6, and PTGS2
(COX2) tended to be higher in the colonic mucosa of NOX1 KO than of
WT mice. In line with our results, Kato et al. demonstrated that NOX1 KO
mice had higher COX2 expression than WT mice following DSS colitis
during the restitution phase [16]. The concentration of fecal LCN2, a
highly sensitive marker of colon inflammation [34] was also higher in
NOX1 KO than in WT mice. Collectively, these findings indicate a
slightly elevated susceptibility to DSS-induced low-grade inflammation
in NOX1-deficient mice. Since LCN2 expression is dependent on bacte-
rial exposure [60], we speculate that the absence of NOX1 weakens the
epithelial barrier, resulting in closer contact between the colonic bac-
teria and epithelial cells which again can result in compromised
epithelial layer and more LCN2 in the lumen. NOX1-generated ROS has
been implicated in cytoprotection in epithelial cells, mediated through
the redox-sensitive transcription factor Nrf2 [61]. Impaired barrier
function in NOX1-deficient mice could therefore be related to the
inability to withstand the stress imposed by DSS treatment. That Nrf2 is
important for protection against DSS-induced colitis has been demon-
strated previously [62], possibly by inhibiting NF-xB activation [63].
Additionally, the absence of NOX1-generated superoxide could lead to
altered bacterial composition in the colon, analogous to observations of
the ileum [8] with implications for LCN2 expression. Indeed, Li and
coworkers showed that DSS-induced LCN2 levels were dependent on the
initial gut microbiota profile [64].

Regarding the colonic microbiota, our initial hypothesis was that
NOX1-dependent extracellular ROS/RNS, particularly peroxynitrite,
could act as bactericidal molecules affecting the colonic microbiota, and
that this effect would be most prominent during DSS-induced inflam-
mation due to marked up-regulation of iNOS. However, the results from
16S sequencing show that the WT and NOX1 KO mice had large dif-
ferences in bacterial composition both with and without DSS treatment,
indicating that peroxynitrite is not decisive for NOX1-dependent
changes in the microbiota. NOX1-deficiency may affect the microbiota
during steady-state through more indirect effects including NOX1-
dependent signaling in epithelial cells that could affect goblet cell
abundance and the mucus layer [16,24].

Specifically, we found that the colonic microbiota of NOX1-deficient
mice was characterized by lower fecal a-diversity and changes in the
relative abundance of specific bacterial taxa. Analogously, others have
demonstrated that pharmacological removal of luminal ROS/RNS in the
colon can lead to decreased bacterial diversity [65], indicative of a less
stable community more vulnerable to perturbations [66]. When
focusing on the relative abundance of individual bacterial taxa, a gen-
eral pattern was that DSS-untreated NOX1 KO mice had abundance
shifts resembling those induced by DSS treatment in WT mice, charac-
terized mainly by a higher abundance of Firmicutes and Verrucomi-
crobia (genus Akkermansia), and lower abundance of Bacteroidetes
(mainly family Bacteroidales S24-7 group). When treated with DSS, the
most striking differences between the genotypes were the higher and
lower abundances of Oscillibacter and Alistipes, respectively, in NOX1 KO
mice. Low abundance of both S24-7 and Alistipes has been found to
correlate with higher levels of pro-inflammatory cytokines [67], and
Alistipes has been suggested to have a protective role in DSS-induced
colitis [67,68].
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Fig. 7. Bacterial phyla characteristics of WT and NOX1 KO mice with or without 1% DSS treatment (6 days). (A) Cumulative relative abundance (%) of all detected
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The abundance of the phylum Verrucomicrobia, completely domi-
nated by genus Akkermansia, was much higher in NOX1 KO than in WT
mice. However, 1% DSS treatment reduced the difference between the
genotypes due to a bloom of Akkermansia in WT mice, in line with
previous observations [69-73]. Akkermansia spp. are anaerobic
mucus-associated commensal bacteria that feeds on mucus, reported to
have beneficial roles in intestinal homeostasis [74,75] and wound repair
[23]. However, their role in aggravation of intestinal inflammation is
debated with somewhat conflicting results [76]. While some studies
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have shown that Akkermansia supplementation reduces inflammation
induced by a high-fat diet [77,78], others have suggested that Akker-
mansia contributes to enhancing colitis [64,71]. Since DSS is known to
cause structural changes of the inner mucus layer of the colon making it
more available for bacterial penetration [79], this could explain the
increase of Akkermansia after DSS treatment in WT mice. Coant et al
observed that NOX1 KO mice had an increased number of goblet cells,
and consequently more mucus protein [24], which could explain the
increase in Akkermansia abundance in NOX1 KO mice. However, the
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identified significant comparisons.

mucus seems to be unaffected by NOX1-deficiency in more recent
studies [28,80]. Why Akkermansia in NOX1 KO mice seems unaffected
by DSS remains unclear but is perhaps related to the less extensive in-
crease in colonic ROS/RNS during inflammation in the NOX1-deficient
mice.

The genus Oscillibacter (order Clostridiales in phylum Firmicutes)
was highly increased in DSS-treated NOX1 KO mice, but not in WT mice.
The fact that Oscillibacter abundance increases after antibiotic treatment
[81] supports the notion that Oscillibacter spp. are opportunistic bacteria
that thrive when the normal balance is disturbed. The implication of
Oscillibacter abundance in health and disease seems unresolved, but
studies of colon inflammation suggest that increased Oscillibacter
abundance could be related to impaired barrier function [82], increased
markers of colon inflammation [67,83], and increased colitis suscepti-
bility [64]. Thus, high abundance of Oscillibacter in NOX1 KO mice after
DSS treatment could be interpreted as a sign of increased disease.

The findings that both Akkermansia and Oscillibacter have higher
abundances in the NOX1 KO mice may be attributed to changes in the
redox environment caused by the NOX1-deficiency. Intriguingly, both
Akkermansia and Oscillibacter increase in abundance following a
polyphenol-rich diet [84]. As polyphenols are poorly taken up in the
small intestine and therefore transported to the colon, it is plausible that
they act as antioxidants there and thereby create a more reducing
environment. To our knowledge, redox changes in NOX1 KO compared
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to WT mice have not been measured, but it is pertinent to speculate that
such changes occur and lack of NOX1 will therefore favor the growth of
Akkermansia and Oscillibacter in a reducing environment. The fact that
Oscillibacter is only blooming in DSS-treated NOX1 KO mice and not in
those not treated with DSS is not straightforward to explain. However, as
mentioned above, Oscillibacter is probably opportunistic and will thrive
when homeostasis is disturbed [81]. Thus, when a low dose of DSS is
introduced, this stimulus is not sufficient to create a niche for Oscil-
libacter unless deficiency in NOX1 creates this unbalance.

As already discussed, in the experimental setup where we compare
NOX1 KO and WT mice, it is not possible to assess the direct effects of
NOX1-dependent ROS/RNS-deficiency on low-grade colon inflamma-
tion due to initial differences in the colonic microbiota between the
genotypes prior to DSS treatment. Treating WT mice with ROS/RNS
inhibitors could therefore be an alternative approach to investigate the
impact of NOX1-dependent ROS/RNS formation during inflammation,
avoiding the impact of genetic background. As peroxynitrite most likely
is one of the major ROS/RNS-contributors during colon inflammation,
formed by NOX-dependent superoxide and iNOS-dependent nitric oxide,
the NOS inhibitor .-NAME could be a suitable candidate [8].

In conclusion, this study demonstrates that the superoxide-producing
enzyme NOX1 is important for the formation of colonic extracellular
ROS/RNS and modulates the colonic microbiota both during steady-
state and in 1% DSS-induced colonic low-grade inflammation. Further,
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while NOX1 offered no protection against pathological changes induced
by low-grade inflammation, analyses of inflammation-associated genes
indicated a trend for enhanced inflammation in NOX1-deficient mice
which was further supported by the increment of LCN2. We therefore
propose that NOX1-dependent ROS/RNS have a role in shaping the
colonic microbiota, with potential beneficial consequences for intestinal
health.
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Fig. S1. Rarefaction curves for number of observed species (OTUs) in (A,C) feces and (B,D) colon
tissue from WT and NOX1 KO mice with or without 1 % DSS treatment (6 days). (A,B) Shows
individual samples while (C,D) shows group mean + SD for each experimental group for each
sequencing depth (10, 659, 1308, 1957, 2606, 3255, 3904, 4553, 5202, 5851 and 6500 sequences per
sample). n=9-10 per group. The number of observed species for each sequencing depth is the mean of
ten rarefaction iterations. OTU, operational taxonomic unit; WT, wild type; NOX1, NADPH oxidase
1; KO, knockout; DSS, dextran sulfate sodium.



>

110+
—_ 12_
s a p<0.0001*
[ a,b
o 100 ) T 104
§ b &3 10 a a
£ 90- 5 8 :EE: 2 d
ey c -1 u
S -~ no DSS & =2 %=
g = 0.5%DSS e o
2z 809 +« 1%DSS 3 67 ata oy
2 -+ 29%DSS
@ % ;ﬁ
70 T T T 1 4 T T T T
0 2 4 6 8 & oéo $ o""%
Day (+] o\ o\ o\o
T e N A
p-value (DSS dose) < 0.0001* Q

p-value (Day) < 0.0001*
p-value (Day * DSS dose) < 0.0001*
p-value (Subject) = 0.1010

Fig. S2. Disease evaluation of WT mice treated with 0 (no DSS), 0.5, 1, or 2 % DSS for eight days. (A)
Change in body weight (%) for day 2, 4, 6, and 8. P-values from repeated measures 2-way ANOVA
(main effect of DSS dose, day, the interaction effects between day and DSS dose, and the subject effect).
Characters (“a”, “b”, “c”) indicate significant differences between DSS doses within each day with
Tukey correction for multiple comparisons. (B) Colon length (cm) at termination (day 8). P-value from
1-way ANOVA. Characters (“a”, “b”) indicate significant differences between DSS doses, with Tukey
correction for multiple comparisons. (A,B) Horizontal lines and whiskers are group mean = SEM. n=6

per group. WT, wild type. DSS, dextran sulfate sodium. *p<0.05.
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Fig. S3. mRNA expression of inflammation- and ROS-related genes in WT mice treated with 0 (no
DSS), 0.5, 1, or 2 % DSS for eight days. Fold change in mucosa from the proximal colon. (A) Tumor
necrosis factor alpha (Tnfa), (B) prostaglandin-endoperoxide synthase 2 (Ptgs2), (C) interleukin 6 (116),
(D) interleukin 1 beta (I/1b), (E) lipocalin 2 (Lcn2), (F) cytochrome b-245 (Nox2), (G) dual oxidase 2
(Duox2), (H) inducible nitric oxide synthase 2 (iNOS), and (I) NADPH oxidase 1 (NoxI). Data from
each mouse was normalized by dividing by the mean expression of the group with no DSS treatment.
P-values from 1-way ANOVA on log10-transformed data. Characters (“a”, “b”, “c”) indicate significant
differences between DSS doses, with Tukey correction for multiple comparisons. Horizontal lines and
whiskers are geometric group mean x/+ geometric SD factor. n=4-6 per group. (B) One extreme value
was excluded from statistical analysis (dotted circles). When included, the DSS effect was significant
(P<0.0001) but letters “a, a, b, ¢” would be exchanged for “a, a, b, b”. For this model however, the

assumption of normality was violated. WT, wild type. DSS, dextran sulfate sodium. *p<0.05.
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Fig. S4. Disease evaluation of WT and NOX1 KO mice with or without 1% DSS treatment (6 days).
(A) Change in body weight (%) measured on day 0, 2, 4 and 6. P-values from repeated measures 3-way
ANOVA (main effect of day, treatment and genotype, the interaction effects). Symbols and whiskers
are group mean + SEM. n=9-10 per group. (B) Colon length (cm) at termination (day 6). P-values from
2-way ANOVA (main effect of treatment (t; no DSS versus 1 % DSS) and genotype (g; WT versus
NOX1 KO), and interaction effect (txg)). Horizontal lines and whiskers are group mean + SEM. n=9-
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Fig. S5. Bacterial B-diversity between WT and NOX1 KO mice with or without 1% DSS treatment (6
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Fig. S6. Relative abundance (%) of bacterial phyla
in (A-E) feces and (F-J) and colon tissue from WT
and NOX1 KO mice with or without 1 % DSS
treatment (6 days). Only phyla with average relative
abundance above 1 % in at least one group is
presented. n=9-10 per group. (A,F) Firmicutes,
(B,G) Bacteroidetes, (C,H) Tenericutes, (D,I)

Verrucomicrobia, (E,))

(A,B,C.E,F,G,H,J) P-values from 2-way ANOVA

and Proteobacteria.
(main effect of treatment (t; no DSS versus 1 %
DSS) and genotype (g; WT versus NOX1 KO), and
interaction effect (txg)). In cases of significant
interaction, p-values for simple main effects from
post-hoc tests with Bonferroni correction for
multiple comparisons are presented. In cases where
2-way ANOVA could not be performed due to
heteroskedasticity and/or violation of normality
assumption alternative tests were used within the
two treatment groups: (D, no DSS) Fisher’s exact
test, (D, DSS) t-test, and (I) Mann-Whitney U test.
(C,H,J) Statistical analyses were performed on
loglO-transformed data. Horizontal lines and
whiskers are geometric group mean Xx/+ geometric
SD factor. (A,B,D,E,F,G,I) Horizontal lines and
whiskers are group mean + SEM. WT, wild type;
NOX1, NADPH oxidase 1; KO, knockout; DSS,

dextran sulfate sodium. *p<0.05.
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Fig. S7. LEfSe results from comparison of the relative abundance of bacterial taxa in (A) feces and (B)
colon tissue between WT and NOX1 KO mice without 1 % DSS treatment. Higher LDA score (longer
horizontal bar) indicate more significantly differentiated abundance between the two groups. Bacterial
taxa next to blue bars had higher abundance in WT than in NOX1 KO mice, while bacterial taxa next
to yellow bars had higher abundance in NOX1 KO than in WT mice. n=9-10 per group. LDA, linear
discriminant analysis; LEfSe, LDA effect size; WT, wild type; NOX1, NADPH oxidase 1; KO,

knockout; DSS, dextran sulfate sodium.
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Fig. S8. LEfSe results from comparison of the relative abundance of bacterial taxa in (A) feces and (B)
colon tissue between WT and NOX1 KO mice with 1 % DSS treatment (6 days). Higher LDA score
(longer horizontal bar) indicate more significantly differentiated abundance between the two groups.
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linear discriminant analysis; LEfSe, LDA effect size; WT, wild type; NOX1, NADPH oxidase 1; KO,
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Fig. S9. LEfSe results from comparison of the relative abundance of bacterial taxa in (A) feces and (B)
colon tissue between WT mice with or without 1 % DSS treatment (6 days). Higher LDA score (longer
horizontal bar) indicate more significantly differentiated abundance between the two groups. Bacterial
taxa next to light blue bars had higher abundance untreated than in DSS-treated mice, while bacterial
taxa next to dark blue bars had higher abundance in DSS-treated than in untreated mice. n=9-10 per
group. LDA, linear discriminant analysis; LEfSe, LDA effect size; WT, wild type; NOX1, NADPH

oxidase 1; KO, knockout; DSS, dextran sulfate sodium.
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Fig. S10. LEfSe results from comparison of the relative abundance of bacterial taxa in (A) feces and
(B) colon tissue between NOX1 KO mice with or without 1 % DSS treatment (6 days). Higher LDA
score (longer horizontal bar) indicate more significantly differentiated abundance between the two
groups. Bacterial taxa next to yellow bars had higher abundance untreated than in DSS-treated mice,
while bacterial taxa next to orange bars had higher abundance in DSS-treated than in untreated mice.
n=9-10 per group. LDA, linear discriminant analysis; LEfSe, LDA effect size; WT, wild type; NOX1,
NADPH oxidase 1; KO, knockout; DSS, dextran sulfate sodium.
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Fig. S11. Relative abundance (%) of low abundant bacterial genera in feces and colon tissue from WT
and NOX1 KO mice with or without 1 % DSS treatment (6 days). (A) Ruminiclostridiuml, (B)
Peptococcus, (C) [Eubacterium]brachygroup, (D) [ Eubacterium]xylanophilumgroup, (E) Candidatus
Saccharimonas, (F) RuminococcaceaeNK4A214group, (G) RuminococcaceaeUCG-009, (H)
RuminococcaceaeUCG-013, and (I) Tyzzerella. The presented genera are the ones that were found to
have differentiated abundance between WT and NOX1 KO mice in feces and/or colon tissue through
LEfSe analysis (comparison of genotypes (WT, NOX1 KO) within each treatment (no DSS, 1 % DSS),
and between treatments within each genotype), and that had average relative abundance below 0.1 %
in both feces and colon tissue. n=9-10 per group. WT, wild type; NOX1, NADPH oxidase 1; KO,
knockout; DSS, dextran sulfate sodium; LDA, linear discriminant analysis; LEfSe, LDA effect size.

*Indicates the LEfSe-identified significant comparisons.



Table S1. Primers used for genotyping of NOX1 knockout mice. NOX1, NADPH oxidase 1.

Primer name Sequence 5' --> 3'

Mutant Reverse CGAGCGCTCTGAAGTTCCT
Common TAGCTGCCATGGAACTGAG
Wild type Reverse TTGCAGTTGTTGGGTGATCT

Table S2. ZRF cocktail used to anesthetize mice by intraperitoneal injection.

Product Active substance Dosage of active substance
o . Zolezepam 32 mg substance/kg mouse
Zoletil forte vet (Virbac) Tiletamin 32 mg substance/kg mouse
Rompun vet (Bayer Animal Health GmbH) Xylazine 4.5 mg substance/kg mouse
Fentadon vet (Eurovet) Fentanyl 26 pg substance/kg mouse

Table S3. Reaction mixture for cDNA synthesis using the iScript cDNA Synthesis kit (Bio-Rad).

Component Per reaction
5x iScript reaction mix 4L
iScript reverse transcriptase 1puL
Nuclease-free water 11 L
RNA template (200ng/uL) 4 uL
Table S4. Temperature program used for cDNA synthesis.
Operation Temperature (°C) Duration
Primer annealing 25 5 min
cDNA synthesis 42 30 min
cDNA synthesis termination 85 5 min
_ 4 o0

Table S5. Reaction mixture for qPCR.

Component Per reaction
HOT FirePol EvaGreen gPCR Supermix (Solis BioDyne) 2 uL
Forward primer (10 pmol/uL)* 0.2 uL
Reverse primer(10 pmol/uL)* 0.2 uL
Nuclease-free water 4.6 uL
cDNA template (8ng/uL) 3uL
* See Supplemental Table S7.
Table S6. Temperature program used for qPCR.
Operation Temperature (°C) Duration Cycles
Initial activation 95 12 min 1
Denaturation 95 15 sec
Annealing * 20 sec 40
Elongation 72 20 sec
Final elongation 72 7 min 1
95 1 min
Melting curve 45 1 min 1
60-90(+0.02/sec) 25 min

* See Supplemental Table S7.




Table S7. Primers (Solis BioDyne, Tartu, Estonia) used for quantitative real-time PCR and their

annealing temperature (Tm).

Gene Forward Primer Reverse Primer Tm (°C)
Gapdh CTTCAACAGCAACTCCCACTCTT GCCGTATTCATTGTCATACCAGG 60
Doux2 TGTGAATGACGGGTCCAAGT GGAGGCGAAGACGTACATGA 59
11b GCAGCTGGAGAGTGTGGAT AAACTCCACTTTGCTCTTGACTT 61
16 CGTGGAAATGAGAAAAGAGTTGT | AGTGCATCATCGTTGTTCATACA 61
iNOS GACATTACGACCCCTCCCAC ACTCTGAGGGCTGACACAAG 62
Lcen2 CACCACGGACTACAACCAG TGGTTCTTCCATACAGGGTAAT 59
Nox2 GGGAACTGGGCTGTGAATGA CAGTGCTGACCCAAGGAGTT 61
Pigs2 AATATCAGGTCATTGGTGGAGA TCTACCTGAGTGTCTTTGACTG 61
Tnfa CTGTCTACTGAACTTCGGGGTGAT | GGTCTGGGCCATAGAACTGATG 61
Noxl GTGATTACCAAGGTTGTCATGC AAGCCTCGCTTCCTCATCTG 64

Table S8. Reaction mixture for amplicon PCR during library preparation for gene sequencing of 16S

rRNA.
Component Per reaction
5x HOT FIREPol® Blend Master Mix Ready to Load (Solis BioDyne) SuL
Forward primer, PRK341F (1 uM)* 0.5uL
Reverse primer, PRK806R (1 uM)* 0.5uL
Nuclease-free water 18 uL
Template DNA (0.07-57 ng/uL*) 1uL

* Forward 5°- CCTACGGGRBGCASCAG-3’, reverse 5’- GGACTACYVGGGTATCTAAT-3"[1].

** Measured by Qubit.

Table S9. Temperature cycles used for amplicon PCR during library preparation for gene sequencing

of 16S rRNA.

Operation Temperature (°C) Duration Cycles
Initial activation 95 15 min 1
Denaturation 95 30 sec

Annealing 55 30 sec 25/30%
Elongation 72 45 sec

Final elongation 72 7 min 1

- 4 0 -

*25 for DNA samples from feces and 30 for DNA samples from colon tissue.

Table S10. Reaction mixture for index PCR during library preparation for gene sequencing of 16S

rRNA.
Component Per reaction
5x FIREPol® Master Mix Ready to Load (Solis BioDyne) SuL
Forward primer (1 uM)* SuL
Reverse primer (1 pM)* 5uL
Nuclease-free water 8 uL
Template DNA 2uL

* See Table S12.




Table S11. Temperature cycles used for index PCR during library preparation for gene sequencing of

16S rRNA.
Operation Temperature (°C) Duration Cycles
Initial activation 95 5 min 1
Denaturation 95 30 sec
Annealing 55 1 min 10
Elongation 72 45 sec
Final elongation 72 7 min 1
- 4 0 -

Table S12. Primers modified with Illumina adapters used for index PCR during library preparation for
gene sequencing of 16S rRNA [2]. Unique combination of forward and reverse primer was used for

each sample.

Primer name | Sequence, 5'-> 3' Target region/gene | Direction
z e oSt | 165 A Va-v4) | Forar
P e | 165 008A (VO [ Forvar
m e S | 165 RNA V2V | Forvard
z e T e
s e enhocascng o |65 ua vav) | Fovar
s e e L
" e meaca 1% | 165 RN (Va-v0) | Forvard
s a1 | 165 104A (V30 | Forvrd
Ri s geteteo s GOACTACYVOGOTATCTART | 165 TRNA (VI-V4) | Reverse
5 et b ™ | 165 RNA (VA-V0) | Rvee
R3 stpeetcepat e GOACTACY VGGOTATCTANT | 165 TRNA (V3-V4) | Reverse
s Oy | 165 RNA (VA-V0) | Revee
RS epeetcetattGOACTACY VGGOTATETAAT | 165 TRNA (V3-V4) | Reverse
ko e Ty ™ | 165 RNA (VA-V0) | Revene
R7 reipeenee e GOACTACY VOGO TATCTANT | 65 TRNA (VE-V4) | Reverse
ws ATy ot ay | 165 RA (V24 | Reves
RO speetcepteGOACTACY VGGGTATCTANT | 165 TRNA (V3-V4) | Reverse
R0 e arEaiay ™ | 165 RNA VAV | Revee
R oo ey ™ | 165 RNA (V) | Revene
R oy ™™ | 165RNA (V4) | Revene
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ABSTRACT

Background: A Western diet (WD) is associated with increased inflammation in the large intestine, which is often
ascribed to the high dietary fat content. Intestinal inflammation in rodents can be induced by oral administration of
dextran sodium sulfate (DSS). However, most studies investigating effects of WD and DSS have not used appropriate
low-fat diets (LFDs) as control.

Objectives: To compare the effects of a WD with those of an LFD on colon health in a DSS-induced low-grade colonic
inflammation mouse model.

Methods: Six-week-old male C57BL/6JRj mice were fed an LFD (fat = 10.3% energy, n = 24) or a WD (fat = 41.2%
energy, n = 24) for 15 wk [Experiment 1 (Exp.1)]. Half the mice on each diet (n = 12) then received 1% DSS in water for
6 d with the remainder (n = 12 in each diet) administered water. Disease activity, proinflammatory genes, inflammatory
biomarkers, and fecal microbiota (16S rRNA) were assessed (Exp.1). Follow-up experiments (Exp.2 and Exp.3) were
performed to investigate whether fat source (milk or lard; Exp.2) affected outcomes and whether a shift from LFD to
WD 1 d prior to 1% DSS exposure caused an immediate effect on DSS-induced inflammation (Exp.3).

Results: In Exp.1, 1% DSS treatment significantly increased disease score in the LFD group compared with the WD
group (2.7 compared with 0.8; P < 0.001). Higher concentrations of fecal lipocalin (11-fold; P < 0.001), proinflammatory
gene expression (<82-fold), and Proteobacteria were observed in LFD-fed mice compared with the WD group. The 2 fat
sources in WDs (Exp.2) revealed the same low inflammation in WD+DSS mice compared with LFD+DSS mice. Finally,
the switch from LFD to WD just before DSS exposure resulted in reduced colonic inflammation (Exp.3).
Conclusions: Herein, WDs (with milk or lard) protected mice against DSS-induced colonic inflammation compared
with LFD-fed mice. Whether fat intake induces protective mechanisms against DSS-mediated inflammation or inhibits

establishment of the DSS-induced colitis model is unclear. J Nutr2022;00:1-12.

Keywords: dextran sodium sulfate, gut inflammation, intestinal microbiota, low-fat diet, Western diet

Introduction

Western-type diets are characterized by a high content of satu-
rated fat, cholesterol, and refined sugars and are low in dietary
fiber. They are associated with inflammation, both systemically
and in the gastrointestinal tract (1-3). Although inflammation
generally constitutes a central process of the host’s innate
immune system, chronic inflammation can initiate pathological
conditions. Even a modest increase in inflammatory status
(low-grade inflammation) experienced over time, can drive the
development of many diseases such as metabolic syndrome,
obesity, nonalcoholic fatty liver disease, cardiovascular disease,
and cancer (4, 5).

In the gastrointestinal tract, a low-grade inflammation is
frequently present and defined as a state of higher inflammatory
tonus in mucosal tissue of both small intestine and colon, even

though not necessarily manifesting clear pathology (6). Low-
grade intestinal inflammation can lead to impaired gut barrier
integrity. This can result in leakage of bacterial endotoxins, such
as LPSs, as well as other metabolites, and can induce both local
and systemic responses (7). It has been shown in animal studies
that high-fat Western diets (WDs) can induce or exacerbate
intestinal inflammation (8). Specifically, ingestion of fat-rich
diets can increase the presence of LPSs systemically (9) and
diminish expression of genes related to tight junction proteins
in epithelial cells, thereby increasing intestinal permeability (10).
The gut microbiota is also affected by high-fat diets (HFDs) and
changes can promote an inflammatory status in the host (11).
Hallmarks of the effect of a WD on microbiota composition
in both humans and mice are decreased bacterial richness (12),
increased Firmicutes/Bacteroidetes ratio (13, 14), and higher
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abundance of Gram-negative bacteria (15), mainly belonging
to the Proteobacteria phylum. The low content of dietary fiber
in WD has been suggested to be a main driver of microbiota
changes with adverse effects on colon health (16, 17). However,
a high fat content per se is also suggested as being crucial for
the negative effects of a WD (18, 19).

Dextran sodium sulfate (DSS), a synthetic sulfated polysac-
charide, is widely used for inducing colitis in rodent models
because the induced pathogenesis resembles features of in-
flammatory bowel disease found in humans (20). DSS-induced
inflammation primarily affects the colon through a poorly
defined mechanism. DSS concentrations ranging from 2.5%
to 5%, either in drinking water or in food, are sufficient to
cause an inflamed gut in mouse models (21). Most studies have
demonstrated that HFDs, particularly those rich in saturated
fats, worsen the colonic effects of DSS, both in DSS-induced
colitis mouse models and in cancer models where DSS is
combined with the carcinogen azoxymethane (AOM) (22—
26). In a study by Lee and coworkers (27) HFD-fed mice
manifested aggravated experimental colitis compared with mice
following a standard fiber-rich, unpurified rodent diet after
DSS exposure. This was shown by more severe histological
changes in the colon, decrease of goblet cells, disruption of gut
barrier, and alterations of intestinal microbiota. Benninghoff
et al. (28) showed that AOM/DSS-induced colorectal cancer
was exacerbated with a diet that mimicked an extreme version
of a WD (reduced amounts of micronutrients in addition to
high concentrations of fat and refined sugar). However, when
the same diet was used, but with micronutrients matched to
the control diet, they observed no differences in tumorigenesis
or inflammation when compared with a low-fat control
diet. Therefore, the effect of an HFD on induced colonic
inflammation is not fully clear.

Previous studies reporting effects of WD or HFD on
inflammation in mice have used high doses of DSS (2-5%)
to induce inflammation (24, 29, 30). However, others have
demonstrated that a lower concentration of DSS (1% DSS)
results in a subclinical inflammatory state with few or no visible
signs of intestinal damage and with a moderate induction of
proinflammatory genes (31, 32). This is relevant for a number
of clinical conditions including inflammatory bowel disease
when in remission (33) and irritable bowel syndrome (34).
In addition to using high concentrations of DSS, most other
studies have also used low-fat control diets, which were poorly
matched with regard to fiber content (23, 35, 36). In standard
rodent maintenance diet (unpurified diet), commonly used as
control, fiber content is higher and more diverse than synthetic
experimental rodent diets high in fat. In our experiments, we
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used a low-fat control diet with fiber content equal to the WD
(7% cellulose).

Previous studies investigating the relative effects on colonic
inflammation of HFDs compared with low-fat diets (LFDs)
have provided inconsistent results. The aim in this study was
therefore to conduct a series of experiments to elucidate whether
a high-fat WD impacted more adversely colonic inflammation
compared with a properly controlled LFD. We hypothesized
initially that a WD would exacerbate colonic inflammation
more than an LFD. We further hypothesized that both fat source
and timing of the high-fat feeding in relation to DSS treatment
would influence the outcome.

Methods

Animals and diets

Experiment 1.

Six-week-old male C57BL/6JRj mice (n = 48) were purchased from
JANVIER LABS and housed in ventilated cages (4 mice per cage)
under controlled conditions (12-h light-dark cycle; 25 + 2°C; 45—
55% humidity). After 2 wk of acclimatization with a regular mouse
maintenance diet (7.4 % fat, 75.1% carbohydrate, 17.5% protein; RM1;
Special Diets Services), mice were randomly allocated to 4 experimental
groups in a 2 x 2 factorial design (7 = 12 for each group): 1) LFD,
2) LFD+DSS, 3) WD, and 4) WD+DSS. The experimental diets were
purchased from Research Diets: an LFD (D1404270, 10.3% energy
from milk fat) and a WD (D12079B, 41.2% of total energy from milk
fat). The diets were matched in terms of protein (casein 15.2% of
energy), fiber (7% cellulose), and micronutrients. The difference apart
from fat content was that the carbohydrate content (74.5% of energy)
in the LFD was primarily maltodextrin and corn starch. Corn starch
was partially replaced by sucrose as the main carbohydrate source in
the WD. Also, 1.5 g/kg cholesterol was added to the WD but not in
the LFD. Combined with naturally occurring cholesterol in milk fat, the
WD contained ~2 g/kg (0.2%) cholesterol. Detailed description of the
diets is found in Supplemental Table 1. After 15 wk on a WD or LFD,
24 mice (groups 2 and 4) received 1% DSS in their drinking water for
6 d whereas the rest received water.

Experiment 2.

To test the effects of 2 different types of fat in WD (milk and lard),
32 mice were allocated to the following groups (n = 8); 1) LFD, 2)
LFD+DSS, 3) WD ik far +DSS and 4) WDy, f, +DSS. Housing and
acclimatization conditions for both Experiment 2 (Exp.2) and Exp.3
were the same as in Exp.1 mentioned above.The feeding trial lasted for
6 wk and then 1% DSS was introduced in the drinking water of groups
2-4 for 6 d. The first 2 groups were used as controls to determine
whether the results from Exp.1 could be reproduced. Both WDs (milk-
or lard-based) were purchased from Research Diets (Cat no: D12079B)
and had the same energy content in all macronutrients including milk
fat and lard fat (41.2%). The fatty acid profiles in the 2 types of fat are
presented in Supplemental Table 2.

Experiment 3.

To investigate whether the effect of DSS on intestinal health was directly
affected by a WD, 18 mice were allocated to 3 groups (n = 6)—2 LFD
groups and 1 WD group—for 4 wk of feeding. One day before 1% DSS
treatment, 1 of the LFD groups was switched to the WD.

All DSS groups were supplied with freshly made 1% DSS in
water every second day for 6 d. Animal welfare was evaluated every
second day and scored for disease activity according to a score sheet
(Supplemental Table 3). Food and water were supplied ad libitum. Body
weights and food consumption were recorded once per week.

Experimental procedures were approved by the Norwegian Animal
Research Authority (Mattilsynet, FOTS ID 14805) in accordance with
the guidelines and recommendations of the Federation of European
Laboratory Animal Science Associations.
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Sampling

Samples were collected on day 6 of DSS exposure. Initially, whole blood
was collected by cardiac puncture following anesthesia by a cocktail of
Zoletil Forte (Virbac), Rompun (Bayer), and Fentadon (Eurovet Animal
Health) (ZRF; intraperitoneally 0.1 mL ZRF/10 g body weight), with
the following active ingredients: zolezepam (32 mg/kg), tiletamine
(32 mg/kg), xylazine (4.5 mg/kg), and fentanyl (26 png/kg). Blood (0.5-
1 mL) was drawn into tubes containing ~50 uL. NaEDTA (50 mM) as
anticoagulant and mice were then killed by cervical dislocation. Blood
was centrifuged (6000 x g, 10 min, 4°C) to obtain plasma. Colon
mucosa was collected by opening the colon longitudinally and kept in
RNAlater (Sigma-Aldrich). Fecal pellets were collected from the colon.
All samples were stored at -80°C. Due to failure of collecting and
processing some of the samples, the number of data points differed
occasionally between groups.

Epithelial barrier permeability

Barrier permeability was measured by using fluorescein isothiocyanate
dextran [FITC dextran, 4 kDa (FD4); Sigma-Aldrich), according to
Johnson et al. (37). In brief, mice on termination day (Exp.1) were
fasted for 4 h before 600 mg/kg FD4 was orally administered. Whole
blood was collected by cardiac puncture ~3 h post FD4 administration.
Plasma was obtained as described above and diluted 1:5 in PBS. FITC
dextran was determined by fluorescence-spectroscopy (Synergy H4
Hybrid microplate reader, BioTek instruments; 490 nm £,/520 nm gy, ).
FITC dextran concentration was calculated using a standard curve
based on 5 points of serial dilutions of FITC dextran in control plasma.

RNA extraction and qRT-PCR
RNA from colonic mucosa samples was extracted with the NucleoSpin
RNA/Protein Purification kit (Macherye-Nagel). Because DSS reduces
efficiency of both reverse transcriptase and PCR reactions (38, 39), all
colon RNA samples were purified using lithium chloride according to
Viennois et al. (39).

c¢DNA synthesis from RNA was performed (Supplemental Tables 4
and 5) using iScript cDNA Synthesis Kit (1708891, Bio-Rad), whereas
FirePol EvaGreen qPCR Supermix (08-36-00001, Solis BioDyne) was
used for the qRT-PCR reaction in a Light Cycler 480 Instrument II
(Roche). The parameter settings were: 12 min at 95°C; 40 cycles of
15 s at 95°C followed by 20 s at optimized primer annealing
temperature; 20 s at 72°C. LinRegPCR Software (2017.1.0.0) was
used to calculate quantification cycle values and primer efficiency (40).
Primers used for mRNA expression (Thermo Fisher Scientific) are
presented in Supplemental Table 6.

Lipocalin-2 measurement

Mouse Lipocalin-2/NGAL DuoSet ELISA (R&D systems) was used for
measuring lipocalin-2 protein (LCN2) from fecal samples collected on
day 6 of DSS exposure based on a protocol described earlier (32). Briefly,
fecal suspensions were made by vortexing fecal samples (20 min) in PBS
containing 0.1% Tween 20 (100 mg feces in 1 mL buffer). Suspensions
were centrifuged (13,500 x g, 10 min, 4°C) and supernatants were
collected and subjected to analysis. Samples were diluted 20 times
(untreated mice) and 20,000 times (DSS-treated). Optical density
at 450 nm was determined with a spectrophotometer (SpectraMax
M2; Molecular Devices). LCN2 concentration was estimated from a
standard curve using 4-parameter logistic curve fit.

Lipopolysaccharide binding protein measurement

Lipopolysaccharide binding protein (LBP) in plasma was measured with
an ELISA assay according to the manufacturer (Biometec). Plasma was
obtained at day 6 (termination day). Plasma samples from control mice
were diluted 800 times, whereas samples from 1% DSS-treated mice
were diluted ~1500 times. The concentration was measured by optical
density as described for Lipocalin-2/NGAL measurements above.

16S rRNA gene sequencing
The workflow has been described previously (41). Briefly fecal pellets
were placed in 400 xL S.T.A.R buffer (Roche) containing glass beads

(Sigma-Aldrich). Samples were processed by FastPrep 96 (1800 rpm,
40 s, 5 min cooling step in between; MP BioMedicals) to lyse cells
and centrifuged (15,900 x g, 10 min, 21°C). Supernatants were treated
with protease using the Mag Mini LGC kit (LGC Genomics), and
KingFisher Flex DNA extraction robot (Thermo Fisher Scientific) for
DNA extraction. Because DSS has an inhibitory effect on PCR (39),
extracted DNA from fecal samples was diluted 1:4 prior to amplicon
PCR (total dilution of 1:100 in the PCR reaction).

After DNA extraction, the 16S rRNA gene was amplified by PCR
(“amplicon PCR”) using prokaryote-targeting primers specific for the
variable region of V3-V4 of the 16S rRNA gene (25 cycles) (42). Primer
sequences and PCR conditions are listed in Supplemental Tables 7 and
8. PCR product was purified with AMPure XP (Beckman-Coulter) and
10 further PCR cycles (“index PCR”) were performed (Supplemental
Tables 9 and 10) resulting in PCR product of ~594 bp. The sequences
of primers in index PCR are shown in Supplemental Table 11. All
PCR products were qualitatively confirmed by electrophoresis on a
1.5% agarose gel. Quantification of DNA concentrations of index PCR
products, and normalization and pooling of these index PCR products
were followed by purification of the pooled library with Sera Mag
Beads by following the AMPure XP protocol. The pooled library was
diluted to 6 pM and sequenced with the MiSeq Reagent Kit V3 (cat.
no. MS-102-3003) on the lllumina MiSeq following Illumina’s protocol,
generating 300-bp paired-end reads that were further paired-end joined
and split into their respective samples, quality-filtered using QIIME
(Quantitative Insights Into Microbial Ecology) (43), and clustered with
97% identity and higher using the closed-reference usearch algorithm
(version 8) (44, 45) against the SILVA database (version 128) (46). To
normalize (rarefy) the sequencing data, 6500 sequences per sample were
chosen as a cut-off.

Statistics

Statistical analyses were performed using GraphPad Prism (version
8.3.1 for Windows; GraphPad Software). Data are presented as
individual values with group means + SEM. When necessary, data
were logyo-transformed to achieve stabilized variance and normality,
and geometric group mean with geometric SD was applied as the best
way to express the center of distribution. Normal distribution was
tested using the Shapiro-Wilk normality test. Using the Brown—Forsythe
test, following normality testing and possible transformation, it was
investigated whether the variation (SD) within the groups (homogeneity
of variance) was significantly different. Based on whether normal
distribution was achieved or not, parametric and nonparametric models
were used respectively. P values < 0.05 were considered significant.

In Exp.1, prior to DSS treatment, body weight change and food
intake were analyzed by the mixed effects model. In the case of
significant interaction (time x diet), data were analyzed for simple
main effect of diet within each time point with Bonferroni correction
for multiple comparisons. During DSS exposure, body weight changes
(Exp.1, Exp.2, and Exp.3) and disease activity index (DAI) (Exp.1)
were analyzed using repeated measures 2-factor ANOVA with Geisser—
Greenhouse correction. In case of significant interactions (time x diet)
we assessed simple main effect of diet for each time point using
Tukey or Bonferroni correction for multiple comparisons. Comparisons
of untreated and DSS-treated groups were analyzed using 2-factor
ANOVA (effects of diet and treatment). When interactions (treatment
x diet) were significant we compared all groups with Bonferroni
correction for multiple comparisons. If assumptions for ANOVA were
not met, comparisons were performed using another suitable approach
as specified in figure legends (unpaired ¢ test with Welch correction
or Mann-Whitney test). Also, in Exp.1 outliers identified by the Rout
method, Q = 1% were excluded. In Exp.2 and Exp.3, 1-factor ANOVA
was used for the DSS groups followed by Tukey post hoc analysis for
the expression of inflammatory genes. Untreated LFD-fed mice in Exp.2
were not included in the statistical analysis.

Analysis of B diversity was conducted in R (version 4.0.0).
Weighted UniFrac distances were calculated using QIIME default scripts
(core_diversity_analyses.py) and are based on the normalized (rarefied)
OUT table. Nonmetric multidimensional scaling of weighted UniFrac
distances was performed using the metaMDS function from the vegan
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FIGURE 1 Body weight development and food intake during 15 wk prior to 1% DSS exposure (A, B). Change in body weight (%) measured
on days 0, 2, 4, and 6 following start of 1% DSS exposure (C). DAI score for mouse welfare during 1% DSS treatment (D). Colon length from
LFD-fed and WD-fed mice with or without 1% DSS (E). Values are means £+ SEM (n = 12). For panels A, C, and D: *significantly different from
LFD at that time, P < 0.05. DA, disease activity index; DSS, dextran sodium sulfate; LFD, low-fat diet; WD, Western diet.

package (47) with autotransform = FALSE and try = 100. Global
permutational multivariate analysis of variance (PERMANOVA) on
weighted UniFrac distances was performed using the adonis function
from the vegan package with 999 permutations. Pairwise PER-
MANOVA was performed by applying the pairwise.perm.manova
function from the RVAideMemoire package (48).

For linear discriminant analysis effect size (LEfSe), relative abun-
dances of taxa were used. Software is available at https://huttenhower.
sph.harvard.edu/galaxy, with linear discriminant analysis (LDA) score
set at 2.0 and P < 0.05.

Results

Exp.1

1% DSS induced a disease phenotype in LFD-fed mice.
After a feeding period of 15 wk and before administering
1% DSS, weight gain in WD-fed mice was significantly
higher compared with LFD-fed mice (Figure 1A). Weight gain
corroborated with an increased energy intake in the WD
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group compared with LFD-fed mice (11.7 compared with 10.2
kcal/mouse/d; P < 0.01) (Figure 1B).

After 6 d of DSS treatment LFD mice experienced an
average 8% weight loss whereas WD-fed mice showed no
change in body weight (Figure 1C). In addition, LFD mice had
a significantly higher DAI score than WD mice from day 4
after DSS exposure (Figure 1D). With regard to colon length,
LFD+DSS caused shorter colons compared with WD+DSS
treatment. Overall there was a significantly shorter colon length
due to both diet (P < 0.0001) and DSS (P < 0.0001) (Figure 1E).

Levels of proinflammatory cytokines and LCN2 were
increased in LFD-fed mice.

The expression of the inflammatory genes, tumor necrosis factor
alpha (Tnf-a), interleukin 1 beta (I/1b), interleukin 6 (I/6), and
prostaglandin-endoperoxide synthase 2 (Pzgs2), in the distal
colon was compared between the diet groups with and without
DSS treatment (Figure 2A-D). For all genes except Ptgs2 an
interaction effect was found between diet and treatment (P <
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FIGURE 2 Relative mRNA expression of tumor necrosis factor « (Tnf-a) (A), interleukin-1 beta (//7b) (B), interleukin 6 (//6) (C), prostaglandin-
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without a common letter differ, P < 0.05. DSS, dextran sodium sulfate; LCN, lipocalin; LFD, low-fat diet; WD, Western diet.

0.01). In untreated mice, no differences were found between
WD and LFD groups whereas DSS treatment led to a significant
upregulation of these genes in the LFD+DSS mice compared
with WD+DSS mice (P < 0.05). In WD-fed mice the expression
levels of the above mentioned genes were not affected
by DSS.

The same pattern of treatment x diet interaction was also
observed for nitric oxide synthase 2 (Nos2) (also known as
iNos) and NADPH oxidase 2 (Nox2), which was significantly
higher in LFD+DSS mice (P < 0.001) compared with WD+DSS
mice (Figure 2E,F). Finally we assessed the concentrations of
LCN2 in feces, a sensitive marker of colonic inflammation.
In both diet groups DSS treatment led to an increase of fecal
LCN2, but the effect was significantly higher (P < 0.001) in
LFD+DSS mice compared with WD+DSS mice (Figure 2G),

also suggesting an interaction between treatment and diet for
LCN2.

Gene expression for gut permeability was affected in
LFD-fed mice.

In addition to inflammatory related genes, expression of genes
related to gut barrier and pattern recognition receptors was
examined. DSS treatment led to a higher expression of toll-like
receptor 4 (Tlr4), zonula occludens-1 (Zo1), and nucleotide-
binding oligomerization domain 2 (Nod2) in the LFD mice
when compared with WD-fed animals (P < 0.001).

To investigate potential breach in the gut barrier, we assessed
concentrations of lipopolysaccharide-binding protein (LBP) in
plasma, which is an indicator of LPS leakage from the gut.
A significantly higher concentration of LBP was found in
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FIGURE 3 Concentration of LBP in plasma from LFD-fed and WD-fed mice with or without 1% DSS (A). FD4 in plasma 2 h after oral gavage
(B). Relative mRNA expression of toll-like receptor 4 (TIr4) (C), zonula occludens-1 (Zo7) (D), nucleotide-binding oligomerization domain 1 (Nod1)
(E), occludin (Ocln) (F), and nucleotide-binding oligomerization domain 1 (Nod2) (G) in mucosa from the proximal colon of LFD-fed and WD-fed
mice with or without 1% DSS. Values are means 4+ SEM (n = 7-12 apart from FD4 assay where n = 4). Labeled means without a common letter
differ, P < 0.05. DSS, dextran sodium sulfate; FD4, FITC (fluorescein isothiocyanate) dextran 4 kDa; LBF lipopolysaccharide binding protein; LFD,

low-fat diet; WD, Western diet.

LFD mice with DSS compared with WD mice with DSS
(Figure 3A). The permeability of the gut influenced by diet
and DSS, was further examined by assessment of plasma
FD4 in 4 randomly selected mice per diet. We observed that
DSS significantly increased plasma concentrations of FD4 (P
= 0.024), but found no difference between the diet groups
(Figure 3B).

When comparing untreated LFD and WD mice for Tlr4
and Zol mRNA abundance we observed that WD caused a
higher expression of both these genes compared with LFD mice
(P < 0.05) (Figure 3C,D). However, DSS treatment increased
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abundance of Tlr4 and Zo1 only in LFD mice (P < 0.001) and
not in WD mice. Expression levels of Nod1 and occludin (Ocln)
genes were marginally downregulated by DSS treatment (P <
0.05), but no differences were noted between the 2 diet groups
(Figure 3E,F).

DSS treatment caused a marked change in microbiota
composition of LFD-fed mice.

16S rRNA sequencing was performed on fecal pellets to
elucidate differential effects of diets and DSS treatment on
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microbiota. LFD+DSS mice had a lower « diversity (within-
sample diversity) compared with WD+DSS mice (P = 0.0006),
whereas in untreated mice, no significant difference was found
between the diet groups (Figure 4A).

B Diversity (between-sample diversity) showed significant
differences between groups (Figure 4B). The LFD control
group (untreated mice) was more diverse than the other
groups, whereas the LFD+DSS mice were more similar to
the WD control (untreated) and WD+DSS mice. The 5 most
abundant phyla (relative average abundance >0.5%) were
compared between all groups (Figure 4C). As illustrated
by the Firmicutes/Bacteroidetes ratio (Figure 4D), untreated
LFD-fed mice showed a higher abundance of the phy-
lum Bacteroidetes and lower abundance of Firmicutes than
untreated WD-fed mice. Notably untreated LFD-fed mice
had high abundance of Actinobacteria, which was hardly
detected in WD-fed mice. Abundance of Proteobacteria was
similar in LFD- and WD-fed mice. Following 1% DSS
administration, the abundance of Proteobacteria increased
in both groups compared with untreated mice and a slight
increase in Bacteroidetes and Verrucomicrobia was observed.
Firmicutes, however decreased in abundance after DSS ad-
ministration but with slightly higher levels in WD mice.
Actinobacteria phylum was almost eliminated in LFD+DSS
mice.

LEfSe analyses (49) for non—-DSS-treated and DSS-treated
animals (Figure 5A,B) showed that genera belonging to
the Proteobacteria phylum, such as Parasutterella and
Escherichia-Shigella, increased significantly (P < 0.05)
(Figure SC,D) and there was a striking reduction of the

genus Bifidobacterium (Figure SE) in LFD mice treated with
1% DSS.

Exp.2

WD reduced DSS inflammation regardless of fat source.
To investigate whether fat source was important for reducing
DSS-mediated inflammation we compared LFD+DSS mice with
WD+DSS mice where either milk fat or lard was used as the
fat source in the WD (Exp.2). The results revealed similar
protection against 1% DSS in both WD groups compared with
LFD+DSS, regardless of fat source. As in Exp.1, the LFD+DSS
mice showed the same pattern of weight loss (Figure 6A)
and strong upregulation of Tnf-a and Il1b gene expression
compared with WD-+DSS containing either milk fat or lard as
the fat source (Figure 6B,C).

Exp.3

WD rapidly attenuated DSS-mediated inflammation.

To test whether a WD offered an immediate “rescue effect”
independent of long-term WD feeding, a third experiment was
conducted (Exp.3). We here switched the diet from LFD to WD
1 d before applying DSS (LFD-WD+DSS) and compared this
group with 2 other groups that were kept on the same diet
from the start to the end of the experiment (WD-WD+DSS
and LFD-LFD+DSS). WD introduced to LFD mice just prior
to DSS treatment partially attenuated the DSS-mediated effects,
both with regard to change in body weight (Figure 6D)
and expression of Tnf-a and Il1b (Figure 6E.F). In line
with the outcomes from Exp.1 and Exp.2, LFD-LFD+DSS
mice experienced more weight loss and greater increase
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in proinflammatory genes compared with both WD groups
(P < 0.05).

Discussion

In the present study we investigated the effects of a WD on
colon health and microbiota composition with and without a
low-grade inflammation induced by 1% DSS. The main aim
was to compare the effects of a WD with an LFD in mice.
The 2 diets differed primarily in fat content and cholesterol.
The main findings were that WD-fed mice were markedly less
affected by DSS treatment compared with LFD-fed mice, which
displayed a significantly increased degree of inflammation and
had a microbiota composition deviating from that of non-DSS
LFD mice.

Based on numerous reports on the detrimental effects of
HFDs on intestinal health we initially hypothesized that WD
would intensify colonic inflammation induced by DSS when
compared with mice fed a LFD. It was therefore unexpected
that the WD-fed group was only weakly affected by the
DSS treatment whereas LFD mice were severely affected. This
was shown not only when assessed clinically but also by
using various inflammatory markers including proinflammatory

gene expression, biomarker in feces (LCN2), and barrier
integrity.

Our results hence contrast with most studies that have
investigated the impact of fat-rich diets on DSS-induced colitis,
which overall demonstrate that HFDs exacerbate DSS-induced
colitis (22, 24, 26). However, in most of these experiments
higher DSS concentrations were used and the results might
therefore not be directly comparable.

Moreover, most of the studies finding adverse effects of WDs
or HFDs, have used standard LFDs rich in dietary fiber as low-
fat controls (unpurified diets). Such diets are poorly matched
with the commonly used purified HFDs or WDs, which use
the metabolically inert cellulose as the fiber source. The high
diversity of fiber in unpurified diets, therefore, represents a
confounder when interpreting results regarding effects of WDs
or HFDs. Thus, it is possible that the adverse effect of WDs
or other HFDs seen in many studies could be the result of a
diet devoid of dietary fiber, which creates both a less diverse
bacterial composition and blooming of bacteria that weakens
the intestinal barrier (50) and not the high-fat content per se.
In a study by Miles et al. (51), mice fed an unpurified diet
were significantly more protected against DSS than mice fed a
synthetic LED.

Although our results contradict most studies investigating
the impact of a WD, Enos and coworkers (52) demonstrated

Western diet and gut inflammation in mice 9

2202 U2JBIN |0 UO Josn Jaxajoljqigsieysianiun sey sndwed NGNN Ad 9/¥8F19/1L0vAeXu/ul/E60 L 01 /10p/a[oie-00uBAPE/UljWOo"dNo-ojWapeoe/:sdRy Woly papeojumod



that mice fed a WD had significantly less tumor burden and
inflammation in an AOM/DSS model of colorectal cancer
compared with an LFD. The authors suggested that the
protection against inflammation in that model could be ascribed
to a higher content of mucin 2 (Muc2), which is the dominant
protein in the protective mucus layer, and thereby strengthens
the intestinal barrier . However, we did not find any difference
in Muc2 mRNA expression between LFD or WD mice (not
shown).

Despite a more severe clinical impact of DSS in LFD-fed
mice compared with WD, we found no differences in colonic
inflammation between the 2 groups that were not exposed to
DSS. However, WD-fed mice not exposed to DSS manifested
increased expressions of Zol and Tlr4, changes that could
potentially strengthen the gut barrier and integrity. Tlr4 is a
pathogen-recognition receptor and is important for eliciting
downstream responses that maintain gut homeostasis (53, 54).
Although permeability, as measured by FD4 leakage from gut to
the blood, was unchanged in the LFD compared with the WD
group, we cannot rule out that upregulation of Zo1 and Tlr4 are
beneficial responses induced by WD for creating a more robust
intestinal wall.

In terms of microbiota composition, we observed no differ-
ence in « diversity between LFD and WD in non-DSS-treated
mice, but did notice a substantial difference in community
structure (B diversity). In agreement with other studies (55,
56), we observed an increased Firmicutes/Bacteriodetes ratio
in WD-fed mice. Interestingly, we also found a strikingly
higher abundance of Bifidobacteria (phylum Actinobacteria)
in LFD-fed mice prior to DSS treatment, which has also been
reported by others (57). After DSS treatment, the abundance of
Bifidobacteria dramatically decreased. Both the initial high level
of Bifidobacteria and the sudden shift in abundance during DSS
treatment could be possible drivers of the inflammatory process
in the current experiment.

Bifidobacteria are generally considered beneficial com-
mensals and are exploited for probiotic purposes (58, 59).
Interestingly, a recent report found that supplementing mice
with Bifidobacteria could protect against DSS-induced colitis,
which argues against an unbeneficial effect of high pre-DSS
levels in the LFD mice (60). However, certain strains of
Bifidobacteria can promote intestinal inflammation through
T helper 17 cells in the lamina propria (61). In this study,
we did not detect any increase in other proinflammatory
markers in LFD compared with WD in non-DSS-treated
mice. Therefore, our results do not suggest that the higher
Bifidobacteria abundance in the LFD before DSS treatment
negatively influenced colitis development. Rather, we argue that
the sudden shift in the abundance of Bifidobacteria during DSS
treatment in the current study is a more likely explanation
for the colitis development. Considering that Bifidobacteria are
strict anaerobes, this genus is vulnerable to increased oxygen
content in the gut following DSS treatment (62). In line with
this argument, we found that expression of genes involved in
production of reactive oxygen species, Nox2 and Nos2, was
upregulated in LFD+DSS mice.

Proteobacteria phylum increased in abundance in LFD+DSS
mice compared with the WD+DSS mice. This is in agreement
with other studies showing that Proteobacteria can be an indica-
tor of an inflammatory phenotype with disease potential (63). In
the LFD+DSS mice we also noticed a significant rise of genera
belonging to the Proteobacteria such as Escherichia, Shigella,
and Parasutterella. These observations agree with a recent study,
where different doses of DSS (1%, 2%, 3%) increased the
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abundance of the family Enterobacteriaceae (which includes
Escherichia and Shigella) and depleted Bifidobacteria (64).

The mechanism of how DSS induces colitis is not entirely
known but it appears that DSS molecules disrupt the epithelial
layer resulting in increased colonic epithelial permeability (21).
Because DSS is a water-soluble, negatively charged sulfated
polysaccharide we speculate that a WD with its high-fat content
could create a hydrophobic layer on the intestinal surfaces
that interferes with DSS and thereby inhibits the inflammatory
action of DSS. To test whether WD had a direct effect on DSS,
we performed a follow-up experiment in LFD mice switching
the diet to WD just prior to DSS treatment. The WD given
concomitantly with the DSS treatment protected against the
DSS-induced colitis but the mice that were fed WD throughout
the whole experiment were more protected. To the best of our
knowledge we cannot find studies supporting that ingested fat
can interfere with or neutralize induction of inflammation due
to DSS. On the contrary, a study has shown that medium-
chain fatty acids can chemically interact with DSS but lead
to aggravated effects instead of a reduced colitis (65). There
could also be other factors that interfere with establishing the
DSS colitis. As suggested by Nell et al. (66) the induction of
DSS-induced colitis depends on different factors, such as mouse
strain, age, gender, body weight, lot number, molecular weight,
concentration, and duration of exposure. To test whether the
LFD mice had higher intake of DSS we also assessed water
consumption, but found no difference between WD and LFD
mice.

An alternative explanation for the observed effect of WDs
is the influence of cholesterol (0.2%), which was added to the
WD but not the LFD. Dietary cholesterol influences cholesterol
homeostasis and leads to increased secretion of both free
cholesterol and bile acids in the feces (67). Although we
did not measure bile acids in this study, we can assume
that concentrations of secondary bile acids in the colon
were increased, with a potential impact on both microbiota
composition and colonic health. Indeed concentrations of
secondary bile acids in feces correlated with exacerbated DSS-
induced colitis in mice (68), whereas in another study, secondary
bile acids protected against DSS-induced colitis (69). Hence,
based on the latter study we cannot rule out that cholesterol
can in fact mediate some of the anti-inflammatory effects we
observed.

In conclusion, our data demonstrate that a WD reduced DSS-
induced colonic outcomes compared with an LFD regardless
of whether the fat source was milk or lard. Although these
data are somewhat conflicting with the general consensus that a
WD adversely affects intestinal health, most previously reported
experiments on this subject have rarely used LFD controls
that match fiber content in the diet. Whether the protection
against DSS is caused by a potential positive contribution of
fat in WD or by other nutrients such as cholesterol should be
further investigated. It is also possible that the DSS colitis mouse
model, despite its popularity due to its rapidity, simplicity, and
controllability, is not optimal to investigate the effects of HFDs
on the development of colitis.

Acknowledgments

We thank Knut Rudi, Morten Nilsen, and Ida Ormaasen
for advice and lab facilities for microbiota sequencing, and
Lars Fredrik Moen, Silje Harvei, and Henriette Arnesen for
contributing with mouse experiments. Special thanks to Judith
Narvhus for correcting language and grammatical issues in the
manuscript.

2202 U2JBIN |0 UO Josn Jaxajoljqigsieysianiun sey sndwed NGNN Ad 9/¥8F19/1L0vAeXu/ul/E60 L 01 /10p/a[oie-00uBAPE/UljWOo"dNo-ojWapeoe/:sdRy Woly papeojumod



The authors’ responsibilities were as follows—DP and HC:

designed the study; DP, SDCdR, and HC: performed the
experiments; DP, SDCdR, and AMH: conducted the statistical
analysis; DP, HC, and SKB: interpreted the results; DP and HC:
wrote the manuscript; DP, SDCdR, and AMH: prepared the
figures for the manuscript; DP, HC, and SKB: supervised the
study; DP and HC: prepared the animal protocol; DP, HC, SKB,
SDCdR, and AMH: discussed the results and edited manuscript
drafts; DP and AMH: analyzed the 16S ribosomal RNA gene
profiling data; and all authors: read and approved the final
manuscript.

References

1.

18.

Poti JM, Duffey KJ, Popkin BM. The association of fast food
consumption with poor dietary outcomes and obesity among children:
is it the fast food or the remainder of the diet? Am ] Clin Nutr
2014;99(1):162-71.

. Medina-Remon A, Kirwan R, Lamuela-Raventos RM, Estruch R.

Dietary patterns and the risk of obesity, type 2 diabetes mellitus,
cardiovascular diseases, asthma, and neurodegenerative diseases. Crit
Rev Food Sci Nutr 2018;58(2):262-96.

. Liu TC, Kern JT, Jain U, Sonnek NM, Xiong S, Simpson KF,

VanDussen KL, Winkler ES, Haritunians T, Malique A, et al. Western
diet induces Paneth cell defects through microbiome alterations and
farnesoid X receptor and type I interferon activation. Cell Host Microbe
2021;29(6):988-1001.¢6.

. Minihane AM, Vinoy S, Russell WR, Baka A, Roche HM, Tuohy

KM, Teeling JL, Blaak EE, Fenech M, Vauzour D, et al. Low-grade
inflammation, diet composition and health: current research evidence
and its translation. Br ] Nutr 2015;114(7):999-1012.

. Christ A, Lauterbach M, Latz E. Western diet and the immune system:

an inflammatory connection. Immunity 2019;51(5):794-811.

. Chassaing B, Gewirtz AT. Gut microbiota, low-grade inflammation, and

metabolic syndrome. Toxicol Pathol 2014;42(1):49-53.

. Andre P, Laugerette F, Feart C. Metabolic endotoxemia: a potential

underlying mechanism of the relationship between dietary fat intake and
risk for cognitive impairments in humans? Nutrients 2019;11(8):1887.

. Pendyala S, Walker JM, Holt PR. A high-fat diet is associated

with endotoxemia that originates from the gut. Gastroenterology
2012;142(5):1100-1.€2.

. Cani PD, Amar J, Iglesias MA, Poggi M, Knauf C, Bastelica D, Neyrinck

AM, Fava F, Tuohy KM, Chabo C, et al. Metabolic endotoxemia
initiates obesity and insulin resistance. Diabetes 2007;56(7):1761-72.

. Cani PD, Bibiloni R, Knauf C, Waget A, Neyrinck AM, Delzenne NM,

Burcelin R. Changes in gut microbiota control metabolic endotoxemia-
induced inflammation in high-fat diet-induced obesity and diabetes in
mice. Diabetes 2008;57(6):1470-81.

. Tagliabue A, Elli M. The role of gut microbiota in human obesity:

recent findings and future perspectives. Nutr Metab Cardiovasc Dis
2013;23(3):160-8.

. Le Chatelier E, Nielsen T, Qin ], Prifti E, Hildebrand F, Falony G,

Almeida M, Arumugam M, Batto JM, Kennedy S, et al. Richness
of human gut microbiome correlates with metabolic markers. Nature
2013;500(7464):541-6.

. Ley RE, Turnbaugh PJ, Klein S, Gordon JI. Microbial ecology: human

gut microbes associated with obesity. Nature 2006;444(7122):1022-3.

. Ley RE, Backhed F, Turnbaugh P, Lozupone CA, Knight RD, Gordon

JI. Obesity alters gut microbial ecology. Proc Natl Acad Sci U S A
2005;102(31):11070-5.

. Rizzatti G, Lopetuso LR, Gibiino G, Binda C, Gasbarrini A.

Proteobacteria: a common factor in human diseases. Biomed Res Int
2017;2017:9351507.

. Kuo SM. The interplay between fiber and the intestinal microbiome in

the inflammatory response. Adv Nutr 2013;4(1):16-28.

. Sonnenburg ED, Sonnenburg JL. Starving our microbial self: the

deleterious consequences of a diet deficient in microbiota-accessible
carbohydrates. Cell Metab 2014;20(5):779-86.

Kennedy A, Martinez K, Chuang CC, LaPoint K, McIntosh M. Saturated
fatty acid-mediated inflammation and insulin resistance in adipose

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

tissue: mechanisms of action and implications. ] Nutr 2009;139(1):
1-4.

Lam YY, Ha CW, Hoffmann JM, Oscarsson J, Dinudom A, Mather TJ,
Cook DI, Hunt NH, Caterson ID, Holmes A], et al. Effects of dietary fat
profile on gut permeability and microbiota and their relationships with
metabolic changes in mice. Obesity 2015;23(7):1429-39.

Kiesler P, Fuss IJ, Strober W. Experimental models of inflammatory
bowel diseases. Cell Mol Gastroenterol Hepatol 2015;1(2):154-70.
Chassaing B, Aitken JD, Malleshappa M, Vijay-Kumar M. Dextran
sulfate sodium (DSS)-induced colitis in mice. Curr Protoc Immunol
2014;104(1):15.25.1-15.25.14.

Ma X, Torbenson M, Hamad AR, Soloski MJ, Li Z. High-fat diet
modulates non-CD1d-restricted natural killer T cells and regulatory
T cells in mouse colon and exacerbates experimental colitis. Clin Exp
Immunol 2008;151(1):130-8.

van der Logt EM, Blokzijl T, van der Meer R, Faber KN,
Dijkstra G. Westernized high-fat diet accelerates weight loss in
dextran sulfate sodium-induced colitis in mice, which is further
aggravated by supplementation of heme. ] Nutr Biochem 2013;24(6):
1159-65.

Cheng L, Jin H, Qiang Y, Wu S, Yan C, Han M, Xiao T, Yan N, An
H, Zhou X, et al. High fat diet exacerbates dextran sulfate sodium
induced colitis through disturbing mucosal dendritic cell homeostasis.
Int Immunopharmacol 2016;40:1-10.

‘Wunderlich CM, Ackermann PJ, Ostermann AL, Adams-Quack P, Vogt
MC, Tran ML, Nikolajev A, Waisman A, Garbers C, Theurich S,
et al. Obesity exacerbates colitis-associated cancer via IL-6-regulated
macrophage polarisation and CCL-20/CCR-6-mediated lymphocyte
recruitment. Nat. Commun 2018;9(1):1646.

Teixeira LG, Leonel AJ, Aguilar EC, Batista NV, Alves AC, Coimbra
CC, Ferreira AV, de Faria AM, Cara DC, Alvarez Leite JI. The
combination of high-fat diet-induced obesity and chronic ulcerative
colitis reciprocally exacerbates adipose tissue and colon inflammation.
Lipids Health Dis 2011;10(1):204.

Lee JC, Lee HY, Kim TK, Kim MS, Park YM, Kim J, Park K, Kweon MN,
Kim SH, Bae JW, et al. Obesogenic diet-induced gut barrier dysfunction
and pathobiont expansion aggravate experimental colitis. PLoS One
2017;12(11):e0187515.

Benninghoff AD, Hintze KJ, Monsanto SP, Rodriguez DM, Hunter AH,
Phatak S, Pestka JJ, Wettere AJV, Ward RE. Consumption of the total
Western diet promotes colitis and inflammation-associated colorectal
cancer in mice. Nutrients 2020;12(2):544.

Zhao D, Cai C, Chen Q, Jin S, Yang B, Li N. High-fat diet promotes DSS-
induced ulcerative colitis by downregulated FXR expression through
the TGFB pathway. Biomed Res Int 2020;2020:3516128.

Li X, Wei X, Sun Y, Du J, Li X, Xun Z, Li YC. High-fat diet promotes
experimental colitis by inducing oxidative stress in the colon. Am J
Physiol Gastrointest Liver Physiol 2019;317(4):G453-G62.

Suzuki R, Kohno H, Sugie S, Nakagama H, Tanaka T. Strain differences
in the susceptibility to azoxymethane and dextran sodium sulfate-
induced colon carcinogenesis in mice. Carcinogenesis 2005;27(1):
162-9.

Chassaing B, Srinivasan G, Delgado MA, Young AN, Gewirtz
AT, Vijay-Kumar M. Fecal lipocalin 2, a sensitive and broadly
dynamic non-invasive biomarker for intestinal inflammation. PLoS One
2012;7(9):e44328.

Moss AC. The meaning of low-grade inflammation in clinically
quiescent inflammatory bowel disease. Curr Opin Gastroenterol
2014;30(4):365-9.

Barbara G, Cremon C, Stanghellini V. Inflammatory bowel disease
and irritable bowel syndrome: similarities and differences. Curr Opin
Gastroenterol 2014;30(4):352-8.

Hasegawa Y, Chen SY, Sheng L, Jena PK, Kalanetra KM, Mills DA,
Wan YY, Slupsky CM. Long-term effects of western diet consumption
in male and female mice. Sci Rep 2020;10(1):14686.

Agus A, Denizot ], Thevenot J, Martinez-Medina M, Massier S,
Sauvanet P, Bernalier-Donadille A, Denis S, Hofman P, Bonnet R,
et al. Western diet induces a shift in microbiota composition enhancing
susceptibility to adherent-invasive E. coli infection and intestinal
inflammation. Sci Rep 2016;6(1):19032.

Johnson AM, Costanzo A, Gareau MG, Armando AM, Quehenberger
O, Jameson JM, Olefsky JM. High fat diet causes depletion of
intestinal eosinophils associated with intestinal permeability. PLoS One
2015;10(4):e012219S.

Western diet and gut inflammation in mice 11

2202 U2JBIN |0 UO Josn Jaxajoljqigsieysianiun sey sndwed NGNN Ad 9/¥8F19/1L0vAeXu/ul/E60 L 01 /10p/a[oie-00uBAPE/UljWOo"dNo-ojWapeoe/:sdRy Woly papeojumod



38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51,

52.

53.

12

Kerr TA, Ciorba MA, Matsumoto H, Davis VR, Luo J, Kennedy S, Xie
Y, Shaker A, Dieckgraefe BK, Davidson NO. Dextran sodium sulfate
inhibition of real-time polymerase chain reaction amplification: a poly-
A purification solution. Inflamm Bowel Dis 2012;18(2):344-8.
Viennois E, Chen F, Laroui H, Baker MT, Merlin D. Dextran
sodium sulfate inhibits the activities of both polymerase and
reverse transcriptase: lithium chloride purification, a rapid and
efficient technique to purify RNA. BMC Res Notes 2013;6(1):
360.

Ruijter JM, Ramakers C, Hoogaars WM, Karlen Y, Bakker O, van
den Hoff MJ, Moorman AF. Amplification efficiency: linking baseline
and bias in the analysis of quantitative PCR data. Nucleic Acids Res
2009;37(6):e45.

Avershina E, Lundgard K, Sekelja M, Dotterud C, Storre O, Qien T,
Johnsen R, Rudi K. Transition from infant- to adult-like gut microbiota.
Environ Microbiol 2016;18(7):2226-36.

Yu Y, Lee C, Kim ], Hwang S. Group-specific primer and probe
sets to detect methanogenic communities using quantitative real-
time polymerase chain reaction. Biotechnol Bioeng 2005;89(6):
670-9.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD,
Costello EK, Fierer N, Pena AG, Goodrich JK, Gordon JI, et al. QIIME
allows analysis of high-throughput community sequencing data. Nat
Methods 2010;7(5):335-6.

Edgar RC. Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 2010;26(19):2460-1.

Edgar RC. UPARSE: highly accurate OTU sequences from microbial
amplicon reads. Nat Methods 2013;10(10):996-8.

Pruesse E, Quast C, Knittel K, Fuchs BM, Ludwig W, Peplies ], Glockner
FO. SILVA: a comprehensive online resource for quality checked and
aligned ribosomal RNA sequence data compatible with ARB. Nucleic
Acids Res 2007;35(21):7188-96.

Oksanen ], Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn
D, Minchin PR, O’Hara RB, Simpson GL, Solymos P, et al.
vegan: community ecology package. R-package version 2.5-6. The R
Foundation; 2019.

Hervé M. RVAideMemoire: testing and plotting procedures for
biostatistics. R package version 0.9-78. The R Foundation; 2020.
Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS,
Huttenhower C. Metagenomic biomarker discovery and explanation.
Genome Biol 2011;12(6):R60.

Desai MS, Seekatz AM, Koropatkin NM, Kamada N, Hickey CA,
Wolter M, Pudlo NA, Kitamoto S, Terrapon N, Muller A, et al. A dietary
fiber-deprived gut microbiota degrades the colonic mucus barrier and
enhances pathogen susceptibility. Cell 2016;167(5):1339-53.

Miles JP, Zou J, Kumar MV, Pellizzon M, Ulman E, Ricci M, Gewirtz
AT, Chassaing B. Supplementation of low- and high-fat diets with
fermentable fiber exacerbates severity of DSS-induced acute colitis.
Inflamm Bowel Dis 2017;23(7):1133-43.

Enos RT, Velazquez KT, McClellan JL, Cranford TL, Nagarkatti M,
Nagarkatti PS, Davis JM, Murphy EA. High-fat diets rich in saturated
fat protect against azoxymethane/dextran sulfate sodium-induced colon
cancer. Am ] Physiol Gastrointest Liver Physiol 2016;310(11):G906—
G19.

Kramer B, Franca LM, Zhang Y, Paes AMA, Gerdes AM, Carrillo-
Sepulveda MA. Western diet triggers Toll-like receptor 4 signaling-
induced endothelial dysfunction in female Wistar rats. Am ] Physiol
Heart Circ Physiol 2018;315(6):H1735-H47.

Papoutsis et al.

54.

55.

56.

57.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Rivera CA, Gaskin L, Singer G, Houghton J, Allman M. Western diet
enhances hepatic inflammation in mice exposed to cecal ligation and
puncture. BMC Physiol 2010;10(1):20.

Clarke SF, Murphy EF, Nilaweera K, Ross PR, Shanahan F, O’Toole
PW, Cotter PD. The gut microbiota and its relationship to diet and
obesity: new insights. Gut Microbes 2012;3(3):186-202.

Kim SJ, Kim SE, Kim AR, Kang S, Park MY, Sung MK. Dietary fat intake
and age modulate the composition of the gut microbiota and colonic
inflammation in C57BL/6] mice. BMC Microbiol 2019;19(1):193.
Ang QY, Alexander M, Newman JC, Tian Y, Cai ], Upadhyay V,
Turnbaugh JA, Verdin E, Hall KD, Leibel RL, et al. Ketogenic diets
alter the gut microbiome resulting in decreased intestinal Th17 cells.
Cell 2020;181(6):1263-75.

. Picard C, Fioramonti J, Francois A, Robinson T, Neant F, Matuchansky

C. Review article: bifidobacteria as probiotic agents—physiological
effects and clinical benefits. Aliment Pharmacol Ther 2005;22(6):495—
512.

Di Giacinto C, Marinaro M, Sanchez M, Strober W, Boirivant
M. Probiotics ameliorate recurrent Thl-mediated murine colitis by
inducing IL-10 and IL-10-dependent TGF-beta-bearing regulatory cells.
J Immunol 2005;174(6):3237-46.

Singh S, Bhatia R, Khare P, Sharma S, Rajarammohan S, Bishnoi M,
Bhadada SK, Sharma SS, Kaur J, Kondepudi KK. Anti-inflammatory
Bifidobacterium strains prevent dextran sodium sulfate induced
colitis and associated gut microbial dysbiosis in mice. Sci Rep
2020;10(1):18597.

Derrien M, van Passel MW, van de Bovenkamp JH, Schipper RG, de Vos
WM, Dekker J. Mucin-bacterial interactions in the human oral cavity
and digestive tract. Gut Microbes 2010;1(4):254-68.

Ruiz L, Ruas-Madiedo P, Gueimonde M, de Los Reyes-Gavilan
CG, Margolles A, Sanchez B. How do bifidobacteria counteract
environmental challenges? Mechanisms involved and physiological
consequences. Genes Nutr 2011;6(3):307-18.

Shin NR, Whon TW, Bae JW. Proteobacteria: microbial signature of
dysbiosis in gut microbiota. Trends Biotechnol 2015;33(9):496-503.
Park H, Yeo S, Kang S, Huh CS. Longitudinal microbiome analysis in
a dextran sulfate sodium-induced colitis mouse model. Microorganisms
2021;9(2):370.

Laroui H, Ingersoll SA, Liu HC, Baker MT, Ayyadurai S, Charania
MA, Laroui F, Yan Y, Sitaraman SV, Merlin D. Dextran sodium sulfate
(DSS) induces colitis in mice by forming nano-lipocomplexes with
medium-chain-length fatty acids in the colon. PLoS One 2012;7(3):
€32084.

Nell S, Suerbaum S, Josenhans C. The impact of the microbiota on the
pathogenesis of IBD: lessons from mouse infection models. Nat Rev
Microbiol 2010;8(8):564-77.

Escola-Gil JC, Llaverias G, Julve ], Jauhiainen M, Méndez-Gonzélez J,
Blanco-Vaca F. The cholesterol content of Western diets plays a major
role in the paradoxical increase in high-density lipoprotein cholesterol
and upregulates the macrophage reverse cholesterol transport pathway.
Arterioscler Thromb Vasc Biol 2011;31(11):2493-99.

Stenman LK, Holma R, Forsgard R, Gylling H, Korpela R. Higher fecal
bile acid hydrophobicity is associated with exacerbation of dextran
sodium sulfate colitis in mice. ] Nutr 2013;143(11):1691-7.

Sinha SR, Haileselassie Y, Nguyen LP, Tropini C, Wang M, Becker LS,
Sim D, Jarr K, Spear ET, Singh G, et al. Dysbiosis-induced secondary bile
acid deficiency promotes intestinal inflammation. Cell Host Microbe
2020;27(4):659-70.e5.

2202 U2JBIN |0 UO Josn Jaxajoljqigsieysianiun sey sndwed NGNN Ad 9/¥8F19/1L0vAeXu/ul/E60 L 01 /10p/a[oie-00uBAPE/UljWOo"dNo-ojWapeoe/:sdRy Woly papeojumod



Online Supplementary Material for: “A high-fat Western diet attenuates intestinal changes

in mice with DSS-induced low-grade inflammation”

SUPPLEMENTARY TABLE 1
Compositions of experimental diets

Diets

Ingredients

Casein
DL-methionine
Corn starch
Maltodextrin 10
Sucrose

Milk fat, cow, anhydrous
Corn oil

Cellulose, BW200
Ethoxyquin

Mineral mix S10001
Calcium carbonate
Vitamin mix V10001
Choline bitartrate
Cholesterol

Total

Protein, %
Carbohydrate, %
Fat, %

kcal/g

LFD

195

695.38
150

42.5
10
70
0.04
35

4
10

2

0
1216.9
14.3
70.2
4.3
3.8

kcal
780
12
2780
600

320
90

0

0

0

0

40

0

0
4592.4
15.2
74.5
10.3

WD

195

50
100
341
200
10
70
0.04
35

4

10
2
1.5
1021.5
17.1
49
20.1
4.5

kcal
780
12
200
400
1364
1800
90

(=)

0

0

40

0

0
4592.4
15.2
43.6
41.2

LFD, low fat diet (D14042701, Research Diets); WD, Western diet (D12079B, Research Diets).



SUPPLEMENTARY TABLE 2
Fatty acid profile of fat sources.

Fat source Milk Lard
Ingredients g g
Butter, Anhydrous 200 0
Corn Oil 10 10
Lard 200
Total 210 210
Fatty Acid g g
C4, Butyric 6.4 0.0
C6, Caproic 3.8 0.0
C8, Caprylic 2.2 0.0
C10, Capric 5.0 0.1
C12, Lauric 5.6 0.2
C14, Myristic 20.0 2.3
C14:1, Myristoleic 3.0 0.0
C15, Pentadecanoic 0.0 0.2
C16, Palmitic 53.5 39.7
C16:1, Palmitoleic 4.6 2.7
C17, Heptadecanoic 0.0 0.7
C18, Stearic 24.4 214
C18:1, Oleic 52.7 68.2
C18:2, Linoleic 10.6 54.8
C18:3, Linolenic 2.9 2.8
C20, Arachidic 1.9 0.3
C20:1, Eicosenoic 0.0 1.2
C20:2, Eicosadienoic 0.0 1.6
C20:3, Dihomo-gamma-linolenic 0.0 0.3
C20:4, Arachidonic 0.0 0.6
C22:5, Docosapentaenoic 0.0 0.2
Total 196.6 197.3
Saturated 122.8 64.9
Monounsaturated 60.3 72.2
Polyunsaturated 13.6 60.2
% (wt: wt) % (wt: wt)
Saturated 62.4 32.9
Monounsaturated 30.7 36.6
Polyunsaturated 6.9 30.5

Wt, weight.



SUPPLEMANTARY TABLE 3
Criteria for DAI and scoring way for assessing during exposure to 1% DSS.

day 0 day 2 day 4 Termination (day 6)
Initial weight weight % change from start] weight % change from start weight % change from start

For weight

. . . ) 0=<5% weight loss
Score given regarding body weight loss: 1= 5-15% weight loss
5= 15-20% weight loss
10=> 20% weight loss

Activity level Hunched posture Stool quality
DAY 2 DAY 4 DAY 2 DAY 4 DAY 2 DAY 4
Animal 2
Animal 3
Animal 4
For activity, hunched posture, stool quality
Score given regarding mouse welfare: 0: normal symptoms

1: mild symptoms
3: severe symptoms



SUPPLEMENTARY TABLE 4

Reaction mixture for cDNA synthesis using the iScript cDNA Synthesis kit (Bio Rad).

Component Per reaction
5x iScript reaction mix 4uL
iScript reverse transcriptase 1uL
Nuclease-free water 11 uL
RNA template (200ng/uL) 4 uL
SUPPLEMENTARY TABLE 5
Temperature program used for cDNA synthesis.
Operation Temperature (°C) Duration
Primer annealing 25 5 min
cDNA synthesis 42 30 min
cDNA synthesis termination 85 5 min
- 4 0




SUPPLEMENTARY TABLE 6
Primer sequences for RT-qPCR and melting temperatures

Gene Forward Primer 5°-3° Reverse Primer 5°-3° Tm °C
Gapdh CTTCAACAGCAACTCCCACTCTT GCCGTATTCATTGTCATACCAGG 60
1l1b GCAGCTGGAGAGTGTGGAT AAACTCCACTTTGCTCTTGACTT 61
16 CGTGGAAATGAGAAAAGAGTTGT GCATCATCGTTGTTCATACA 61
Nodl TGACAGTAATCTGGCTGACC GTCTGGTTCACTCTCAGCAT 59
Nod2 GCAGAAACTAGCTCTCTTCAAC CGGCTGTGATGTGATTGTTC 61
Nos2 GACATTACGACCCCTCCCAC ACTCTGAGGGCTGACACAAG 62
Nox2 GGGAACTGGGCTGTGAATGA CAGTGCTGACCCAAGGAGTT 61
Ocln CTGTGAAAACCCGAAGAAAGATG GCAGACACATTTTTAACCCACTC 57
Ptgs2 AATATCAGGTCATTGGTGGAGA TCTACCTGAGTGTCTTTGACTG 61
Tir4 GATCTGAGCTTCAACCCCTT TGTTTCAATTTCACACCTGGA 61
Tnfa CTGTCTACTGAACTTCGGGGTGAT GGTCTGGGCCATAGAACTGATG 61
Zol GAGAAAGGTGAAACTCTGCTG ACGAGGAGTCGGATGATTTTAGA 59

Abbreviations: Gapdh, glyceraldehyde 3-phosphate dehydrogenase; 111b, interleukin-1 beta; 1i6,
interleukin 6; Nodl, nucleotide-binding oligomerization domain 1; Nod2, nucleotide-binding
oligomerization domain 2; Nos2, nitric oxide synthase 2; Nox2, NADPH oxidase 2; Ocln,

Occludin; Prgs2, prostaglandin endoperoxide synthase 2; Tlr4, toll like receptor 4; Tnfa, tumor

necrosis factor alpha; Zol, Zonula occludens 1.



SUPPLEMENTARY TABLE 7
Reaction mixture for amplicon PCR during library preparation for gene sequencing of 16S

rRNA.

Component Per reaction
5x HOT FIREPol® Blend Master Mix Ready to Load (Solis BioDyne) SuL
Forward primer, PRK341F (1 uM)* 0.5uL
Reverse primer, PRK806R (1 uM)* 0.5uL
Nuclease-free water 18 uL
Template DNA (0.003-2 ng/uL**) 1 uL

* Forward 5’- CCTACGGGRBGCASCAG-3’, reverse 5’- GGACTACYVGGGTATCTAAT-3’
** Measured by Qubit.

SUPPLEMENTARY TABLE 8
Temperature cycles for amplicon PCR during library preparation for gene sequencing of 16S

rRNA.

Operation Temperature (°C) Duration Cycles
Initial activation 95 15 min 1
Denaturation 95 30 sec
Annealing 55 30 sec 25
Elongation 72 45 sec
Final elongation 72 7 min 1
- 4 o -
SUPPLEMENTARY TABLE 9
Reaction mixture for index PCR during library preparation for gene sequencing of 16S rRNA.
Component Per reaction
5x FIREPol® Master Mix Ready to Load (Solis BioDyne) SuL
Forward primer (1 pM)* SuL
Reverse primer (1 uM)* SuL
Nuclease-free water 8 uL
Template DNA 2uL

* See Supplementary table 11



SUPPLEMENTARY TABLE 10
Temperature cycles for index PCR during library preparation for gene sequencing of 16S rRNA.

Operation Temperature (°C) Duration Cycles
Initial activation 95 5 min 1
Denaturation 95 30 sec

Annealing 55 1 min 10
Elongation 72 45 sec

Final elongation 72 7 min 1

- 4 0 -

SUPPLEMENTARY TABLE 11
Primers modified with [llumina adapters used for index PCR during library preparation for gene

sequencing of 16S rRNA. Unique combination of forward and reverse primer was used for each

sample.

Primer Target

name Sequence, 5' -> 3' region |Direction
F9 |aatgatacggcgaccaccgagatetacactetticectacacgacgetettecgatetgtttcgCCTACGGGRBGCASCAG (1\6]?_:1/{41\;A Forward
F1( |aatgatacggcgaccaccgagatctacactetiteectacacgacgcetettecgatetegtacgCCTACGGGRBGCASCAG :\(}ir\I}EA Forward
F11 |aatgatacggcgaccaccgagatctacactcttteectacacgacgetettecgatetgagtgg CCTACGGGRBGCASCAG (l\é,g_r\l}i\;A Forward
F12 |aatgatacggcgaccaccgagatetacactetitecctacacgacgetettecgatetggtagcCCTACGGGRBGCASCAG (132212\):/\ Forward
F13 |aatgatacggegaccaccgagatetacactetitecctacacgacgetettecgatetactgatCCTACGGGRBGCASCAG :S??EA Forward
F14 |aatgatacggcgaccaccgagatctacactettteectacacgacgetcttecgatctatgagcCCTACGGGRBGCASCAG :\f}ir\l}EA Forward
F15 |aatgatacggcgaccaccgagatctacactetiteectacacgacgetettecgatetattcct CCTACGGGRBGCASCAG :Si‘;‘,{EA Forward
F16 |aatgatacggcgaccaccgagatctacactetiteectacacgacgetettecgatetcaaaagCCTACGGGRBGCASCAG (l\(;ir\l}i\;A Forward
R25 |caagcagaagacggcatacgagatATCAGTgtgactggagticagacgtgtgctettecgatct GGACTACY VGGGTATCTAAT (1\6,2"\]2\)“\ Reverse
R26 |caagcagaagacggeatacgagatGCTCATgtgactggagticagacgtgtgetettcegatct GGACTACY VGGGTATCTAAT (132_:1}5)/\ Reverse
R27 |caagcagaagacggcatacgagatAGGAATgtgactggagticagacgtgtgctettccgatct GGACTACYVGGGTATCTAAT :\(;gr\llj\)!/\ Reverse
R28 |caagcagaagacggeatacgagatCTTTTGgtgactggagttcagacgtgtgetettecgatct GGACTACYVGGGTATCTAAT :Si_r\l}gA Reverse
R29 |caagcagaagacggcatacgagatTAGTTGgtgactggagticagacgtgtgctettcegatct GGACTACY VGGGTATCTAAT (132;1}:;/\ Reverse
R3() |caagcagaagacggeatacgagatCCGGTGgtgactggagticagacgtgtgetetteegatct GGACTACY VGGGTATCTAAT (1\6/?—\]/{1\)% Reverse
R31 |caagcagaagacggcatacgagatATCGTGgtgactggagttcagacgtgtgetettecgatct GGACTACY VGGGTATCTAAT (1\6/?1”\]/21\)!A Reverse
R32 |caagcagaagacggcatacgagatTGAGTGgtgactggagttcagacgtgtgctettecgatct GGACTACY VGGGTATCTAAT (1\6/§-r\l/{i\)!A Reverse
R33 |caagcagaagacggcatacgagatCGCCTGgtgactggagticagacgtgtgcteticcgatct GGACTACY VGGGTATCTAAT gsir\l}gA Reverse
R34 |caagcagaagacggcatacgagatGCCATGgtgactggagttcagacgtgtgctettcegatct GGACTACYVGGGTATCTAAT (1\6]2_;1}:)!/\ Reverse
R35 |caagcagaagacggeatacgagatAAAATGgtgactggagticagacgtgtgctettcegatct GGACTACY VGGGTATCTAAT :si_r\lﬁ\)!A Reverse
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Abstract

Rodent studies have shown that legumes can reduce chemical induced colonic inflamma-
tion, but the role of faba bean fractions for colon health has not been described. We have
investigated the role of protein and fiber fractions of faba beans for colonic health and micro-
biota composition in a low-grade inflammation mice-model when incorporated in a Western
diet (WD). The diet of sixty C57BL/6JR]j male mice was standardized to a WD (41% fat, 43%
carbohydrates) before were randomly assigned to four groups (n = 12) receiving either 1)
WD with 30% of the protein replaced with faba-bean proteins, 2) WD with 7% of the fiber
replaced with faba-bean fibers, 3) WD with protein and fiber fractions or 4) plain WD (n =
24). Low-grade inflammation was induced by 1% dextran sodium sulfate (DSS) given to
mice for the last six days of the trial. Half (n = 12) in group 4) were given only water (con-
trols). Prior to DSS, body weight, energy intake, glucose and insulin tolerance assays were
performed. Inflammatory status in the colon was assessed by biomarkers of inflammation
and gRT-PCR analyses of inflammatory related genes. Fecal microbiota composition was
assessed by 16S rRNA gene sequencing. 1% DSS treatment increased levels in fecal lipo-
calin-2 and induced disease activity index score, but the presence of faba bean fractions in
WD did not influence these indicators nor the expression level of inflammatory associated
genes. However, the mice that had faba-bean proteins had a lower amount of Proteobac-
teria compared the group on plain WD. The Actinobacteria abundance was also lower in the
group that had fiber fraction from faba-beans. Overall, outcomes indicated that in a low-
grade inflammation model, replacement of protein and or fiber in a WD with faba bean frac-
tions had marginal effects on inflammatory parameters and colonic microbiota.

Introduction

Legumes and pulses (the dry seed of the legume), which belong to the Fabaceae family, consti-
tute an inexpensive food source with high nutritional value, often attributed to their richness
in proteins (20-35%), dietary fibers and various phytochemicals such as polyphenols. The
World Health Organization has actively encouraged to include more legumes in the daily meal
due to their high nutritional value [1-3].
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Data from epidemiological studies have shown that legume consumption is positively associ-
ated with improved blood cholesterol profile [4], reduced risk of cardiovascular diseases [5, 6],
type-2 diabetes [6, 7], metabolic syndrome [8-10] and colorectal cancer [11, 12]. In addition,
feeding trials in rodents with different types of legumes have demonstrated a positive impact
against colonic inflammation, chemically induced by dextran sodium sulfate (DSS) [13-15].

The beneficial health effects of legumes are probably multicausal and it is unlikely that one
single nutrient is responsible. Dietary fibers, which increase the bulk of stool, maintain regular
bowel movements and are sources of short chain fatty acids from bacterial fermentation, can
prevent the advent of inflammation and several chronic diseases [16, 17]. Furthermore, plant
proteins are proposed to contribute more on overall health state than animal proteins [18].
According to some studies, high intake of animal proteins, particularly from red meat, is
linked to inflammatory bowel diseases (IBDs) [19], whereas the risk is lower with increased
consumption of plant proteins [20]. These positive indications may be related to differences in
amino acid profiles [21], or the presence of bioactive peptides arising during the digestion of
plant proteins [22, 23]. A mouse study with pea albumin extracts in the diet demonstrated
reduced inflammation and differences in microbiota composition after DSS treatment. The
authors suggested that these effects were attributed to certain bioactive protein components
called Bowman Birk inhibitors, present in peas and other legumes [24].

The presence of antinutrients in the legume protein package, such as lectins, saponins, and
enzyme inhibitors, may be responsible for adverse health effects and often constitutes a major
concern. However, through processing (soaking, cooking or other thermal treatments) the
concentration of antinutritional factors can be significantly reduced [25]. Moreover, the pres-
ence of antinutrients in moderate amounts help to reduce blood glucose, plasma cholesterol,
triglycerides an even reduce cancer risk [26-28].

Faba bean (Vicia faba L), which is also referred as broad bean, field bean and horse bean [29],
represents a popular dish mainly in Middle East and Mediterranean region [30]. Faba beans is the
fourth most cultivated legume after peas, chickpeas and lentils (FAOSTAT, 2019). Faba beans can
tolerate lower temperature [31], allowing growth in different climate zones, including the Nordic
countries [32]. Notably, not only levels of nutrients and antinutrients among various cultivars of
faba beans can vary significantly [33] but also the amount of soluble fiber in different forms of
faba bean protein ingredients (protein-rich flour, protein isolate) [34].

So far very few studies on potential health effects of faba beans have been carried out. We
therefore performed a feeding trial with high fat Western-like diet (WD), where we incorpo-
rated fractions from faba beans (protein, fiber or both fractions together). The aim was to
investigate colon health status under a WD and low-grade inflammation induced by a low con-
centration of DSS (1%) and we hypothesized that adding cooked fractions of faba beans in a
WD would manifest a lower degree of intestinal inflammation (after 1% DSS treatment).

Prior to DSS treatment, the WD with protein fraction significantly increased body weight gain
of mice (P<0.05) but not glucose and insulin tolerances compared to those fed the WD without
faba bean fractions. During 1% DSS treatment in drinking water, evaluation of colon through
inflammatory markers (LCN2, LBP) showed no significant effects in mice following WDs with
faba bean fractions compared to WD-fed mice. Evaluation of microbiota composition between
the different dietary groups demonstrated minor shifts from phyla level to genera level.

Materials and methods
Animals and diets

Six-week-old male C57BL/6JRj mice (n = 60) were purchased from JANVIER LABS (Le Gen-
est-Saint-Isle, France) and housed in individually ventilated cages (Innorack, Innovive, San
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Diego, CA; n = 4 per cage) under controlled conditions (12 hours light-dark cycle; 23+2°C,
45-55% humidity). Upon arrival, mice were acclimatized for two weeks and fed standard
rodent chow diet (RM1, SDS Diet, Essex, UK). After acclimatization, all mice switched to a
Western Diet (WD) (D12079B, 43.6% CHO—41.2% fat) for eight weeks before they were allo-
cated to four dietary groups (for another eight weeks), in which fiber, protein or both fractions
from faba beans (type Vertigo, Denmark) were included. Those groups were i) a WD with no
supplement (WD, n = 24) ii) a WD supplemented with 30% faba bean protein fraction (WD
+PF, n = 12), iii) a WD supplemented with 7% of faba bean fiber fraction (WD+FF, n = 12)
and iv) a WD supplemented with both faba bean protein (30%) and fiber fraction (7%) (WD
+BF, n = 12). The faba bean strain, Vertigo was grown and harvested in Denmark and shipped
to Norway for further processing. The protein fraction was obtained by dry milling and air-
classification (Skjelfoss Korn AS, Hobel, Norway) of faba beans after the hull removal (hull
fraction). The fiber fraction was acquired from the hull fraction. The hull fraction was milled
using a Retsch ZM 100 mill (Retsch Gmbh, Haan, Germany) comprising a 0.5mm sieve before
further use in the mice feeds.

Faba bean fractions were cooked (10 min) and freeze-dried before being shipped to
Research Diets (Madison, WI) for final preparation of the mouse diets. The reason for cooking
them was to reduce the concentration of toxic antinutrients such as vicine and convicine,
which often may cause in humans and animals a hemolytic disease called favism [35, 36].
Composition of the diets is presented in S1A and S1B Table.

Following the six-week feeding with the WD +/- faba bean fractions, 1% DSS was intro-
duced in the drinking water of mice (n = 12/group) for six days to induce low-grade colon
inflammation. To score disease activity from the 1% DSS treatment, mice were evaluated every
two days to determine a disease activity (DAI) index score, which considered body weight,
activity level, posture and stool quality. Half of the WD-fed mice (n = 12) were given water
only (without DSS) and used as negative controls. The experimental timeline is presented in
Fig 1.

Water and food were provided ad libitum. Body weights and food intake were recorded
once per week. Experimental procedures were approved by the Norwegian Animal Research
Authority (Mattilsynet, FOTS ID 14805) in accordance with the Federation of European Labo-
ratory Animal Science Associations (FELASA).

Fractions from faba beans Termination
Week 1 9 15 16
| wD | WD+PF | WD-+PF+DSS WD: Western Diet
PF: Protein fraction
| WD | WD+FF | WD+FF+DSS |FF: Fiber fraction
BF: Both fractions (protein+fiber)
| WD | WD+BF | WD+BF+DSS |
| wb | WD+DSS | DSS: Dextran sodium sulfate
| wo |

Fig 1. Timeline of feeding trial prior and during 1% DSS treatment. For eight weeks, all C57BL/6]Rj mice (n = 60)
were fed a WD. From week 9 mice (n = 12) were divided into four dietary groups, in which faba bean fractions were
introduced in the WD: 1) WD incorporated with 30% faba-bean protein fraction (WD+PF), 2) WD with 7% fiber
fraction (WD+FF), 3) WD with both protein and fiber fraction (WD+BF) or 4) WD without faba bean content

(n = 24). The mice were followed for another eight weeks. The last six days before experiment termination, mice were
exposed to 1% DSS in the drinking water expect half of the WD only group (n = 12), serving as negative controls for
the DSS effect.

https://doi.org/10.1371/journal.pone.0272288.g001
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Glucose tolerance test (OGTT) and insulin tolerance test (ITT)

In the third and fourth week of the feeding trial with the different diets (WD, WD+PF, WD
+FF, WD+BF), assays for glucose homeostasis and insulin sensitivity were carried out, respec-
tively. For the oral glucose tolerance test (OGTT), animals were fasted for 6 hours and a fixed
dose of D-glucose (Sigma-Aldrich, 2 g/kg, meaning 300 pl of glucose solution 20% per mouse)
was administered per os and blood (~3-5 uL) was collected from tail at different time points.
Blood glucose levels were measured by a glucometer (Accu-Check ®), Roche Diagnostics) at
baseline and 15, 30, 60 and 120 minutes after glucose administration. For the insulin tolerance
test, mice fasted for 4 hours before human insulin (12643, Sigma-Aldrich) was injected i.p.
(0.25 U/kg). Blood glucose was measured at the baseline and 30, 60, 120 minutes after insulin
injection.

Sampling and histology

Samples were collected on day six of 1% DSS treatment (termination of experiment). Mice
were anesthetized with a cocktail containing Zoletil Forte (Virbac, Carros, France), Rompun
(Bayer, Oslo, Norway), and Fentadon (Eurovet Animal Health, Bladel, The Netherlands)
(ZRF; i.p. 0.1 mL ZRF/10 g body weight), with the following active ingredients: Zolezepam (32
mg/kg), Tiletamine (32 mg/kg), Xylazine (4.5 mg/kg), and Fentanyl (26 mg/kg). Prior to mice
euthanasia by cervical dislocation, blood (0.5-1 mL) was collected by cardiac puncture into
syringes with ~50 uL. NaEDTA (50 mM) as anticoagulant. To obtain plasma blood was centri-
fuged at 6,000xg for 10 min at 4°C. After opening the colon longitudinally, mucosa was col-
lected by gentle scraping with a sharp glass slide. Colonic mucosal samples were kept in
RNAlater (Sigma-Aldrich) to preserve RNA. Fecal pellets were collected from the colon. All
samples were stored in -80°C.

Sections from the distal colon were fixed following the protocol already described [37].
Generally, the colon lumen was washed with modified Bouin’s fixative (50% ethanol, 5% acetic
acid in dH,0), opened longitudinally to expose the luminal side and then wrapped around a
toothpick with the luminal side facing inwards. Samples were then kept in 10% buffered for-
malin overnight at room temperature and transferred to 70% ethanol and stored at 4°C until
samples were embedded in paraffin according to protocol provided by the university imaging
core facility. The paraffin embedded samples were cut in 7um thick sections and stained with
hematoxylin and eosin before they were judged for structural damage under a light microscope
(DMS6B, Leica, Germany).

RNA extraction and qRT-PCR

RNA from colonic mucosa samples collected on day six of the DSS treatment (termination ay)
was extracted with the NucleoSpin RNA/Protein Purification kit (Macherye-Nagel, Diiren,
Germany). Because DSS reduces efficiency of both reverse transcriptase and PCR reactions, all
RNA samples were purified using lithium chloride (LiCl) described by Viennois et al. [38].

cDNA synthesis from RNA was performed (S3 Table) using iScript cDNA Synthesis Kit
(1708891, Bio Rad), whereas FirePol EvaGreen qPCR Supermix (08-36-00001, Solis BioDyne)
was used for the qRT-PCR reaction in a Light Cycler 480 Instrument II (Roche). The parame-
ter settings were: 12 min at 95°C; 40 cycles of 15 sec at 95°C followed by 20 sec at optimized
primer annealing temperature; 20 sec at 72°C (54 Table). LinRegPCR Software (2017.1.0.0,
Amsterdam UMC) was used to calculate Cq values of the colon samples and each primer effi-
ciency. Primers used for mRNA expression (Thermo Fisher Scientific) and are presented in
S5 Table.
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LBP measurement

ELISA assay for determination of lipopolysaccharide binding protein (LBP) was performed in
plasma samples collected on day six of the DSS treatment (termination day) according to the
manufacturer (Biometec, Greifswald-Rostock, Germany). Plasma samples from control mice
were diluted 800 times (as recommended in the guidelines), whereas those from 1% DSS-
treated mice were diluted from 1,200 to 1,600 times. Optical density of each sample at 450nm
was measured with a spectrophotometer (SpectraMax M2, Molecular Devices) and concentra-
tion of the protein estimated based on standard curve using 4-parameter logistic curve fit.

Lipocalin-2 measurement

Mouse Lipocalin-2/NGAL DuoSet ELISA from Research and Development systems (R&D sys-
tems, USA) was used for measuring lipocalin-2 protein in extracts from fecal samples collected
on day six (termination day) of DSS treatment. Fecal extracts were made from feces samples
(weighed and stored at -80C) reconstituted in PBS containing 0,1% Tween 20 (1ml buffer per
100mg feces). The samples were vortexed for 20min to obtain a homogenous fecal suspension.
The supernatant was collected from each sample after centrifuging the samples for 10min at
12.000 rpm (4°C), as described by Chassaing et al. [39]. Prior to the assay, fecal samples from
control mice and 1% DSS was diluted 20 and 20.000 times respectively. The concentration was
measured by optical density as described for LBP measurements.

Microbiota analysis

DNA extraction from feces and library preparation. Right after dissection, fecal samples
were collected from the colon and placed in 400 pL S.T.A.R buffer (Roche, USA) with acid-
washed glass lysing beads (approximately 0.2g <106 um, 0.2g of 425-600 um and 2-4 beads of
2mm Sigma-Aldrich) and stored at -80°C for further processing. All samples were homoge-
nized twice on FastPrep 96 (1,800 rpm, 40 sec, 5 min cooling step in-between, MP BioMedi-
cals). Processed samples were then centrifuged (13,000 rpm, 10 min) and 50 pL supernatant
was transferred to 96-well plates for protease treatment and DNA extraction using Mag Mini
LGC kit (LGC Genomics, UK) on KingFisher Flex DNA extraction robot (Thermo Fisher Sci-
entific, USA) according to the manufacturer’s instructions.

Gene sequencing of 16S Rrna. After DNA extraction, 16S rRNA gene was amplified by
PCR using prokaryote-targeting primers against the variable region V3-V4 with an amplicon
length of 466bp. PCR primers for amplification and conditions for library preparation are pre-
sented in the S6 and S7 Tables. As DSS in fecal samples has an inhibitory effect on the PCR
reaction (identified through dilution series on QPCR), we diluted the extracted DNA from
feces 1:4 prior to amplicon PCR (total dilution of 1:100 in the PCR reaction). PCR product
(466 bp) was purified with AMPure XP (Beckman-Coulter) and 10 further PCR cycles with
index primers were performed (S8 and S9 Tables) resulting in PCR product of approximately
594 bp. The sequences of primers in index PCR are shown in S10 Table. All PCR products
were qualitatively confirmed by electrophoresis on 1.5% agarose gel. Quantification of DNA
concentrations of index PCR products, normalization and pooling of these index PCR prod-
ucts were followed by purification of the pooled library with Sera Mag Beads by following the
AMPure XP protocol. The pooled library was diluted to 6 pM and sequenced with the MiSeq
Reagent Kit V3 (cat. nr. MS-102-3003) on the Illumina MiSeq following Illumina’s protocol
(16S Metagenomic Sequencing Library Preparation Part# 15044223 Rev. B), except we used
nuclease free-water instead of Tris for PhiX library dilution. 20% PhiX served as an internal
control.
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Assigning taxonomy. Resulting 300 bp paired-end reads from MiSeq platform were fil-
tered using QIIME and OTU (Operationally Taxonomic Unit) clustered based on 97% identity
using closed-reference OTU usearch algorithm (version 8) [40, 41] against SILVA database
(version 128) [42]. 6,500 sequences per sample were chosen as a cut-off to normalize (rarefy)
the sequencing data.

Statistical analysis. Statistical analyses were performed using GraphPad Prism (version
8.3.1 for Windows, GraphPad Software, San Diego, CA). Data are presented as individual val-
ues with group means + standard error of the mean (SEM). Normal distribution was tested
using the Shapiro-Wilk normality test. Based on whether normal distribution was achieved or
not, parametric and non-parametric models were used respectively. P-values smaller than 0.05
were considered significant.

Prior to DSS treatment, body weight, energy intake and insulin tolerance were analyzed by the
mixed effect model whereas glucose tolerance by repeated measures 2-way ANOVA. The latter
statistical method was used for analyzing the body weight change (%) of the four diet groups dur-
ing the six days of DSS treatment whereas one-way ANOVA followed by Tukey’s post-hoc analy-
sis and the non-parametric test Kruskal-Wallis with Dunn’s multiple comparisons for colon
length and DAI on day six of 1% DSS treatment respectively. For the statistical analysis of proin-
flammatory cytokines and biomarkers of inflammation, the control mice group of mice was
excluded and either one-way ANOVA followed by Tukey’s post-hoc analysis or Kruskal-Wallis
with Dunn’s multiple comparisons was applied. Analysis of beta-diversity was conducted in R
(version 4.0.0). Weighted UniFrac distances were calculated using QIIME default scripts (core_-
diversity_analyses.py) and are based on the normalized (rarefied) OUT table. Non-metric multi-
dimensional scaling (NMDS) of weighted UniFrac distances was performed using the metaMDS
function from the vegan package [43] with autotransform = FALSE and try = 100. Global PER-
MANOVA on weighted UniFrac distances was performed using the adonis function from the
vegan package with 999 permutations. Pairwise PERMANOVA was performed by applying the
pairwise.perm.manova function from the RVAideMemoire package [44].

For linear discriminant analysis effect size (LEfSe), relative abundances of taxa were used
[45]. To identify statistical differences, factorial Kruskal-Wallis sum test, followed by pairwise
Wilcoxon test, both with an alpha value of 0.05, were used. The threshold on the linear dis-
criminant analysis (LDA) score was set at 2.0 with a multi-class analysis against all.

Results
Body weight, energy intake and glucose regulation before DSS treatment

Prior to DSS treatment the eight-week impact of the different diets was examined. Mice fed a
WD+PF gained significantly more weight (P<0.0001) compared to mice given WD or WD
+FF. No difference in weight gain was observed between WD and WD+FF fed mice (Fig 2A).
The energy intake per mouse was significantly higher in mice fed WD+PF compared to WD
+FF fed mice (P = 0.0148) (Fig 2B), but no difference was found between any of the other
groups. In terms of glucose regulation, no significant differences were observed between the
dietary groups judged by the glucose tolerance test (P = 0.8037) or the insulin tolerance test
(P =0.1269) (Fig 2C and 2D).

Impact of faba-bean fractions on body weight and colon during 1% DSS
treatment

Before evaluating the impact of the faba-bean fractions initial investigations were performed
to assess the low-inflammation model induced by 1% DSS treatment. During the first four
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Fig 2. Bodyweight development, energy intake and glucose regulation prior to DSS treatment in WD fed C57BL/6JRj mice.
Bodyweight development (2A) during the feeding trial with modified WDs (n = 12 except WD-fed mice, n = 24). Estimated energy
intake (2B) per mouse per day from week 9 to week 15. OGTT (2C) after 4 hours of fasting at week 3 (n = 12). IpITT (2D) after 6
hours of fasting at week 4 (n = 12). * means significantly different (P<0.05). Values are means + SEM. For panels A, B, D mixed-effect
model whereas for panel C 2-way ANOVA with repeated measures was applied.

https://doi.org/10.1371/journal.pone.0272288.9002

days of 1% DSS administration, no visible signs of disease were observed in any of the mice i.e.,
the mice continued to increase in weight due to WD (Fig 3A). At day six the weight increase had
ceased in all diet groups and even mildly decreased from week 4. Also, mild signs of disease were
observed in the majority of the mice judged by the animal researcher, visually inspecting stool
quality, body posture and activity levels summarizing the DAI score. At termination day, colon
length of all mice treated with 1% DSS was shorter than WD control mice, but no significant dif-
ferences were found in terms of colon length between diet groups (P = 0.1556) (Fig 3B). Further-
more, histological staining of colon tissue for 1% DSS treated mice revealed no structural damage
in colonic mucosal tissue (S1 Fig). Also, neither of the faba bean fractions impacted the overall
DAI scores (P = 0.6768) on day six (termination day) (Fig 3C).

Effect of diet on gene expression and biomarkers of inflammation with 1%
DSS

We next assessed mRNA expression levels of the inflammatory related genes; Tnf-a, Il-1b, II-6,
Nox2, Nos2 and Ptgs2 in colonic mucosa. While mild signs of disease were observed as
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Fig 3. Bodyweight (%) development during 1% DSS in WD fed C57BL/6JRj mice during 6-days treatment. Change in bodyweight (%)
measured on day 0, 2, 4 and 6 (3A). Colon length in cm (3B). Control mice indicated by black circles in the figure. For panel A 2-way ANOVA

was used whereas for panels B and C one-way ANOVA and Kruskal Wallis test, respectively. Values are mean + SEM. DAI score on day six of
1% DSS treatment (3C).

https://doi.org/10.1371/journal.pone.0272288.9g003

described in the previous section the 1% DSS treatment did not lead to induced expression of
these genes when compared to the negative controls that were not exposed to DSS. Further-
more, no impact of the faba bean fractions was found on the gene expression (Fig 4A-4F). In
contrast, the fecal levels of LCN2 were robustly upregulated by 1% DSS (P = 0.0431), but apart
from WD+PF vs WD+BF (P = 0.0286) no differences in LCN2 levels were observed between
the faba bean fraction groups (Fig 4G). Also, even as the plasma levels of LBP were overall
higher in 1% DSS exposed mice compared to the negative WD-control mice, no difference
could be observed between the faba-bean fraction groups (P = 0.2217) (Fig 4H).

The presence of faba bean fractions in WD and during 1% DSS treatment
brought shifts in microbiota profile

Furthermore, we investigated if replacement of protein and fiber content in the WD with dif-
ferent faba bean fractions could induce microbial shifts in colonic content. Alpha-diversity in
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Fig 4. Gene expression and inflammatory markers. Impact of faba bean fractions on the expression of proinflammatory (Tnf-a
(4A), II-1b (4B), II-6 (4C), Ptgs2 (4D)), and ROS associated genes (Nox2 (4E), Nos2 (4F)) in mucosa from the proximal colon

(n = 10-12). Lipocalin-3 concentration in feces (4G) and LBP levels (n = 9-11) (4H) in plasma of WD fed C57BL/6]Rj mice after
1% DSS treatment. WD+PF: WD incorporated with 30% faba-bean protein fraction; WD+FF; WD with 7% fiber fraction, WD
+BF; WD with both protein- and fiber fraction, WD without faba bean content (n = 24). Values are mean + SEM. One-way
ANOVA with Tukey’s multiple comparison for analysis in panels A-H, except panels B and E, where Kruskal-Wallis with Dunn’s
multiple comparisons test was used. Control mice indicated by black circles in the figures.

https:/doi.org/10.1371/journal.pone.0272288.g004

fecal samples was assessed by using the Shannon index on 16S rRNA sequencing data. No
impact of DSS was found on the alpha-diversity when comparing the DSS exposed mice to the
negative controls. However, among the DSS treated groups a significant difference was found
between the WD and the WD+PF (P = 0.0104) while no significance was observed between
the remaining groups (Fig 5A). Moreover, beta-diversity by using non-metric multidimen-
sional scaling (NMDS) of weighted UniFrac distances, was examined giving an overall

P =0.001 between dietary groups. The DSS treatment was the main factor for group dispersion
with an overlap between the clusters of groups exposed to 1% DSS indicating no impact of the
faba-bean fractions on the beta-diversity (Fig 5B).

When examining differences in taxonomy at the phyla level, differences in the relative
abundances were found between the groups (Fig 5C). Firstly, the negative control had a signifi-
cantly higher level of Firmicutes and lower level of Bacteroidetes as visualized in Fig 5D show-
ing the Firmicutes/Bacteroidetes ratio (Fig 5D). When comparing the diet groups that were
exposed to DSS (one-way ANOVA), the relative abundance of Actinobacteria was significantly
higher in WD (P = 0.0130) and WD+PF mice (P = 0.0255) compared to the WD+FF mice (Fig
5E). In addition, all DSS treated WD mice had higher relative abundance levels of Proteobac-
teria and Verrucomicrobia compared to the WD control mice (Fig 5F and 5G). Interestingly,
DSS and fed with faba bean fractions had lower relative abundance levels of those two phyla
compared to DSS-treated mice fed solely a WD. Although statistical significance was only
found in the WD+PF fed mice (P = 0.04), the tendency for changes in the microbiota profile at
phylum level was evident when faba bean fractions were present in WD.

To get a deeper understanding on the taxonomic levels, we applied the linear discriminant
analysis effect size (LEfSe), which can identify differences in microbial communities based on
relative abundances and hence allow us to statistically test differences among the experimental
groups. When comparing the WD group and the diet groups that had replaced protein and or
fiber content with faba-bean fractions several bacterial clades were detected to be different (Fig
6A). Genera of Bifodobacterium (Fig 6B), Alloprevotella (Fig 6C) together with Prevotellaceae
UCG-001 (Fig 6F) and Enterorhabdus (Fig 6G) were indicated in WD+PF, WD+FF, WD+BF
respectively (Fig 6B). In WD+DSS fed-mice Tyzzerella (Fig 6D) and Ruminococcaceae UCG-
005 (Fig 6E) showed significantly high relative abundance (P<0.05) compared to the faba-
bean fraction groups.

It is worth mentioning that Bifidobacteria in mice consuming WD+PF was similar to WD-
fed mice without DSS treatment (as illustrated earlier in Fig 5A), while Alloprevotella and Pre-
votellaceae UCG-001 manifested higher relative abundance in mice eating a WD supplemented
with faba bean fractions (mainly fiber fraction) than mice following a WD with or without 1%
DSS treatment.

Discussion

In the present study we examined the effect of a WD supplemented with two different fractions
from faba beans in mice treated with 1% DSS for six days. Contrary to commonly used 2-5%
DSS concentration for inducing colitis, we used 1% DSS to cause an irritation of the colon
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Fig 5. Impact of various faba-bean fractions with WD (WD-PF, WD-FF and WD-BF) on microbiota measures in C57BL/6JRj exposed to 1% DSS.
‘WD without DSS treatment served as negative control. Alpha-diversity (Shannon index) of colonic bacterial communities in feces from WD mice
represented as mean with SEM n = 8-11 in each dietary group (5A). Groups were compared using Kruskal-Wallis test since one-way ANOVA could not be
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Actinobacteria (5E), Proteobacteria (5F) and Verrucomicrobia (5G) phyla. For panel D Kruskal-Wallis test with Dunn’s multiple comparisons whereas for
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means + SEM, n = 9-11. Control mice indicated by black circles in the figures.
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Fig 6. Linear discriminant analysis (LDA) effect size (LEfSe) analysis of fecal microbiota changes following consumption
of a high-fat diet (WD) with various faba-bean fractions (PF, FF, BF) during dextran sodium sulfate (DSS) treatment.
Histogram (6A) shows the LDA scores of the taxa (genera -g, and family -f) with the greatest differences between the groups.
The relative abundance of the genera from histogram are presented in figures (6B-6G). Values are expressed as means + SEM,
n = 9-11. For panels B, C, D, E, and G, one-way ANOVA with Tukey’s multiple comparison was applied, whereas for panel F,
the nonparametric test Kruskal-Wallis test with Dunn’s multiple comparisons test. * means significantly different (P<0.05).
Control mice indicated by black circles in the figures.

https://doi.org/10.1371/journal.pone.0272288.g006

ideally mimicking a mild colitis phenotype consistent with low-grade colonic inflammation
[46-48]. DSS treatments were combined with a commonly assumed unhealthy WD rich in fat
and sucrose and low in dietary fibers, which may create an additional stress to the intestine
[49]. We hypothesized that protein and/or fiber fraction(s) from faba beans would alleviate the
effects of an induced low-grade colonic inflammation imposed by the 1% DSS treatment in
WD fed mice.

Prior to inducing low grade inflammation with 1% DSS we observed that mice in all groups
fed WD were healthy and tolerated the faba bean fractions well. Intriguingly mice consuming
the WD+PF diet gained more weight and had higher food and energy intake compared to all
the other diet groups (P<0.05). This could simply be a result of a more palatable diet provided
by the proteins in the faba beans, of unknown reasons. It may also be explained by a reduced
amount in casein in the WD+PF diet independent of palatability. In the WD+PF diet we
exchanged 30% of casein with proteins from faba beans, which could have relevance for weight
gain. Indeed, a mouse study from 2016 showed that casein, compared to many other protein
sources had a significant weight reducing effect in mice fed a high fat diet [50]. When assessing
glucose regulation, we did not observe differences between the groups despite weight differ-
ences. This is line with Lamming and coworkers who noticed that consumption of plant pro-
teins for a short term period did not affect glucose homeostasis in C57BL/6] mice [51].

When mice were challenged with 1% DSS, we observed that the effect on inflammatory
markers in the colon were overall low, and we speculate that the dose used was borderline to
induce a robust inflammation in the colon judged from the variable and low induction of
proinflammatory gene expression. Nevertheless, we found that 1% DSS led to a significant
shortening of colon lenght in all the groups, a robustly higher level of fecal LCN2 and a modest
elevation of LBP in plasma, all indicative of a low grade inflammatory state in the colon follow-
ing the 1% DSS treatment. When assessing the effects of the different faba bean fractions in the
DSS exposed enviroment, our results do not support that they were able to mitigate any of the
clinical markers of low grade inflammation.

Although we found variable expression of proinflammatory genes, we in fact observed that
some of the genes were more highly expressed in the WD+faba bean fractions than mice fed
the pure WD following DSS treatment. This was particularly apparent for Nox2, a gene
expressed in activated macrophages and associated to the respiratory burst during inflamma-
tion. We therefore speculate that, in the current conditions, faba beans could potentially
increase the DSS effects and impact colon health adversely. This assumption is partially in
agreement with an earlier mouse study, in which bean diets exerted both beneficial and
adverse effects in colons exposed to 2% DSS when mice were fed bean diets together with DSS
[52]. In other relevant studies, legume containing diets were instead swithed to a common
basal diet just before DSS exposure and kept on this diet during DSS challenge [13-15, 52-56].
A rationale for such approach was to mimic IBD patients consumption pattern when they
experience intestinal problems (thus abstain from legumes and other fermentable sources).
The impact of the faba bean diets employed in our study could therefore be impacted by the
order of feeding and DSS. Although our results contrast other findings with respect to
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legumes’ impact on inflammation, a study by Bibi and colleagues showed that high fat fed
mice supplemented with peas displayed no difference in colitis symptoms between HFD and
HFD+peas during DSS challenge in mice exposed to DSS [57]. Nevertheless, they found that
the recovery phase became shorter in the HFD+pea mice. In our case we terminated the exper-
iment at day six of DSS treatment, thus we do not have results from any recovery phase and
therefore we are not able to refer to potential contribution [57].

Regarding microbiota in fecal samples of 1% DSS treated mice, we observed a trend of
increased alpha-diversity in all faba bean fraction fed mice compared to the WD+DSS mice,
whereas the beta-diversity was only clearly different between control mice and those exposed
to DSS. These results, which are in line with previous observations using higher doses of DSS
(2-5%) [58, 59], indicate that even a low dose of DSS is capable of shifting the bacterial com-
munity bacteria structure but not the bacterial species richness. According to Singh et al.,
plant-protein diets in humans are linked with higher microbiota richness and diversity than
animal-protein diets [60]. One potential reason is that dietary fiber [61] and phenolic com-
pounds [62] present in legumes, which are metabolised by intestinal microbiota causing shifts
in gut bacterial populations. At phylum level, the relative abundance of Proteobacteria and
Verucomicrobia was higher in all mice exposed to 1% DSS, which is in agreement with other
DSS administered studies [63]. In mice fed solely a WD, these two phyla had a tendency to be
more abundant compared to mice fed a WD supplemented with faba bea fractions. Increased
abundance of Proteobacteria is common in IBD and is regarded as indicator of an inflamma-
tory phenotype [64]. The phylum Verrucomicrobia, which has only one representative in the
human and mouse gut (Akkermansia muciniphila), is characterized by mucin degrading prop-
erties. The role of genus Akkermansia is conflicting since some studies support its beneficial
contribution to intestinal homeostasis [65], whereas other studies indicate that they exacerbate
intestinal inflammation [66]. Furthermore, Akkermansia muciniphila in mice is linked with
both a positive effect in mice fed a high fat diet [67] and harmful effect such as enhanced colitis
[68].

Moreover, WD and WD+PF after DSS treatment had significantly higher relative abun-
dance of the phylum Actinobacteria when compared to WD+FF. In addition, we noticed that
the F/B ratio was high in WD-fed mice not treated with 1% DSS, whereas all DSS treated mice
regardless of diet, revealed a low F/B ratio. The former condition is commonly associated to
obesity [69, 70] and the latter with IBDs [71, 72]. Further Lefse analysis, provided detailed
information about lower taxonomic groups. Characteristically, the genus Alloprevotella, a car-
bohydrate fermenting bacteria had high relative abundance in the mice following a WD+FF
whereas the genus Bifidobacterium, which belongs to probiotic bacteria was highly present in
the WD+PF-fed mice. Initially, Hayakawa showed that purifiried raffinose oligosaacharides
family promotes Bifidobacteria growth [73]. Our protein fraction diet contains higher
amounts of starch and non starch-digestible carbohydrates (raffinose, stachyose, verbascose),
whereas the fiber fraction diet is mainly rich in cellulose and other indigestible fibers. Finally,
it is important to note that we cannot rule out that differences between the faba-bean fraction
groups could have happened already before the DSS treatment. The protein fraction, in partic-
ular, led to an increase in weight prior to DSS due to increased energy intake. Optimally, future
studies should include non-DSS groups receiving similar diets. Alternatively, the microbiota
composition should also be characterized at start of DSS treatment to account for differential
impact of the diets prior to DSS.

In conclusion, we assessed whether a high fat Western diet supplemented with faba bean
fractions reduced vulnerability towards colonic inflammation induced by a low DSS dose.
Herein, our results suggest that although Faba bean fractions could modulate microbiota, they
were not able to influence colonic inflammation induced by DSS.
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Supplementary Material for: “Intestinal effect of faba bean fractions in WD-fed mice
treated with low dose of DSS”

S1 Table

a. Composition of food pellets
Diets WD WD+PF WD+FF WD+BF
Ingredients g kcal g kcal g kcal g kcal
Casein 195 780 128.52 514 186.04 744.16 126.88 507.52
DL- .. 3 12 3 12 3 12 3 12
methionine
Corn starch 50 200 3891 155.64 4546 181.84 36.07 144.28
%al“’dexmn 100 400 100 400 100 400 100 400
Sucrose 341 1364 341 1364 341 1364 341 1364
Milk fat, cow, 00 100 19695 1772 200 1800  197.22 1774
anhydrous
Corn oil 10 90 10 90 10 90 10 90
Cellulose,
BW200 70 0 63.91 0 0 0 70 5.6
Ethoxyquin 0.04 0 0.04 0 0.04 0 0.04 0
Mineral mix
$10001 35 0 35 0 35 0 35 0
(Caltsimn 4 0 4 0 4 0 4 0
carbonate
Vitamin mix
V10001 10 40 10 40 10 40 10 40
Choline
bitartrate 2 Y 2 v 2 U 2 Y
Cholesterol 1.5 0 1.5 0 1.5 0 1.5 0
Protein
fraction 0 0 89.97 358.65 0 0 82 S18.13
Fiber fraction 0 0 0 0 122.5 23824 103
Total 1021.5 45924 1024.8 45924 1060.5 45924 1057.3 4592.4
Protein, % 17.1 15.2 17.1 15.2 17.1 15.2 17.1 15.2
%arb"hydrate’ 49 436 49 436 49 436 49 436
Fat, % 20.1 41.2 20.1 41.2 20.1 41.2 20.1 41.2
kcal/g 4.5 4.5 4.3 4.3

BF, both fractions; FF, fiber fraction; PF, protein fraction; WD, Western diet (D12079B,

Research Diets).



b. Content of cooked faba bean fractions

Sample | Starch+Glucose+Fructose+Sucrose | NSP+NDO NDF Protein | Crude
Total available CHO CHO (g/100g) | (g/100g) fat
(g/100g) based (g/100g)
Total
Dietary
Fiber
(g/100g)
Fiber 3,70 57,14 62,68 6,44 0,27
fraction
(from
hull)
Protein 12,34 6,76 10,09 65,02 3,39
fraction

NSP: Non-starch polysaccharides, NDO: Non-digestible oligosaccharides, NDF: Neutral

detergent fiber.




S2 Table

Criteria for DAI and scoring way for assessing during exposure to 1% DSS.

Day 0 Day 2 Day 4 Day 6 (termination)
Initial weight| Weight| % change from initial |[Weight| % change from initial [ Weight| % change from initial
Mouse 1
Mouse 2
Mouse 3
Mouse 4
Activity Hunched posture Stool quality
Day 2 Day 4 Day 2 Day 4 Day 2 Day 4
Mouse 1
Mouse 2
Mouse 3
Mouse 4
For weight For activity, hunched posture, stool

quality

0=<5% weight loss

0: normal symptoms

Scores given Iy 5-15% weight loss

1: mild symptoms

5=15-20% weightloss | 3: severe symptoms

10=> 20% weight loss

S3 Table

Reaction mixture for cDNA synthesis using the iScript cDNA Synthesis kit (Bio Rad).

Component

Per reaction

5x iScript reaction mix
iScript reverse transcriptas
Nuclease-free water

RNA template (200ng/uL)

e

4 uL
1uL
11 pL
4 uL




S4 Table

Temperature program used for cDNA synthesis.

Operation Temperature (°C) Duration
Primer annealing 25 5 min
cDNA synthesis 42 30 min
cDNA synthesis termination 85 5 min
4 1)
S5 Table

Primer sequences for RT-qPCR and melting temperatures.

Gene Forward Primer 5’-3’ Reverse Primer 5’-3’ Tm °C

Gapdh CTTCAACAGCAACTCCCACTCTT GCCGTATTCATTGTCATACCAGG 60
II-1b GCAGCTGGAGAGTGTGGAT AAACTCCACTTTGCTCTTGACTT 61

1I-6 CGTGGAAATGAGAAAAGAGTTGT GCATCATCGTTGTTCATACA 61
Nos2 GACATTACGACCCCTCCCAC ACTCTGAGGGCTGACACAAG 62
Nox2 GGGAACTGGGCTGTGAATGA CAGTGCTGACCCAAGGAGTT 61
Ptgs2 AATATCAGGTCATTGGTGGAGA TCTACCTGAGTGTCTTTGACTG 61
Tnf-a CTGTCTACTGAACTTCGGGGTGAT GGTCTGGGCCATAGAACTGATG 61

Abbreviations: Gapdh, glyceraldehyde 3-phosphate dehydrogenase; II-1b, interleukin-1

beta; II-6, interleukin 6; Nos2, nitric oxide synthase 2; Nox2, NADPH oxidase 2; Ptgs2,

prostaglandin endoperoxide synthase 2; Tnf-a, tumor necrosis factor alpha.



S6 Table

Reaction mixture for amplicon PCR during library preparation.

Component Per reaction
5x HOT FIREPol® Blend Master Mix Ready to Load (Solis BioDyne) 5uL
Forward primer, PRK341F (1 uM)* 0.5 uL.
Reverse primer, PRK806R (1 pM)* 0.5 pL
Nuclease-free water 18 uL
Template DNA (0.003-2 ng/pL**) 1puL

* Forward 5’- CCTACGGGRBGCASCAG-3’, reverse 5'- GGACTACYVGGGTATCTAAT-3’
** Measured by Qubit.

S7 Table

Temperature cycles for amplicon PCR during library preparation.

Operation Temperature (°C) Duration Cycles
Initial activation 95 15 min 1
Denaturation 95 30 sec

Annealing 55 30 sec 25
Elongation 72 45 sec

Final elongation 72 7 min 1
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S8 Table

Reaction mixture for index PCR during library preparation

Component Per reaction
5x FIREPol® Master Mix Ready to Load (Solis BioDyne) 5uL
Forward primer (1 uM)* 5 uL
Reverse primer (1 pM)* 5 uL
Nuclease-free water 8 uL
Template DNA 2 uL

* See Supplementary table 10



S9 Table

Temperature cycles for index PCR during library preparation for gene sequencing of 16S rRNA.

Operation Temperature (°C) Duration Cycles

Initial activation 95 5 min 1

Denaturation 95 30 sec

Annealing 55 1 min 10

Elongation 72 45 sec

Final elongation 72 7 min 1
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S10 Table

Primers modified with [llumina adapters used for index PCR during library preparation for gene

sequencing of 16S rRNA. Unique combination of forward and reverse primer was used for each

sample.
Primer Target
name Sequence, 5' -> 3' region |Direction
F9 |aatgatacggcgaccaccgagatetacactetticectacacgacgetettecgatetgtttcgCCTACGGGRBGCASCAG (1\6]?_:1/{41\;A Forward
F1( |aatgatacggcgaccaccgagatctacactetiteectacacgacgcetettecgatetegtacgCCTACGGGRBGCASCAG :\(}ir\I}EA Forward
F11 |aatgatacggcgaccaccgagatctacactcttteectacacgacgetettecgatetgagtgg CCTACGGGRBGCASCAG (l\é,g_r\l}i\;A Forward
F12 |aatgatacggcgaccaccgagatetacactetitecctacacgacgetettecgatetggtagcCCTACGGGRBGCASCAG (132212\):/\ Forward
F13 |aatgatacggegaccaccgagatetacactetitecctacacgacgetettecgatetactgatCCTACGGGRBGCASCAG :S??EA Forward
F14 |aatgatacggcgaccaccgagatctacactettteectacacgacgetcttecgatctatgagcCCTACGGGRBGCASCAG (l\é/ir\l}i\;A Forward
F15 |aatgatacggcgaccaccgagatctacactetiteectacacgacgetettecgatetattcct CCTACGGGRBGCASCAG :Si‘;‘,{EA Forward
F16 |aatgatacggcgaccaccgagatctacactetiteectacacgacgetettecgatetcaaaagCCTACGGGRBGCASCAG (l\(;ir\l}i\;A Forward
R25 |caagcagaagacggcatacgagatATCAGTgtgactggagticagacgtgtgctettecgatct GGACTACY VGGGTATCTAAT (lf,ir\l}EA Reverse
R26 |caagcagaagacggeatacgagatGCTCATgtgactggagticagacgtgtgetettcegatct GGACTACY VGGGTATCTAAT (132_:1}5)/\ Reverse
R27 |caagcagaagacggcatacgagatAGGAATgtgactggagticagacgtgtgctettccgatct GGACTACYVGGGTATCTAAT :\(;gr\llj\)!/\ Reverse
R28 |caagcagaagacggeatacgagatCTTTTGgtgactggagttcagacgtgtgetettecgatct GGACTACYVGGGTATCTAAT (1\612"\],{3/\ Reverse
R29 |caagcagaagacggcatacgagatTAGTTGgtgactggagticagacgtgtgctettcegatct GGACTACYVGGGTATCTAAT (132;1}:;/\ Reverse
R3() |caagcagaagacggcatacgagatCCGGTGgtgactggagitcagacgtgtgetettecgatct GGACTACY VGGGTATCTAAT (1\6,§r\l}gA Reverse
R31 |caagcagaagacggcatacgagatATCGTGgtgactggagttcagacgtgtgetettecgatct GGACTACY VGGGTATCTAAT (1\6/21”\]ng Reverse
R32 |caagcagaagacggcatacgagatTGAGTGgtgactggagttcagacgtgtgctettcegatct GGACTACYVGGGTATCTAAT (1\6/§-r\l/{i\)!A Reverse
R33 |caagcagaagacggeatacgagatCGCCTGgtgactggagticagacgtgtgetettecgatct GGACTACY VGGGTATCTAAT (1\6/2_1]2\? Reverse
R34 |caagcagaagacggcatacgagatGCCATGgtgactggagttcagacgtgtgctettcegatct GGACTACYVGGGTATCTAAT (l\G/grr\l}i\)!A Reverse
R35 |caagcagaagacggeatacgagatAAAATGgtgactggagticagacgtgtgctetteegatct GGACTACY VGGGTATCTAAT :si_r\lﬁ\)!A Reverse




S1 Fig.
Histology images

Supplementary figure 1. Representative images of colon tissue from mice exposed to 1%
DSS. Colon sections (7um) were stained with hematoxylin and eosin. BF, both fractions; DSS,

dextran sodium sulfate; FF, fiber fraction; PF, protein fraction; WD, western diet.
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