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ABSTRACT

Intestind epithelial cells form important barriers that protect the body from biotic and abiotic or
dietary stresses. Thus, maintaining the health and functionality of enteroeytestheir
progenitorsjs critically important to support barrier integrity and aventrance of nomutrient
substances that can lead to endotoxemia and inflammdietary polyphenols have potential
antioxidant and other bioactive effects on intestinal epithelial cells, and their possible role in
improving mitochondriafunction to provide sufficient energy for the cells to combat stressful

conditions has not gained much attention.

In my thesis, Cac@ intestinal epithelial cells exposedruxed micells (MM) was used as a
model of high dietary fat consumption to induoelular stress, and the molecular aspects of

protection by anthocyanins and the polyphenol resveratrol were investigated.

Exposure of the Cac@ cells to MM inducedcytotoxicity, oxidative stress and mitochondrial
dysfunction, and increased differentteell monolayer permeability. In protection against
intracellular and mitochondrial generation of reactive oxygen species (ROS), an anthocyanin
bilberry extract (ARBE) was more effective than resveratrol, and also protected against
differentiated cdlmonolayer permeability to a larger extent, whereas resveratrol only protected
for a short time (Chapter 3Resveratrglhowever, protected more than ARBE against a MM
induced decrease in mitochondrial content and expression of mMRNA for proteins telated
mitochondrial biogenesis (such as PGQ, T&AM), although ARBE protected against
declines in mitochondrial function such as basal respiration, spare capacity and ATP production
(Chapter 4)In investigations of a possibfeotective interactionsf ARBE and resveratrol against

MM -inducedintracellular ROS, cytotoxicity and mitochondr@dysfunction little evidence was

found excepa significantly greater protectidoy the combination against intracellular R&$he

lowest concentratiorO(1uM) (Chapter 5).Comparingpureanthocyanins (cyanidin ammyanidin
3-glucoside (C3G))and their phenoliderivatives 2,4,8rihydroxybenzaldehyde (THB) and
protocatechuic acidPCA), showed that PCA equally decreased intracellular ROS, and the
derivatives acted stronger than the pure anthocyanins in reducing mitochondrial superoxide after
24 h MM challenggChapter 6) At shorter times (22 h) however, cyanidinTHB and PCAput



not the glycosides &5 or ARBE protected against Miiduced mitochondrial superoxide
formation(Chapter 6).

In conclusion, different polyphenols were all able to protect againstidiMcedoxidative stress

in thein vitro Cace?2 cell model In generalanthocyanins increag mitochondrial efficiencythat

is higher ATP generation as well as lower ROS producéind,resveratrol indec mitochondrial
content. The effects of anthocyanins and resveratrol were not synengisgwver, and some of

the effects of the anthocyanins could be due to their phenolic metabolites/degradation products.
Further studies investigatirgnin vivo model ofprotective effects of polyphenols increased
intestinal permeability dut high dietay fat consumption could enlighten our understanding of

how these compounds contribute to health.
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CHAPTER 1 INTRODUCTION

1.1. Introduction

Increasedlietaryfat consumption in developed and developing countries has contributed to many
chronic diseased ichtensteiret al.,1998; Hoffmaret al.,2004). Part of the pathogenesis of high

fat intake is the result of its influence on the gaistestinal tract. Consumption of high amounts

of fat caninduce functional disruption of the gut barrier leading to an increase in intestinal
permeability Kvietys et al., 1991, Konig et al., 2016; Bischoff et al., 201L4nd exposure to
microbial components (such as bacterial endotoxins) that are known to trigger inflammation and
metabolic disease through endotoxemia (Bischbtil.,2014;Moreiraet al.,2012;Murakamiet

al., 2016) as well as increase the risk of intestinal cankeelécchia, 1992; Beyaz et al., 2016)
Therefore, maintaining the function and integrity of the iguan important factor to prevent diet
related disease¥ (Lee, 2013).

Several mechanisms are responsiblethar disruption of intestinal cell function and integrity
which result from excessive fat intake including a rise in bile acid secretion which can irritate the
gut (Stenmaret al.,2103), increasgcytokine production and inflammation in the gut barriér (
Lee,2013), and changes in intestinal microbiota abundance and composition (Mbetij2012).

In several tissuesigh dietary fatcaninducechanges in mitochondria and impair mitochondrial
function(Turneret al.,2007; Sparket al.,2005; Wanget al.,2014; Novak and Mollen, 2015). A

high fat diet has been reportediiorease mitochondrial workload in intestinal mucosa through an
increase of pr ot ei n s-oxidationocompendntsiofrthe respiratoy bhaim d r i a
and in oxidative energy mabolism Wi S n i etwas, R0i14). This increased mitochondrial
respiratoryworkload, due to high dietary fais associated with an elevation in mitochondrial
reactive oxygenspecies(ROS) production, which can often lead impaired mitochondrial
function. Increased oxidative stress and impaired ATP production has been demonstrated in
intestinal diseases such as inflammatory bowel disease (Novak and Mollen,@@&hondria

are likely to have an essential role in presgg the integrity of the intestinal barrier as they are
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the major source of ATP productioif the increase in energy demand is not met due to
mitochondrial malfunction, tight junctions are disrupted (Mor@taal.,2012), andintestinal

permeability icreasegMandelet al.,1993; Madsert al.,1995).

This dysfunction can be further exacerbateddnk of protective agenf@mes et al., 1993; Lui

et al., 2002)including mitochondrial antioxidants that function to prevent Ri@sced damage.

The damge inflicted by mitochondrial ROS on lipids, gheins and DNA adverselympacts
mitochondrial efficiency and reduces mitochondrial ATP product@iogeriset al., 2014)This

can result in a cascade of events leading to mitochondrial permeability transition, cytochrome C
release, and apoptosiSr{mi andEspostj 2011). Mitochondria that suffer this fate can no longer
contribute to théATP output neededtcombat the increased worklodehding to a weakening of

the gut barrier and allowingacteria antigens to penetrate to systemic sites. This penetration

triggers inflammationwhich, when chronic, represerasrisk factor for metabalidisease.

Taken together, we reason that improvements in cellular ATP production at the level of the
intestinal epithelial cells, can confer improved resistance to dietary stressors. This may be achieved
by either increasing the numbemoitochondria per cell, increasing their capacity, improving their
efficiency, or decreasing mitochondrial oxidative stress and damage due to mitochondrial
overwork. Increasing the capacity and efficiency of mitochondria while reducing ROS generation
and apptosis are potential mechanisms by which dietary agents may confer heightened resistance

to toxic challenges.

An increasing body of evidence suggests that polyphenols such as anthocyanins (Lila, 2004) and
resveratrol abauzitand Morand 2012) have a beneficial impact on a e#yiof diseases.
Anthocyanins are especially known for their antioxidant andiaflimmatory effects (Chrubasik

et al.,2010) whichsupport their anticancer and adtabetes actions (Dat al.,2009; Konget al.,

2003; Neto, 2007; Thomasset al., 2009). Unlike resveratrol and some flavonoids whose
protective bioactivities associate with activation of SIRT1, anthocyanins are reported to not be
effective in activating this enzyme (Howitz et al., 2003), an important effector of mitochondrial
biogenesissuggesting that the protection by anthocyaninstacbugh a different mechanism. A
previous study from our laboratories suggest a novel mechanism by which anthocyanins may

protect: anthocyanidins (the aglycone forms) were found to preferentially accumulate in
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mitochondria compared to other flavonoids r{§e2012), wherein they may offer mitochondria
localized antioxidant activity. Resveratrol has been known to possess a wide range of bioactivities
including antioxidant, antnflammatory, antiaging and anticancer effects (Gambini et al., 2015).
The mainmechanism by which resveratrol has shown protective effects is through its ability to
increase mitochondrial biogenesis, by activation of SIRT1 (Csiszar et al., 2009; Kelkel et al., 2010;
Price et al., 2012). The induction of mitochondrial biogenesisdueratrol is accompanied by an
increase in mitochondrial mass, mitochondrial DNA content, components of the respiratory chain,
and increased expression of nuclear respiratory fdc{diRF~1) and mitochondrial transcription
factor A (Szabo, 2009).

Limited studies have focused on understanding the effects of polyphenols on systemic metabolic
diseases from a gulerived perspective. Moreover, there is lack of information about protective
effects of polyphenols in preventing the mitochondrial damadecedby excess fat intake and
therebyavoidance of gut permeabilitWe postulate that resisting the adverse effect of excess fat
will require an increase in energy output at the level of the small intestine, as this tissue represents
a key barrier that is desigd to prevent inflammatiemducing gutderived antigens, such BBS

from entering the blood streafBaumgart and€Carding, 2007t.ochmiller and Deerenberg, 2000)

Thus, we reason that if cells can combat the physical stress of excess fat exposurewiggmp
cellular bioenergetics (i.e. ATP production), they are more likely to maintain barrier integrity and
prevent entry of gutlerived antigens We hypothesize that anthocyanins, by acting as
mitochondrial antioxidants, may help neutralize potentiallpixic free radicals arising from
oxidative phosphorylation. Resveratrol, on the other hand, by increasing mitochondrial biogenesis
and function, may increase the amount of ARilableto manage the heightened energy demands

of stressful conditions. Du¢o different mechanisms of action, we also hypothesize that

anthocyanins and resveratrol materact together tprovide protection.

Only a few studies havexaminedthe protective effect of anthocyanins and resveratrol on the
function and integrity ofritestinal epithelial cells and tight junctions @tial.,2014g; Shinet al.,

2011; Haggaret al.,2017; Linget al.,2016; Wanget al.,2016). Also, among studies investigating

the protective effect of resveratrol on intestine and related diseases, most have focused on anti
inflammatory and to a lower extent the antioxidant (Matral.,2015) effects of this compound

However, the protion of intestinal cell mitochondraffordedby these polyphenols has not been



addressed in previous studi€ansidering the importance of mitochondnaupplying the energy
required to regulatmetabolism and function of celleesearch should be aducted to determine
whether polyphenols act in the small intestine to support mitochondrial funotianrmanner

shown in many other tissues and cell tyfesgoa et al.2011; Pajuelcet al.,2012; Xieet al.,

2012; Skemieneet al.,2015; Zhacet al.,2015;Csiszaret al.,200; Priceet al.,2012;0nyango

et al.,2010; Higashidat al.,2013) Concentrationsf polyphenols used in this studyerechosen

to be relevant to the amount presentha gut lumen.Since the gut represents one of the first
anatomical sites of exposure, gut luminal concentrations of polyphenols can achieve very high
concentrationguM) relevant to those usdad in vitro experimentsto show benefitPolyphenols

such as anthocyanins and resveratrol may increase mitochondrial efficiency and spare capacity,
enabling the production of sufficient ATP when demand increases. The consequence of such
improvements may be better mamaace of the gut barrier when challenged, thereby preventing

epithelial disruption, intestinal barrier impairment and inflammation (Pearson et al., 2008).

In this study, we used Ca& intestinal epithelial cells exposed MM prepared from a
combination bfree fatty acidsaind bile acid as a model of dietdipyid-induced intestinal stress to
investigate the mechanisms involved and the possible protective effeatghaicyaninsand
resveratrol. We therefore measured the effectasnodnthocyankmich bilberry extract (ARBE)
resveratrol and MM on intracellular and mitochondrial ROS generation, indices of mitochondrial
function and respiration, mitochondrial biogenesis, and expression of genes involved in oxidative
stress and inflammation, and intestinaitieglial monolayer permeabilitysincesome effects of
anthocyaningn vivo, andin vitro, may be due to their phenolic metabolites/breakdown products,
we also compared the effects of cyanidin, cyani@lgiucoside (C3G) and the phenolic products
protocatechuic acid (PCA) and 2,4réhydroxybenzaldehyde (THB).

1.2. Hypothesis

The main hypothesis of my study was that anthocyanins and their monophenolic derivatives
protocatechuic acid (PCA) and trihydroxybenzaldehyde (THB), and resveratrol ditfebgnt


https://www.ncbi.nlm.nih.gov/pubmed/?term=Skemiene%20K%5BAuthor%5D&cauthor=true&cauthor_uid=25586661
https://www.ncbi.nlm.nih.gov/pubmed/?term=Csiszar%20A%5BAuthor%5D&cauthor=true&cauthor_uid=19429820
http://www.sciencedirect.com/science/article/pii/S0925443909001677

mechanisms (antioxidant effect or inducing mitochondrial biogenesis) to protect against MM
induced oxidative stress, mitochondrial dysfunction and monolayer permeability ir2Cadis.
The detailed hypotheses wehat

1) MM increase cellular agdative stressjecreasetestinal cell mitochondrial
function, anddisruptintestinal epithelial integrity.

2) ARBE and resveratrdblunt MM-induced mitochondrial and intracellular
ROS generation, by different mechanisms, and protect against increased monolayer
epithelial permeability.

3) ARBE and resveratrol increasgatochondrial functiorand contenin order
to produce sufficient ATP to combtite stressnducedby MM.

4) Resveratrglby increasing mitochondria biogenesasid anthocyanindy
reducing mitochondrial oxidative stress, togetpesductively interact to resist the
toxic effects of MM challenge

5) The phenolicbreakdown/digestion products of anthocyanins, such as
protocatechuic aci(PCA), and 2,4,8rihydroxybenzaldehyd€élHB) contribute tahe
reduction of intracellular ROS and cytotoxicity by anthocyanins and anthocyanin rich

bilberry extract

1.3. Objective

The specific objectives were to determine:

1. The extent to whiclARBE and resveratrol inhibit the praxidant activities oMM in

Caco2 cells andto identify the mechanisms involved

2. The ability ofARBE and resveratrol to increase mitochondrial biogenesis and ameliorate
oxidative stress and mitochondrial damage inducddidyin Cace2 cells andto confirm

the mechanisms involved



3. The interaction and possible synergistic effects of resveratrolARBIE to preserve

mitochondrial function and reduce oxidative stress in €acells

4. Whether anthocyanin breakdown/digestive products and pure anthocyanins contribute to
the protective décts of anthocyanins against MiMduced ROS generation in Ca2o
intestinal cells.

The firstthreehypotheses will be addressed in Chapters 3 and 4. Tinin foypothesis will be
addressed in Chapter 5. The fifth hypothesis will be addressed in €Capte



CHAPTER 2 LITERATURE REVIEW

2.1. The Intestinal Barrier in Health and Disease

The intestinal epithelium is the inner layer of the intestinal mucosa lining the lumen of the
gastrointestinal traciThis layer is a selfenewing folded monolayer including several cell types

in the crypts and villi (LépePosadas et al., 2017). The dygontain proliferative cells. Stem
cells located in the base of the crypts provide renewal of the intestinal epithelium. While moving
upwards, the stem cells feed into progenitors, also knowmaasitamplifying cells through
asymmetric division. Theshkighly prolific cells have tumorigenic potential (Ma et, &016;
Phesse &Clarke, 2009%nus, the intestinal cells aseisceptibléo cancer (Ma et al., 2016; Phesse
&Clarke, 2009). Over 4 days, these cells migrate up the villi aimdergo differentiatiorio

replace aged enterocytes that are shed at the villi tips.

The intestinal epitheliurareates an impermeable barrier which acts selectively in the transport of
molecules between the lumen and the systemic circulation. This seliestotionality is necessary

for mucosal barrier function, and changes in paracellular permeability may cause alteration in
intestinal absorption and secretion (reviewedAogieta et al., 2006 andjarnason et al1995).
Intestinal permeability may also allow translocation afefgn molecules across or between the
intestinal cells via transcellular or paracellular transport, respectfully. Paracellular transport is
regulated via tight junction proteins, and dysfunction of these proteins or changes in the structure
of enterocytescan increase intestinal permeability and uncontrolled translocation of different
substancedncreased intestinal permeability is a potentially pathological condition in which the
intestinal barrier becomgsermeable to undigested food, toxins and baxtdrhis condition is
associated withincreased bacterial endotoxin translocatiaxidative stress and chronic
inflammation(Stenman et al., 2012; Bischoff et al., 201A)pairment of the gut barrier is noted

in diseases such as steatohepatitis, fatgr Idisease and diabetes (Dai and Wang, 2@b#)

different factors, including the Western diet, can trigger this impair(Besthoff et al., 2014).

Inflammation associated with increased intestinal permeability is postulated to increase the risk of

many diseases(Bischoffet al., 2014).Gut barrier dysfunction and increased inflammatory


http://www.ncbi.nlm.nih.gov/pubmed/?term=Arrieta%20MC%5BAuthor%5D&cauthor=true&cauthor_uid=16966705
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bjarnason%20I%5BAuthor%5D&cauthor=true&cauthor_uid=7729650
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bischoff%20SC%5BAuthor%5D&cauthor=true&cauthor_uid=25407511

bacteriallipopolysaccharid€LPS) in the circulation has been noted in several diseases such as
fatty liver disease, steatohepatitis and diabetes (Stenman et al., 2012; Stenman et al., 2013). LPS
does not initiate gut barrier dysfunction howevéthe barrier is disrupted, LPS may aggravate

the damage (Hanson et al., 2011). Systemic inflammation has a close link to plasma endotoxemia

inducedby intestinal permeability (Cani et al., 2007; Cani et al., 2008).
2.2. Health Issues of a High Faiet

Diet plays a major role ithe occurrence of diseasand studies have established the link between
different nutrients and chronic diseases. Lipids are essential and should be consumed moderately
to provide essential fatty acids and lipid soluble maitas for the body(Thomson & Dietschy,

1981); howeverexcessive intake may lead to a variety of diseases such as metabolic syndrome,
cardiovascular disease, diabetes, cancer Aetuigh fat diet also increases the risk of obesity,
which, in turn, isassaeiated with many diseases including cardiovascular disease, insulin
resistance and cancgchwingshackl & Hoffmann, 2013; Laet al.,2012; Wineret al.,2016).
Epidemiological studies (Miller et al., 1983; Giovannucci & Willett, 1994) as welhasgvo

studies have shown high dietary fat (Rao et al., 2001) especially saturated fat intake promotes
colorectal cancer. In addition to the effects of the fat, the diilds that emulsify them can
contribute to the carcinogenicity (Bernstein et al., 2006 amount of fat along with type of fat

in the diet both have a significant roledither promoting healtbr contributing to disease risi
metaanalysiperformel by Schwingshackl & Hoffmann (2013) showed that a high fat diet (>30%
total energy intake), high in saturated fatty acid (SFA) (>10% total energy intake) is associated
with increased plasma cholesterol and low density lipoprotein (LDL) and is consideragra

risk factor for coronary vasidar disease. The Dietary @gilines for Americans suggests fat intake

of 20-35% daily energy (Nutrition and Your Health: Dietary Guidelines for Americans, 2010).
2.21. High Fat Diet and Intestinal Permeability

The gutbarrier is one of the most important barriers that protect the body and organs against
foreign molecules and damageéherefore, maintaining the function and integrity of the gut is an

important factor in order to prevedietrelated diseases (Y Le2)13).
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Several studies have identified mechanisms by which high fat diet triggers intestinal permeability
and disease risk. One mechanism is through the induction of oxidative stress in the endoplasmic
reticulum (ER) of intestinal goblet cells and activationndlammatory signaling (Gulhane et al.,
2016). The mucin glycoprotein, Muc2, is produced via intestinal goblet cells and is susceptible to
misfolding which activates the unfolding protein response (UPS) in an attempt to restore
homeostasis. Failure to restothe misfoldinginducesER stress and triggers an inflammatory

response and apoptosis, which compromises mucosal barrier integrity (Gulhane et al., 2016).

Another mechanism of fahduced intestinal permeability is via secretion of bile acids. Bile acids
are necessary for absorbing fats &aesolublenutrients, and for biliary secretion of lipids and
xenobiotics. Also, the conversion of cholesterol to bile acids is important for maintaining
cholesterolhomeostasisHowever, accumulation of bile acids ileal lumen may damage the
intestinal epithelium (Craveet al.,1986; Milovic et al.,2002). Bile acids have also been shown

to alter Muc2 structureShekelset al.,1996; Songet al.,2005) In addition, toxic bile acids or
disorders in bile acid metalimm caninduce inflammation and cholestatic liver disease, and
contribute to dyslipidemia (Ferrebee and Dawson, 20D#¥tary fat affects bile acids by
decreasing the proportion of the less membrane disturbing ursodeoxycholic acid (UDCA) vs. the
more merbrane disturbing deoxycholic acid (DCA), which can impair intestinal barrier function
(Stenmaret al.,2012; Stenmaet al.,2013). Stenmaaet al. 013) showed that a diet containing
1-3 mM DCA for 10 weeks, increased intestinal permeabilityf@l® compared to a normal diet

in mice. Also, 3 mM DCAInducedepithelial barrier disruptiom vitro. In another study, DCA
induced disruption of the epithelial barrier, increased prostagl&afR GE2) in the jejunum, and
intestinal inflammation in mice, indicating a connection between permeability and inflammation
(Bernsteiret al.,2007).

A stress such as high fat diet also increases intestinal permeability when ATP levels decline as a
resultof mitochondrial dysfunction induced by rise in mitochondrial oxidant production (Yu et al.,
2014). Decline in ATP levels associate with disruption of tight junction proteins, as actin polymers
that are used to support cell structure and a tether toipraeplexes that comprise the tight
junction are dependent on ATP. Alterations that result in depolymerization (i.e. ATP loss) will
destabilize both the shape of the cell and the tight junctions that are required to maintain the barrier
(Shen and Turne005), leading to their disassembB&heéngandCantley 2007). The dependency
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of tight junctions, ad barrier integrity, on adequate ATP for actin polymer integrity, reinforces

the concept that energy metabolism is an important determinant of a healthy gut.

Moreover, an important complication associated with excess fat ingestion is modification of
compaition of gut microbiota, which together with impaired tight junctioras/increase systemic
exposure to microbial antigens, such as LPS (Moetied.,2012). LPS, a cell wall component of
granmnegative bacteriandis a potent stimulus for activation thfe inflammatory response. In an
article by Caniet al. 007) it is stated that entrance of LPS into the circulatory system from the
gut in response to high dietary fat intake pr
host response involving@lease of inflammatory cytokines. Increased circulating levels of LPS due

to gut barrier dysfunction has been noticed in several diseases such as fatty liver disease,
steatohepatitis and diabetes (Stenrmaaial.,2013). LPS contains a negatively chargeudliA
component in the molecular structure that enables these molecules to bind the highly cationic
apolipoprotein B present in chylomicrons and other lipoproteins (VLDL, LDL) and apolipoprotein
A-1 present in HDL(Vreugdenhil et al., 2001 Also, excessi® chylomicron formation as a result

of a high fat diet maynduce aggregation of these lipoproteins in the intercellular spxce
enterocytesthus causing an increase in local pressure and deterioration of the tight junctions

between the enterocytes or membrane rupiorbe basal side (Moreirgt al.,2012).

Furthermore, and perhaps most importantly, the inflammatory response induced by adiggth fa
associates with increased cytokine release from enterocytes and mast cells (Y Lee, 2013)
(reviewed by Moreira et al., 2012). Inflammatory cytokines released from mast cell activation
include TNFU (Y L e e -1b, 2.8t Jad)I513 (Mareira et a). 2012). BecauseTNF-U
decreases phosphorylation of occludin, an essential tight junction protein, occludin becomes
detached, thus disrupting tienctionality and structure dight junction protein complex and
increasing intestinal permeability (Ma et,&004; Cui et al., 2010b; Novak and Mollen, 2015;

Lee et al., 2015).

The monolayer of enterocytes that comprise the gut wall represent a critically important barrier
that protects the body from antigens thatgaovoke inflammatory responses linkedheightened
disease risk. Since food first cogia contact with the Gl system, it is very important to know the

beneficial and adverse properties of dietary factors in regard to enterocytes. Improving the strength
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of the gut through provision of dietary exgs that support mitochondrial metabolism may be a

promising approach in preventing or alleviating detrimental effects of high dietary fat.

2.3. The Intestinal Epithelial Caed Cell Line as a Gut Barrier Model

Cacae? cells, a human colon adenocarcinoma cell line, have been extensively used as a model for
intestinal permeabilityUnder appropriate culture conditigrthiese cellglifferentiae and form
monolayerswith morphology and functional properties of mature enterocytes (Saetbaly,

2005). Differentiated cells resemble epithelial cells in the small intestine (Etiratlo, 1983) as

they are polarized, possess apical and basolateral su(a@buyet al., 2005 Foghet al.,1977),

express microvilli on the apical side and form tight junctions between neighboring cellsgiPinto
al.,1983).

While some studies utilize fully differentiated Ca2aells, other studies use undifferentiated or
partially differentiated Cac@ cells to study protection of intestinal epithelial cells against
different stresses. In the case of undifferentiated cells, thecceild be considered twe similar

to intestinal progenitor cells, and the stressesfere by inducing mitochondrial dysfunction, thus
influencingtheir ability to differentiate and form a barrién.studies on stresses to undifferentiated

Caco?2 cells, they are usually first grown to confluence over 24 h so are not actively dividing.

Severéstudies have shown protective effects of polyphenols in differentiated or undifferentiated
Caco2 cells. In differentiated Caed cells for example, studies have shown protection by
flavonoids (Erlejman et al., 2006; Chen and Kitts, 2017; Cremonini,e2Gil7), phenolic acids

(Liang et al., 2016) and polyphernath extracts (Denis et al., 2013, 2015) against different
stresses. In undifferentiated CaZaells, protection against different stresses has been shown with
flavonoids (Elisia and Kitts, 200&onzales et al., 2016), resveratrol (Panaro €2@l2; De Maria

et al.,, 2013), benolic compounds (Pache€rdaz et al., 2018), and polyphemmh extracts
(Yazheng and Kitts, 2012; Doébevoli et al., 201

The presence of tissue specific genes ability to differentiate and produce a polarized membrane,
and expression of growth factors receptors, digestive enzymes and nutrient transporters that
characterize normal enterocytes, make Caaells a suitablén vitro model for the major cell

type comprising the gut barridn addition, Cace cells express a variety of cytochrome P450
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enzyme isoforms and phase 2 enzymes such asdlliziaronosyltransferase, sulfotransferase and
glutathioneS-transferase. Expressiof these enzymes, which are designed to protect the body by
inactivating foreign, potentially toxic, dietary components, is also characteristic of normal
enterocytes (Meuniegt al.,1995). Although culture conditions may influence the properties of
thee cells, several studies have indicated that €@acells resemble the characteristics and
properties of intestinal cells better than other carcinoma cells lines (Mats@tatg 1990).
Tsuzuki (2007) also showed Cagocells areappropriatemodels to inestigate absorption of
dietary lipids in human intestine as they maintain the cellular machinery involved in lipid
absorption, triglyceride (TG) resynthesis, and chylomicron secretion.-Zaells also express
glycosidasegKlumperman et al., 1991; Mizuma et al., 2005; Arafa, 2605hry-Vitrac et al.,
2006) which like normal enterocytes remove the sugar moieties from dietary flavonodis a
release the flavonoid aglycone. Thus, in general, Qacells providean appropriate modeior

investigating effect oflietary componentsnthe barrieffunction of this organ.
2.4. Lipid-induced Mitochondrial Dysfunction

Mitochondria are the power house of cells and contribute to cell metabolism by producing ATP
from dietary energy sources through oxidative phosphoryldhtartel et al.,2013) Therefore

organs with higher energy demand, such as the Gl tract, liver, brain and muscle, are more
vulnerable to the effects ofitochondrial dysfunction (Reviewed by Labegal.,2014; Ernster

and Schatz, 198 NunnariandSuomalainen2012).

Exposure of intestinal cells tagh dietary fat maynducemitochondrial dysfunction both by the
physical stress of fatty acids and bile acids on membranes of the cell, and the metabolic disturbance
of the excess fatty acids. Disruption of the plasma and mitochondrial membrane structure by bile
acids can trigger mitochondriatlediated apoptosis (Perez and Briz, 2009). Also, exposure of
mitochondria to free fatty acids has long been known to produce hoitddal uncoupling
(Vaartjes and van den Bergh, 1978; Borst et al., 1962), which desrdasecapacity of
mitochondria to produce ATP. Moreover, the excess supply of NARNided electron r o-m b
oxidation may exceed mitochondrial oxidative capacitgulting in increased reduction of the

ETC and consequent ROS generatioegaandShirihai 2013;Maassen et al., 2007 turn, the

mitochondrial ROS can adversely impact mitochordefficiency by damaging mitochondrial
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lipids and other componen(Raradies et a] 2010) The resulting oxidative stresisat damages

the mitochondrial components and reduces the ability of the mitochondrial electron transport chain
to couple oxygen consumption to ATP productimay trigger the mitochondrial permeability
transition, cytochrome C release and apoptdSign{i and Espostj 2011). The decreased cell
viability can then disrupt tight junctigoroteins andncrease permeability of the cell monolayer
(Gogvadzeet al.,2006).

Processes which help maintain healthy and efficient mitochondria include mitochondrial
biogenesis and mitophagy. The former proeki new mitochondria and the latter removes
damaged mitochondria and is triggered via loss of membrane potential (Ashrafi and Schwarz,
2013; Basiet al.,2017; Ploumet al.,2017; Ding & Yin, 2012). Disruption in either process plays

an important role imitochondrial related diseases (Ding & Yin, 201&)d nutrient deficiencies
aggravate this condition resulting in increased mitochondrial ROS geneBilomw, studies on

effects of fat on mitochondrial function will be reviewed in detail.
24.1 Effect of Lipids on Mitochondrial Function and Gene Expression

Severalstudiessuggest excessivptake ofdietaryfat leads to pathological conditions associated

with decreased mitochondrial number and functi@viéwed by Rohrbach, 200Ritov et al.,

2005; Liuet al., 2009 MabalirajanandGhosh 2013. In one study by Yang et al. (2012), Oa1
saturated fatty acid (sodium palmitate bound to bovine safibamin, as an established model of
inducing insulin resistanda vitro) in C2C12 myoblast celimducedmitochondrial dysfunction.

A decrease in oxygen consumption and mitochondrial membrane potential, an increase in
mitochondrial electron transport ghasubunits (complexes IV and V) (probably due to a
compensatory mechanism) and an increase of UCP2 and UCP3 was noted after 24 h of palmitate
treatment (Yangt al.,2012).

Very limited studies have investigated the effects of dietary lipid on mitoctadridriction in
intestinal cells and/or intestihéissue. In one study (Chapkiet al., 2002) feeding omega
polyunsaturated fat to rats increased the susceptibility of colonocyte mitochondria to damage from
ROS, facilitating colonocyte apoptosis. Polyansated fatty acids (PUFAS) are prone to oxidation
and cancompromisemitochondrialfunction. Another study Eya et al., 2015) revealed dietary
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lipid fed to fish affected expression of different mitochondrial and nuclear genes related to the
electron transport chain of the intestine, as well as liver and muscle, by either decreasing or

increasing gene expression.

Also, of interest are effects of high saturated fat common in Western diets on mitochondrial lipid
metabolism A high fat diet modifies expression of carnitine palmitoyl transfedagéPT1) in

different tissues such as muscle. CPT1 is located in the outehmitdrial membrane and controls
long-chain fatty acylcoenzyme A (LCFACOA) entry into mitochondria, where LCFB0A

under gnadaten tdprovide energy (Turnet al.,2007).The study by Turneet al. 007)

indicated that a high saturated d#et (D12451, 45% total calorie from fat) fed to C57BL/6J mice

for 5 or 20 weeks increased muscle peroxisome prolifeeatiivated receptor gamma coactivator

1-alpha (PGEL U) and thereby increased mitochondr i .
capaciy, uncoupling protein 3 (UCP 3), and mitochondrial respiratory chain subunits. However,
Sparks et al. (2005) showed a decrease in genes related to mitochondria complexes (I, Il, lll and
IV), oxidative phosphorylation and PGCU i n skel et al6J mieeded la digho f C5
saturated fat diet (D12451) for 3 weeks. The reason for conflicting data on effect of fat en PGC

10 may be due to the composition of the diet
examined (i.e., quadriceps versus gastrocnemiusllb). In addition, some studies focus on

mRNA expressionforPGE U, but the gene may not reflect t
modification after translation (Turnet al.,2007). In another study on muscle (Gone¢sal.,

2012), a high fat iét (60%) for 12 weeks in Sprague Dawley raiduced mitochondrial
dysfunction, decreasing oxygen consumption and mitochondrial ATP by decreasing succinate

dehydrogenase, cytochrome C oxidase and citrate synthase activity.

Some studies also showed eftect high saturated fat on mitochondria of liver. A study conducted

by Martelet al. 013) using several models (liver of patients with fatty liver disease, ob/ob mice,

mice fed a high fat diet anidh vitro models of lipotoxicity), showed increased mitooldrial
membrangpermeability and swelling. In another study by kinal. 005), dietary saturated fat

(58% fat D12331) in C57/BI6J micenducedanincrease in expressionof PACb and al ter a
of lipid metabolism in liver leading to increased lipogsis, hypertriglyceridemia and
hypercholesterolemiaPGG1 b al so sti mulated expression of
cyt oc hr o mATPa€e iralivedLin fet al.,2005) Thus, saturated famnduceda stress that
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increased mitochondrial biogenes®sG1b | i k-eU PiGilCcr eases mitochondr

respirationin differentiated myotubes and hepatocytes @tial.,2003; StPierreet al.,2003)

In summary, both saturated and unsaturated fat affect mitochondrial gene expression and function.
Although conflictng resultsexiston the effect®f lipids on mitochondrial function, PUFAs seem

to increase ROS generation in mitochondria and saturated fat has shown to decrease mitochondrial
efficiency by decreasing oxygen consumption, increasimgpuping proteinsand decreasing
mitochondrial respiratory chain subunits. However, other studies as mentioned above show lipids
actually increased mitochondrial metabolism and fatty acid oxidative capacity. Some of the
inconsistencies in the results miag explained by the timing and dosimetry of such exposures,
differences invarioustissues, or perhaps induction of early compensatory mechanisms, that mask

thedetrimental effect®bserved later on, but the reason for other disagreements is not known.
2.4.2 Effect of Lipids on Mitochondrial ROS Generation

Mitochondria are major sources of ROS production and complex | and Il are the main sites of
superoxide anions (reviewed by Turrens, 2003). ROS generated from complex | mainly enter the
mitochondrial maix whereas ROS produced by complex Ill enter either the matritM&r
(Turrens, 2003). Such RGBsociates with increaseNA mutations, inefficient mitochondrial

function, loss of ATP generation and aging.

Fatty acids impair ATP production in mitochtbta by inducing oxidative stress and ROS
generation in mitochondria. Schonfeld & Woijtczak (200@r exampleshowed free fatty acids
(FFA) can impair ATP generation by inhibiting electron transport and increasing mitochondrial
oxidant production oinducedepolarization of the inner membrane due to uncoupling (Schénfeld

& Wojtczak, 2007; Korshunoet al.,1997). Both saturated and unsaturated fat in the diet increase
mitochondrial ROS generation in different tissues. In one study, dietary unsaturated fat (25% of
total fat) increased lipid peroxidation and membrane alteration in the heart of Wistar na&({Di

al., 2004). Another study showed high dietary fat (D12492 60% lard) fdr91Weeksinduced
increased ROS and decreased ATP production in liver and heart mitochondria in C57BL/6 mice
(Yu et al.,2014)with changes in the liver being more pronoundd@nget al. 014) found that
C57BL/6Jmicefed a high fat diet for 12 months showed an increase in mitochondrial ROS

15



generation and oxygen consumption in viscaral subcutaneodat. In general, the results of
different studies show that mitochondri@RlOS generation increases when mitochondria are

exposed to increased dietary fats.

2.4.3 Mitochondria and Intestinal Permeability

Mitochondria dysfunction is consideraccommonfactor inmany diseases; however, it has not

been studied in the gastrointestinal tract to a great extéestinal cells in general require a high

amount of energy for normal function and maintairtimgintestinal barriehas been estimated to

require 40% of thebody 6 s ener gy exqg an2di4) Thue inaddguatec h o f f

mitochondrial ATP generatioin the gut barriemay lead to pathological conditions.

In the review of Novak and Mollen (2015), the authors mention that patients with intestinal
diseasesigh as IBD have disrupted intestinal cell mitochondrial respiration, reduced levels of
ATP and increased intestinal permeabilitpadequateATP has been related tpathologies

affecting high energy requiring tissu@esleret al.,2012)

There is evidence that impaired mitochondrial function may lead to increased intestinal
permeability. For example, drugs (nsteroidal antinflammatory drugs) can impair
mitochondrial function and concomitantly increase intestinal permeabityiewed by
Bjarnason, 1995) Also, in a study by Rodenburgt al. 008), nordigestible fructe
oligosaccharide~0S)(60 g/Kg diet) increased intestinal permeability (mainly coloagltering
energy metabolism and depleting ATP in colonic epithelial c&#sa comperating mechanism,

an increase in expression of mitochondrial gene a complexes ofmitochondrial oxidative
phosphorylatiorandalsoenzymesof the tricarboxylic acid (TCA) cycle was observed following

FOS consumption.

In addition, tight junctions anidhe cytoskeleton in small intestieaterocytegontrol the transport

of luminal contents imn ATP dependent manndhus,disturbed cellular metabolic function and
ATP depletion may disrupt the barrier permeability (Maretedl.,1993; Kennedyet al.,1998;
Salzmaret al.,1995; Unncet al.,1996). In a study by Madset al. (995) male Lewis rats given

the antibiotic FKS06 for 6 weeks had increased intestinal permeability that corresponded with

decreased intestinal cell ATP production and mitochohdespiration. The authors conclude that
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decreased mitochondrial activity and ATP production led to increased intestinal permeability
(Madsenet al.,1995).In a study with Cac@ intestinal epithelial cells (Dickman et al., 2000),
infection of the cells wth rotavirus, which lead to a drop in mitochondrial respiration and cellular
ATP, was reported to impair tight junctions and increased paracellular permeability.

Because mitochondria have an important role in intestinal cell barrier function (Henke & Jung,
1993; Mandel et al., 1993; Madsen et al., 1995), we reason that improvements in cellular
bioenergetics at the level of the intestinal epithelial cell can canfamoved resistance to dietary
stressors, through AFBependent maintenance of epithelial tight junction integrity and overall
cell function. This improvement may be achieved by maintaining ATP production during stressful
exposures through either an incgean the number of mitochondria per cell or by reduction in the
oxidative damage provoked by strasduced mitochondrial overwork. Mitochondrial
antioxidants may serve such a purpose. Increasitaghondrial biogenesand efficiency are two
potential nechanisms by which dietary agents may confer heightened resistance to toxic
challenges, which can prevent increase in ROS generation, and impairment in barrier integrity.
Polyphenols, potentially through their ability to increase the capacity and efficeinthe
mitochondria may inhibit the effect of stressors thereby preventing intestinal barrier impairment

and organ dysfunction

2.5. Anthocyanins

Berries have a variety of phytochemicals such as polyphenols, stilbenes, tocopherols, and
carotenes. Among polyphenols, anthocyanins are of great interest (Patterson, 2008). Anthocyanins
are flavonoid compounds with polyphenolic groups responsible for the pigmentation of plants
ranging from pink to purple (Perviat al.,2014). The color of ahbcyanins depends on the

chemical structure and the presence of copigments (Misaiy,1991).

Anthocyanins have two aromatic rings connected via three carbon oxonium heterocycle, referred
to as a chromane ring, which is attached to an aromatic rihg & positionFig. 2.1 displays the

basic structure of anthocyanins (Bueri@l.,2012).
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Chromane ring

Figure 2.1. Basic structure of anthocyanin

Anthocyanins are naturally present in glycosylated (usuatlythe 3 position) formsof
polyhydroxyl or polymethoxyl derivatives offzhenylbenzopyrylium (flavylium) cation (Mazza

and Miniati, 1993). Identified anthocyanins differ in number of hydroxyhethoxyl groups, and
number and position of the sugar groups. The most common sugar groups are glucose, galactose,
arabinose, rhamnose and xylose. The aglycone form of an anthocyanin, called an anthocyanidin,
is rarely found in nature. Approximately 17 lantyanins are found in nature and 6 are the most
common (Fig. 2): cyanidin, delphinidin, petunidin, peonidin, pelargonidin, and malvidin (reviewed
by Prior & Wu, 2006; Del Riet al.,2013).In addition, git microflora metabolizanthocyaninso

phenolic &id and aldehyde derivatives. Two major derivatives are protocatechui®&*d and
2,4,6trihnydroxybenzaldehyde (THB) (Fariat al., 2014; Seeramet al., 2001).PCA is a
dihydroxybenzoic acid, a type of phenolic acid and is structurally similaaltc gcid, caffeic

acid, vanillic acid, and syringic acidll of which are wellknown antioxidant compounds (Kakkar

and Bais, 2014)Figure 2 shows some of the main anthocyanins, anthocyanidins and derivatives

of anthocyanins.
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Figure 2.2. Structures of anthocyaningl) cyanidin3-b-D-O-glucoside (C3G)(2) delphinidin 3
b-D-O-glucoside (C3G)(3) malvidin 3 b-D-O-glucoside (M3G){4) cyanidin, (5) delphinidin,
(6) malvidin, (7) pelargonidin,(8) peonidin,(9) petunidin,(10) protocatechuic acid11) 2,4,6

The transformation of anthocyanins in aqueous solution under different pH has been reviewed by
He and Giusti (2010). Four major anthocyanin formsterigquilibria: the red flavylium cation,

the colorless carbinol pseudobase, the colorless chalcone, and the blue quinonoidal base. The
primary form of anthocyanidin at pH <2 is the red flavylium cation. Hydration of the flavylium

cation at the € positon occurs at pH 3 to 6 which forms a colorless chalcone pseudobase. In



neutral and slightly acidic pH the neutral quinonoidal base is formed which has a purple to violet

color and at alkaline pH {80) the blue color ionized quinonoidal base is generated.

2.5.1. Amount of Anthocyanin in Foods

Anthocyanins are the largest group of water soluble pigments in plants. These compounds are
usually associated with frujthowever flowers, vegetable roots, tubers, bulbs, legumes and
cereals also contain these compounds (reviewed by Bridle & Timberlake, 1997). Derivatives and
metabolites of anthocyanins such as protocatechuic acid (PCA) are foundem atig white

grapes (Semamingt al.,2015). Berries are among the richest sources of anthocyanins. Canada
grows two different types of blueberrjesvild (low-bush) blueberries (i.eVaccinium
angustifolium and cultivated (higibush) blueberriesvaccinium corymbosuyrandis also the

second biggest producer of cranberries. Canada also produces saskatoon berries (Amelanchier
alnifolia) which is a deep blue/purple berry grown on a tree (Patterson, 2008). Bilberries
(Vaccinium myrtillus L) are mainly grown in Europe, and higbsh bluebrries {accinium
corymbosum L.are primarily cultivated in North America (Moet al.,2011). Lowb us h fAwi | d o
blueberries Yaccinium angustifoliucontain a higher amount of anthocyanins and have higher
antioxidant capacity compared with highsh bluebrry (Vaccinium corymbosum) (Kaét al.,

1999).

More than 600 anthocyanins have been discoverede{H., 2006 Liu et al.,2018),and the
glycoside form of 6 aglycone forms are mostly distributed in foods €WVai.,2006). Among
anthocyanin rich foagl black raspberry and black currant contain mainly glycosides of cyanidin
and delphinidin respectively, blueberries contain mainly malvidin and petunidin, cranberries
contain mainly peonidin, red radish have a high amount of pelargonidine¢V&l, 2006) and
bilberry is the main source of cyanidin and delphinidin (Peetial.,2014). The study of Wet

al. (2006) also found that in general, monoglycosylated forms of anthosyamrpresent to a
greater extend compared to di anegisicosylated formsrad acetylated anthocyanins are present

in minor amounts in foods.

In the study by Wu et a(2006), 100 different foods were tested for anthocyanin content. From
the total 100 foods tested, 24 had anthocyanins and the main anthocyanins were glycosides of
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cyanidin, delphinidin and malvidin. The amount of anthocyanin found in foods tested ranged
between 0.71480 mg/100 g of fresh weight. According to Moze et al. (2011), the amount of
anthocyanins in bilberries is 1210.3 mg /100 g fresh weight and in blueberries is 212.4 mg/100 g
fresh weight. Likewise, Bornsek et al. (2012) state that fresh byltaard blueberry contain
1122.9+27.4 mg and 262.2+12.0 mg anthocyanins expressed as C3G/100 g fresh weight
respectively. Thus, the anthocyanin content of bilberry was more than 4 times of the blueberry
extract. Also, Moraiset al. 016) have reporte@00 g of eggplant or black grapes provides
approximately 1500 mg anthocyanins, 100 g of berries provides approximately 500 mg of these
compounds and 100 g of Brazilian berries such as &gaefpe oleracea Mart.and jucara
(Euterpe edulis Mar}, can providdetween 239 and 409 mg of anthocyanins. The most abundant
anthocyanin in food is cyanidin (50%) and then pelargonidin (12%), peonidin (12%), delphinidin
(12%), petunidin (7%) and malvidin (7%) (Reviewed by Mosdial.,2016).

A 1-y-old red wine containgnthocyanins ranging from 40 to 1269 mg/L and the anthocyanin
content decreases about 60% ig-dld bottled wine (Pojeet al.,2013). Wu and others (2006)
also estimated that a glass of wine contains approximately 20 to 35 mg of anthocyanins.

Based on NHANES in 2002002 the total amount of anthocyanin intake for each individual was
estimated to be 12.5 mg/day. The daily ingestion of anthocyanins in the United States is estimated
to be more than 200 mg/day (Kihnau, 1976). However, Rojal. (2013) in their review state

that this amount was overestimated because of inaccurate food data intake. The estimated daily
intake of anthocyanins in Finland is 82.5 mg/d (Heinonen, 2007), which contains 44.7% cyanidin
glycosides (Wwet al.,2006). The aveage daily intake of anthocyanins for men in Holland and

Italy have been reported to be 19.83 and 64.88 mg/day respectively and for women 18.73 mg/day
in Spain and 44.08 mg/day in Italy (Moraisal.,2016. IntheNetherland, the average intake of
flavonoids (mainly quercetin, kaempferol, myricetin, apigenin, and luteolin) in 4,112 adults tested
was 23 mg/day of all flavonoids combined and the most important flavonoid was quercetin with
16 mg mean daily intake (Hertag al.,1993). In another study, thtotal flavonoid intake in
93,600 women included in the NursesoO 642 al t h
mg/day), whereas anthocyanin intakes ranged from 2 to 35 mg/d (Cassidy et al. |2@ldical

trial studying 12 healthy subjectsml/kg body weight consumption of acai after overnight fasting
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resulted in a peak of 2321 ng/L 2.2 h after the consumption in the form of pulp and of 1138 ng/L
2.0 h after juice (Merter$alcott et al., 2008).

2.5.2. Absorption and Metabolism @inthocyanins

There are several studies about anthocyanin ingestion and the extent of their absorption. Marazzoni
(1991) was the first to mention 400 mg/kg body weight of anthocyanin resulted in 2.5 mg/L in
plasma after 15 min. Anthocyanins appear in theodblrelatively fast (about-BO min) after
ingestion and reach peak levels afteta@0min (Pojeket al.,2013). However, according to a meta
analysis by Manacét al. 005), after being metabolized via microbiwtéhe intestine and having

a rapid biotansformation, the average time for anthocyanins to reach the highest concentration in

human plasma was 90 min.

Although many studies @lavéraet al., 2004; Talavérat al., 2003; McGhie & Walton, 2007)

have investigated the absorption and bioavailabiityanthocyanins, the rate of absorption,
metabolism and distribution among cells and tissues remain uncleargfarja009). Two major

sites of anthocyanin absorption include the stomach and small netesginly the jejunum
(Talavéra et al., 200&;alavéraet al., 2003)However, h a reviewMorais et al(2016) indicate

high concentration of anthocyanins are found in the distal intestine, cecum and colon because most
absorption occurs in the lower Gl tract. Approximately 85% of blueberry anthosyaach the

colon where they are largely degraded to phenolic acids via microbiota for further absorption
(Reviewed by Morais et al., 2016).

Studies have reported that only less than 1% of total anthocyanin intake is absorberteted ex

in the urine(in the nativeform as well asnetabolits) (Miyazawaet al., 1999 Approximately

69% of anthocyanins disappear in the Gl tract 4 h after ingestion which may be due to degradation
and metabolism of the parent compound and formatigrhefolic acids and aldehydes (Auea

al., 2005Keppler and Humpf, 2005; Tsuéaal, 1999).

The concentration of anthocyanins in the systemic circulatennges fr om nM t o | o
et al., 2013). Several studies indicate anthocyanin glycosides (stable at low pH) are absorbed intact
from the stomachnd small intestinby a saturablenechanism indicating a carrier involved in the

absorption, then circulated and exegktvia urine unmodified (Youdim et al., 2000; Faztaal.,
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2009; Miyazawa et al., 1999; Pojet al., 2013). Likewise, Bornse&t al. @012) believe
anthocyanins as hydphilic compounds are not transported through the cellular wall by simple
diffusion indicating there might be a transportertla cellular surface for these compounds.
However, others signify cleavage of the sugar group of anthocyanins by bacteriastinahte
enzymes to form anthocyanidins (Keppler and Humpf, 2005; Faria et al., 2009). Anthocyanidins
which are lipophilic compoungsliffuse across the epithal membrane passively (Del Réd al.,

2013) and are converted to their metabolites (sulfatgucuronide conjugates) before entrance to
the circulatory system (Keppler and Hum2005; Del Rioet al., 2013). In any case the
bioavailability of anthocyanins is very low, ranging from 1.7% to 3.3% (Marcziylkal.,2009).
Anthocyanins pass the blodmain barrier, the blocdetina barrier, and apart from the Gl tract

have been detected in vascular endothelial cells, liver, kidney, prostate glandet{Bbj2013).

In detail, after ingestion of flavonoids thi/gosylated form is converted to thglycone form by
lactase phloamin hydrolase (LPH) present in the brush border of the small intestine epithelial cells.
The aglycone form enters t hgkicosidase €CB®)dsyamother p a s ¢
altermative hydrolytic step within the epithelial cells. In order for the CBG to act within the cells,
the glycosylated flavonoid must enter the cell via a transporter (possibly active siejiemdent
glucose transporter 1 (SGLT1)) (Del Ribal.,2013). Howeeer, other studies have shown SGLT1

is not responsible for flavonoid transportation and in fact glycosylated flavonoids may inhibit the
glucose transporter (Kottra & Daniel, 2007). After entrance into enterocytes and before entering
the circulatory systemshe aglycone forms of flavonoids are metabolized by phase Il enzymes
and form sulfate, glucuronide, and/or methylated metabolites by sulfotransferases (SULTS),
uridine5-Niphosphate glucuronosyltransferases (UGT), and cat&xnoéthyltransferases
(COMTY9) respectively (Talaverat al.,2004). After entrance in the portal vein, the metabolites
may enter the liver and undergo further phase Il metabolism and enter the enterohepatic circulation
and be recycled to the intestinal lumen (De &ial.,2013). Sme of the metabolites might return

to the intestinal lumen via members of the adenosine triphospimatmg cassette (ABC) family

of transporters, namely multidrug resistance protein (MRP). GLUT2 (glucose transporter) and
MRP-3 are involved the efflux ahetabolites from the basolateral membrane to the portal vein
(De Rioet al.,2013) Anthocyanins have shown to increase facilitative glucose transporter 2
(GLUT?2) expression but facilitative glucose transporters 5 (GLUTS) and sedi@p@ndent
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glucose transorter 1 (SGLT1) remained unchanged (Faataal., 2009). While anthocyanins
increase GLUTZ2, the transport of glucose is decreased. Eara. @009) propose that
anthocyanins compete with glucose for the same transporter in the small intestine affectiag

uptake. In addition, anthocyanins are found both intact and as metabolites in blood and several
tissues such as bile, brain, liver, kidney, heart, testes and lung in rats and mice2.Bighosvs

possible mechanisms involved in absorption ofpbénols (Del Riet al.,2013).

Polyphenolic glucuronide, methyl, and sulfate metabolites are treated as xenobiotics and are
excreted via the kidneys (Del Rai al.,2013). Methylation of anthocyanins occurs mainly in
kidney tubules via COMT. The methya form may be excreted or transported back to the blood

by a bidirectional carrier (Pojaat al.,2013). Conjugated anthocyanins are mainly excreted via
urine but may also be recycled to the intestine via enterohepatic circulation and excreted in the
feces (Pojeret al.,2013). Glycosylated anthocyanins resistant to LPH or CBG which are not
absorbed in the small intestine are excreted via the colon where the conjugating moieties are
cleaved by the microbiota and the anthocyanidins are digested to bregdmucts and phenolic

acids and hydroxycinnamates, including protocatechuic acid (PCA) and - 2,4,6
trihydroxybenzaldehyde (THB) from cyanidin (Kay al.,2009). These phenolimetabolitesof
anthocyanins are readily bioavailable and likely provide maniieosystemic benefits of dietary
anthocyanins (Kagt al.,2017; Kayet al.,2009).

In contrast, several studies show the presence of intact anthocyanins or their metabolites in
different tissues. For example, Cooke et al. (2006) detected the intaciffartihocyanin in liver

and kidney, the aglycone form in urine samples and methylated and glucuronide metabolites in
urine and intestine of mice consuming Mirtoselg@rtthocyanirrich bilberryextract) In mice on

a C3Gsupplemented diet, the liver andlikey had glucuronide and methylated metabolites and
cyanidin was found in the intestinal mucosa. Coekal. 006) showed that total anthocyanin
levels in intestinal mucosa was 43 ng and 8.1 ug, after oral ingestion of 0.3% of dietary C3G or
Mirtoselectfor 12 weeks, respectively, equivalent to 9 mg/day anthocyanin (extract) per Apc
mouse. In another study by Felginetsal. 009) in rats consuming blackberry anthocyanin
enriched diet for 12 days, the bladder had the highest level of anthocyanins, @3@Gean
monoglucuronide were found in the prostate, testes and heart, and native C3G and methylated

derivatives were present in adipose tissue. With intravenous administration, Ichigaragi
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(2009), showed 400 mg/kg bilberry extract (153.2 mg/kg as ayéimins) resulted in anthocyanin
recovery of 30.8 and 13.4%, in urine and bile respectively during the first 4 h and primary
anthocyanins in liver and kidney werer@ethyl anthocyanins such as peonidin, malvidin, and
other Omethyl anthocyanins derived fro delphinidin, cyanidin, and petunidgiycosides.
Moreover, several studies have indicated protective effects of anthocyanins against cognitive
disorders, however there are conflicting data on whether anthocyanins cross theditobdrier
(reviewed ly Prior and Wu2006; Del Ricet al.,2013).

The rate of absorption of anthocyanins depends on their chemical structure and stability. In an
attempt to investigate the fate of anthocyanins in the small intestine, Tad¢d\adr£004) found
anthocyanin gicosides to be partially unstable at intestinal pt9%2 degradation in the perfusate

over 45 min at 37 °C at pH 6.6). The chemical structure of the anthocyanins influences its stability,
with delphinidin glycosides being the least stablevertheless, the anthocyanins were efficiently
absorbed by the small intestine (Talavetaal.,2004). The glycosidic group of anthocyanins
affected absorption from the small intestine. Cyan&igiucoside (C3G) was absorbed the most
from the intestingcompared to other sugar moiety groups attached such as cyagdlactoside

and cyanidin3-rutinoside) among purified anthocyanins and extracts. The presence of methyl
groups in the structure of anthocyanins such as malvidin glycosides decreasedosibsbtipese

compounds.
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Figure 2.3. Possible mechanism for absorption and metabolism of (poly) phenolic compounds in
the small intestineCB G, c y t-glusosidaser COMT, catech@-methyl transferase;
GLUT2, glucose transporter; LPH, lactgsielorizin hydrolase; MRP2i 3, multidrugresistant
proteins; PP, (poly)phenol aglycone; -BF, (poly)phenol glycoside, RBet, polyphenols
sulfatéglucuronide/methyl metabolites; SGLT1, sodium dependent glucose transporter; SULT,
sulfotransferase; UGT, uridire-Niphosphate glucuronosyltransferase (adapted from DeéRio
al.,2013).In the small intestine, LPH in the brush border cleaves the ggutmlecule to produce
the aglycone form which ent er glucoshlase (EBG) sr ocyt
another alternative hydrolytic step within the epithelial cells. Sodlependent glucose
transporter 1 (SGLTL1) is possibly responsible fdivaty transporting the glycone form into the
intestinal cells. After entrance into enterocytediet aglycone forms of anthocyasi are
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metabolized by phase Il enzymes and form sulfate, glucuronide, and/or methylated metabolites by
SULT, UGT, andCOMT, which along with the glycoside or aglyeform may enter the portal

vein.
25.2.1. Effect of Food and Enzymes on Anthocyanin Metabolism

Other studies have focused on the effects of digestive enzymes and food composition on
bioavailability, absorption and metabolism of anthocyaifiasiewed by Bohn, 2014). Dietary
factors such as fiber, divalent minerals, and pretieim meals decrease lgphenol bioavailability.
Flavonoids may decrease phase Il metabolism and excretion and thus enhance polyphenol
bioavailability. High dietary fat anMM may increase absorption, trans epithelial transportation
and bioavailability of polyphenols. In conttgmlyphenols may bind to digestive proteins, limiting

lipolysis and increasing intestinal bulk and thus reducing availability of polyphenols (Bohn, 2014).

Additionally, several studies have investigated the effect of food on absorption and bioawailabilit
of anthocyanins (revieed by Pojeret al., 2013; Prior and Wu, 2006). Alcoh&dr example
decreases absorption and transport of anthocyanins or onlydddamn the absorption rate without
affecting the bioavailability. Total urinary anthocyanin excretion following a similar single dose
of anthocyanin from red wine and red grape juice was significantly higlbe latter. However,
Faria et al. 009), suggsted ethanol may increase both absorption and transportation of

anthocyanins through intestinal epithelial cells.

25.2.2. Effect of Anthocyanin on Intestinal Microbiota and of Gut Microbiota on Anthocyanin

Metabolism

Most studies investigating the effeftanthocyanins on gut health have been limited to the effect

of these compounds on gut microbiota and how intestinal microbiota and other endogenous factors
or exogenous factors such as the food matrix may affect anthocyanin degradation, metabolism and
bioavailability. Several studies have shown that polyphenols modulate the gut microbiota balance
by increasing growth of beneficial bacteria and inhibiting pathogen bacteria and thus help maintain
a healthy gutCardonaet al., 2013; Moraiset al., 2016). Anthocyanirich berries havéeen

shown to increase bacterium speaesh as Bifidobacterium (Moraest al., 2016) and have a

cytotoxic effect orHelicobacter pylori(Zafrastoneset al., 2007). In a review article, Morags
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al. (2016) mention anthocyanins to reduce inflammation associated with intestinal microbiota and
LPS, which has a key role amongpdification of gut microbiota, intestinal permeability and

inflammation.

Anthocyanins are also metabolized to anthocyanidinBibiggobacteriumsp. and Lactobacillus
sp.t h r o wglpdosidése which may affect colonization of these bacteria in the metestid
induce an antinflammatory effectMorais et al.,2016). These effectmay result in improved
intestinal barrier and decreased translocatiobaaterial toxins such d<PS to the blood. Thus,
anthocyanins by modulating intestinal microbiota maty s therapeutic agents in controlling

inflammationthat may lead tehronic diseases.

Anthocyanins are extensively modified by intestinal microflora and the glycoside moiety is
hydrolyzed within 20 min to 2 h of incubation with microflora depending onybe of the sugar

group (Pojeet al.,2013). Some studies show that anthocyanins reaching the colon are extensively
biotransformed by the gut microflora, decreasing bioavailability of the anthocyanin but providing
potentially bioactive degradation prodsicFor example, Keppler and Humpf (2005) showed that
gut microflora hydrolyzes the-§lycoside moiety of anthocyanin, causing the conversion of
anthocyanins to aglycones, which are then converted to phenolic degraded products followed by
methylation of tle phenolic acid and aldehyde derivatives (Keppler & Humpf, 2005). According

to this article, these derivatives may produce the protective effect of anthocyanins (Keppler and
Humpf, 2005). In a study by Hanske al. 013), human microbiota associated (HMAts in
comparison with germ free (GF) rats had 3 times higher feces excretion of C3G phenolic
degradatiomproducts angelected human gut bacteria were shown to rapidly de@a@. These
phenolic metabolites may undergo further metabolism by phase Il enzymes in intestine, liver and
kidney. Some of the antioxidant activity of anthocyanins may be due to these metabolites (Pojer
et al.,2013).

2.5.3. Anthocyanin Localization in Mochondria

Anthocyanins are of great interest because their chemical structure suggest that they could serve
as mitochondrial membrane antioxidants. Anthocyanins are generally hydrophilic, but the

polyphenolic structure creates a hydrophobic charactemngpounds and the aglycones are even

28



more hydrophobic. The logarithm of octaivehter partition coefficient is an indicator of
hydrophobicity, the partition coefficients ¢ at pH 7.0 for several anthocyanins have been
determined ranging from 0.21 focyanine (cyanidin3,5O-diglucoside) and 25.54 for
pelargonidin with the aglycone having a much higher value compared to the glycosylated form
(Mdaller et al.,2005). This hydrophobicity of anthocyanin aglycones may drive the compound into
the membranes of nechondria. Considering the fact that the mitochondrial matrix has a pH value
of 7.7, the pH of intermembrane space (IMS) is 6.8 (SBaimingo & Demaurex, 2012) and the

pH of cytosol is 7.2, we hypothesize that the presence of anthocyanin in the acidinreent of

theIMS creates some oxonium form of the anthocyaagtycone which would be pulled toward

the matrixside of the innemembrandy the mitochondrial membrane potential. Previous work

in our laboratory (Peng, 2012) showed that cyanidin was taken up by rat liver mitochondria,
partially dependent on the mitochondrial membrane potential, to a much greater extent than C3G,
guercetin, o quercetin3-glucoside.The presence of an anthocyanidin in the inner membrane
creates with its free radical scavenging activity a protective action against damage that could affect

mitochondrial activity and maintenance of the gut barrier
25.4. Anthoganins and Mitochondrial Biogenesis

To our knowledge studies on the effect of anthocyanins on mitochondrial biogenesis have been
very limited. Lu and colleagues (2012) documented that 200 mg/kg body weight purple sweet
potato color, rich in anthocyanindrainistered to mice promotes NRFmediated mitochondrial
biogenesis in the hippocampus of the mice without effecting-PGC ex pr essi on. A r
by Tang et al. (2015) showed purified anthocyanins from bilberry and black cpreasanted

depletion & mitochondrial content and damage of mitochondrial biogenesis in micenwith

alcoholic steatohepatitis (NASH) possibly throuitg effects orthe AMPK/PGG1 U si gnal i n
pathwag. Another study by Benn et §2014) showed black current extract increased energy
expenditure and mitochondrial biogenesis related gene expression including-PPAR n d
mitochondrial transcription factor A in obese mice. In thesavostudies, however, is not clear

if the effect are due to anthocyanins themselves or their metabolites. In a study by Howitz et al.
(2003), anthocyanins themselves did not activate SIRT1 but their phenolic acid derivatives

activated this enzyme.
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2.5.5. Protective Effects of Anthocyanins

An increasig body of evidence suggests that flavonoids angamicularly anthocyanins have
beneficial impacts on a variety of human conditiofisere are several conflicting hypotheses on
how anthocyanins exert their protective effects, whether the propertieoarehke aglycone or
glycosylated form, or from the metabolites or polyphenolic degradation productse®oned,
according to Miyazawet al. 1999), the glycoside form is responsible for the bioavailability of
anthocyanins in the plasma of humans, wiih conjugated metabolites or aglycones being
detected. However, Coolet al. 006) indicate the effect of anthocyanins on intestinal adenoma
may be partly due to the anthocyanidin form, as the aglycones and their glucuronide and methyl
metabolites were detected in the intestinal mud®sgardless, anthocyanimsextracts or puriéd

forms have been reported to confaanybeneficial effects

Anthocyanins have gained particular interest because of their antioxidant effects. Anthocyanins
and especially C3G are strong antioxidants and seiexdiro andin vivo models have shown
protective effects of these compounds against damage inducedibinexstress (Elisia and Kitts,
2008; Serraino et al., 2003; Cooke et al., 2006; Miyazawa, 1999). Other protective effects of
anthocyanins include anticancer (Renis et al., 2008), inhibiting oxidative mitocHobd/Aa
damage, increasing antioxidant emms (Pervin et al., 2014), antimicrobial, ainflammatory
(Chrubasik et al., 2010rhemoprevention, neuroprotection, cardiovascular prote@sowell as
amelioration of diabetes (Dai et al., 2009; Kong et al., 2003; Neto, 2007; Thomasset et al., 2009)

25.5.1. Antioxidant Effects of Anthocyanins

Reactive oxygen species are regularly produced in the body and they have a main role in immune
function. However excess ROSnducescellular damage and can lead to diseases such as
inflammation, cancer, and cardiovascular disedseimbalance between ROS generation and
detoxification produces a condition of oxidative stress which can trigger cell damage, modify

biological functionand ultimately cause cell death (Tadtzal.,2010).

Despite their low absorption, anthocyanins are well known for their high antioxidant activity
(Manachet al.,2005).These compounds have higher antioxidant activity compared with dietary

nutrients suchas vitamin C and E. The antioxidant activity of berries such as blackberries, red
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raspberries, black raspberries and strawberries is directly proportionate to the anthocyanin content
(Castaned®vandoet al.,2009). The antioxidant capacity of anthocyanissmainly due to the
phenolic structureAnthocyanins are potent antioxidants that scavenge free radicdisnaying

or transferring electrons from hydrogen atam$ree radicals with unpaired electraasd acting

as reducing agents in electron transéarction pathways and thus protect against oxidative damage
(He and Giusti, 2010; Morast al.,2016).

The antioxidant ability of anthocyanins depends on several factors such as the number of hydroxyl
groups (Fukumoto and Mazza, 20G8) rings B and C, hich are responsible for the radical
scavenging activity of anthocyanins (RiEgans et al., 1996Dther factors include the oxonium

i on on the C ring (whi ch makes it a mor e [
glycosylation,methylation, and acetylatiohese two factors are mainly associateth the free

radical scavenging activity of anthocyanins (Ktetal.,2017).

In general, the strength of antioxidant activity of anthocyanins depends on the substitution groups
ontheB ring as follows TOH > 1TOCH3 >> TH (Rosse!
of antioxidant activities is in the order of delphinidin > petunklmalvidin = cyanidin > peonidin

> pelargonidin (Rahmaet al.,2006).

Some of the antioxidant effectd anthocyanins are direct such as scavenging free radicals and
ferric reducing antioxidant activity (Giovanelli & Buratti, 2009) by donating a hydrogen atom or
electron to reactive oxygen species. Other effects may be indirect such as increasing the
antioxidant enzymes superoxide dismutase (SOD) and glutathione peroxidase (GPx) and
increasing glutathione (Pojet al.,2013). Together these antioxidant effects inhibit oxidations
such as lipid peroxidation (Rigévans et al.,, 1996; Mazzat al., 2002) andLDL oxidation
(Heinonen2007).

The antioxidant activity of anthocyanihasbeen compared to wetihown antioxidants in several
papers. ARice-Evans et al(1996) and de Beer et.#2002) have mentioned in their comparison
of antioxidant activity of different polyphenols to trolox, anthocyanins have trolox equivalent
antioxidant activity (TEAC) near the value of wkhown antioxidants sicas epicatechi3-

gallate and epigallocatechBigallate which is approximately 5 times that of trolox. Also, the
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antioxidant activity of 3ylucosides of delphinidin, petunidin, and malvidin, were shown to be 2 to
2.5 times that of ascorbic acid (Garéibonsa and others 2004). It has been shown by Fukumoto
and Mazza (2000) that a higher number of hydroxyl groups on rings B and C in anthocyanins
results in increased antioxidant and radical scavenging activity-fRiaeset al.,1996; Houet

al., 2003; Hou et al.,2004) whereas glycosylation decreases antioxidant activity of anthocyanins
(Fukumoto & Mazza, 2000). This may be due to the fact that glycosylation reduces the ability for

delocalization of electrons (Mazeaal.,2002).

Themitochondrial electron transport chain (ETC) is a major source of ROS, and superekifle (O

is the primary ROS produced. In the normal and steady state, there is only a minimum leakage of
electrons from the ETC complexes. However, during stress conditndya fraction of electrons
reach complex IV from complex lIl. Leakage of electrons to oxygen results in formatiofi ‘@O
hydroperoxyl radical (H&) which mainly takes place fromi@nd Q sites of complex 1l which
results in release of superoxithe®th into the mitochondrial matrand into thelIMS (Anand

& Tikoo, 2013)), with the later a site of superoxide protonation to form hydroperoxytakdi
Anthocyanins react with both superoxide or hydroperoxyl radical (Atal.,2015) and thereby
decease lipid peroxidation of the inner membrane and inhibit the disruption of the membrane,
preventing cytochrome C release to the cytosol and apoptosis. Since protons are abundant in the
IMS, protonation of superoxide to hydroperoxyl radi¢g™ '+ HA HOZ) might take place. The
hydroperoxyl radical is more likely to react with lipidsth because of its hydrophobicity
compared to superoxide which is hydrophélitd its higher reactivity in comparison to superoxide
Whether anthocyanins react with"®or HOA lipid peroxidation can be prevented. In addition,

O Tin the mitochondrial matrix inhibits aconitase (a TCA enzyme that catalysis conversion of
citrate to isocitrate) (Longo et al., 2000), which disrupts the TCA cycleardadereswith the
production of TCAderived NADH, the key reductant to the mitochondrial electron transport
chain. However, Mf60OD a superoxide dismutase in the mitochondria matrix protects against
mitochondriaderived superoxide/hydroperoxyl radial by converting superoxidéytirogen
peroxide which is then converted to water and oxygen via catalase (Fllshi&Fukai, 2011).
Anthocyanins can increase MBOD and other antioxidant enzymes (Bértikova et al., 2013; Khoo
et al., 2017; Li et al., 2014b), which represents anotleshamnism by which they help to prevent

mitochondrial damage that adversely impacts mitochondrial efficiency.
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Investigations in severah vitro models have demonstrated protective effects of anthocyanins
against damage induced by oxidative stredisiéeand Kitts, 2008; Serrainet al., 2003). Elisia

and Kitts (2008) studied the protective effects of anthocyanins in crude blackkeagt against

peroxyl radicainduced oxidative damage and cytotoxicity in G&caells. Anthocyanin
pretreatment atoncentrationsof 0.025 0 ngLgwere not toxic, decreased ROS in a dose
dependent manner and reduced apoptosis. The oxidant scavenging effect was mostly due to C3G.
Another example by which anthocyanins reduce oxidative stress, is via inhibition of lipid

peroxdation which was shown in liver microsomes (Narayan et al., 1998).

Another study (Bornsek et al., 2012) investigated antioxidant effects of anthocyanins in crude
bilberry and blueberry extract in different mammalian cell lines such as human epithelial colo
cancer (Cac@), human hepatocarcinoma (HepG2), human vascular endothelial (EA.hy926), and
rat vascular smooth muscle (A7r5) cells. Anthocyanin rich bilberry and blueberry extracts (0.25
50 e€eg/ L anthocyanin equi val ethigstudy, vdrelowamaste d RO.
of anthocyanin (1 nM) used in theisevitro models, were comparable to the concentrations found

in plasma after achievable odases andhowedantioxidant activity (confirming the high potency

of the antioxidant bioactivities of these compounds). In this study, anthocyanin rich bilberry extract
showed higher antioxidant effect compared to anthocyanin rich blueberry extract, consistent with
the hgher concentration of anthocyanins in bilberry versus blueberry frhé. difference in
potency may also be due laher proportion®f cyanidin and delphinidim bilberries,whereas
blueberries have highamounts of malvidin (Bornsek et al., 201R).addition, severain vivo
studies have been conducted to investigate antioxidant aabifvigmthocyanins. Pervin et al.
(2014) showed that oral consumption of grape skin anthocyanin (GSA) at 50 mg/kg body weight
for 30 days increased SOD, CAT and GPsénum, liver and brain in female BALB/c mice. In
anotherin vivo study in vitamin Edeficient rats (RamireZortosda and Andersen, 2001), an
anthocyanin containing diet increased plasma antioxidant capacity and lowered hepatic lipid
hydroperoxides and-Bydroxy-2-deoxyguanosine, as compared to the untreated group. In a study
on indomethackinduced gastric mucosa dage in rats (ValchevKuzmanoveet al., 2005), oral
pretreatment with anthocyanin rich juice from chokeberyofia melanocarppameliorated

gastric oxidative stress (malondialdehyde levels) and mucosal lesions.

33



Antioxidant effects of anthocyanins have also been observed in humans. In a study byeMazza
al. (2002) a high fat meal with 1.2 g total anthocyanin from fresdyzed low bush bluebees,
increased the antioxidant activity in the serum, which was correlated to the serum concentration
of anthocyanins. From the total 25 anthocyanins present in glycosylated and acetylated forms, 19
were detected in the serum after oral ingestion. Aleoa istudy by Weisekt al. 006),
consumption of an anthocyanin/phengiich mixed berry juice for 4 weeks decreased several

indices of oxidative stress in plasma and urine of human subjects.

The major anthocyanin metabolites and naturally occurringgditecompounds PCA and THB,
have also shown antioxidant and ROS scavenging properties in diffareitto studies by

decreasing lipid peroxidation and increasing the scavenging of hydrogen peroxsg), (H
inhibiting superoxide (@) and HO, production, restoring glutathione (GSH) related enzymes

and by improving mitochondrial function and inhibiting DNA fragmentati8eriaminget al.,
2015). Similarly, in vivo studies have revealed the antioxidant effect of PCA by inducing
endogenous antioxaoht enzymes, and decreasing ROS formation in liver, heart, kidney, and brain
(reviewed by Semamingt al.,2015; Kakkar and Bais, 2014)Kim et al. 006) compared the
antioxidant activity of THB to 5 other antioxidants includitocopherol, rosmarini@cid,
butylated hydroxytolueneand butylatedhydroxyanisole, concluding that THB had higher
antioxidant activity. Huyuet al. 017) also showed THB witltCsov a | ue egfmL ha?2l. 8 O

higher radical scavenging effect compared to flavonoid compounds.

25.5.2. AntiInflammatory Effect of Anthocyanins

Another weltknown aspect of anthocyanins is their anflammatory property (Reviewed by
Pojeret al.,2013). Inflammation occurs as a natural response to injury, trauma and stimulants and
is associated with initiation, progression and development of cancer. Inflammation occurs when
cyclooxygenase (COX) catalyzes the conversion of arachidonic acid tagleostins and is
characterized by vasodilation, increased capillary permeability, and migration of monocytes to the
damage tissue. Antnflammatory effects of anthocyanins are revealed by inhibition of @OX

and NFkB activity (Pojeret al.,2013).
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Seveal studies have shown amiflammatory effects of anthocyanins in several cell typegitro

studies have shown that anthocyanins are able to suppress COX -&iéxpression, decrease

COX-1 and COX2 activity and reduce MAPK activation (which diretit® cellular response to

stimuli such as mitogens and inflammatory cytokines) and inhibit prostaglandin synthase
(reviewed by Pojeet al.,2013). In Cace2 BBel/THR1 coculture cell model, anthocyanins of

purple carrot and potato, inhibited-8.and TNFU secr et-o®&8n amd NMAPK med,]
inflammatory cellular signaling cascades (Zhangal.,2017).In vivo, blueberry anthocyanins

have shown to decrease inflammatory parameters, and red wine anthocyanins to inhibit TNF
induced inflammation in humaendothelium (reviewed by Pojat al.,2013). Piberger et al.

(2011) showed protective effects of supplementation of anthocyanins in an acute and chronic
model of colitis in Balb/c mice. In this study, oral administnataf anthocyanirich bilberry
extractreduced secretion of IR an dU TiINfFom me s e nt cells and decrgased h  n o ¢
cytokine secretion, inflammation, and apoptosis in colonic epithelial ¢ENso candecrease
AMP-activated protein kinasé&lMPK) andinducedisruption of epitheliabarrier function (Scharl

et al.,2009). In another study, Pereira et @017) showedinthocyanirrich fraction obtained

from Portuguese blueberrieggccinium corymbosum) for 8 days, induced aninflammatory

properties via inhibition ofCOX-2 expressiomnd down regulation of INOS and increased
antioxidant defenses 4,6 trinitrobenzenesulfonic acid (TNBS)duced colitis rat modeAs a

result, anthocyaninsby decreasing inflammatory cytokines may have promising therapeutic

effectsin patients with inflammatory bowel disease.

Other studies have also shown the anthocyanin degradation product PCA to inhibit inflammation
in different tissues. Several studies have shB@A to inhibit inflammationin vitro andin vivo

by regulatingNF-kB and MAPKCactivation and lowerinQnflammatory cytokinegreviewed by
Semaminget al.,2015; Kakkar and Bais, 2014)

2.5.5.3. Protective Effects of Anthocyanins in Intestinal Cells

Consideringthat anthocyanins acboth as antioxidarg and antiinflammatory agents, these
compoundsmay offer benefiin a wide variety of diseases associated with oxidative stress and
inflammation includinghose observed in the intestindost studies othe beneficial effects of

these compounds have focused mainly on theifitdimmatory effect in intestine related diseases
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in concentrationshigher than what we have applied (AbcUJabetet al., 2014. Also, as
mentioned earlier, anthocyanins modulate glowt beneficial intestinal bacteria acting as
prebiotics (Fariat al.,2014). Moreover, the biotransformation of anthocyanins by gut microbiota
into metabolites that may have greater or different biological activity and bioavailability may
contribute to kalth benefits of these compoundghe host (Ozdadt al.,2016).

Little information is available on protective effects of anthocyanins on diseases related to the
intestine and damageducedby excess fat intake such as gut permeability and dysfumdh a

review by Yang et al2017, several mechanisms by which polgpiols and anthocyanimaay

induce protective effesin intestinal epithelial cells were proposé@assible regulatory pathways
include inhibition of nuclear factétB (NF-kB) signaling,inhibition of mitogeractivated protein
kinases (MAPK), and reductioof ROS(Yang et al. 2017)As shown inthe study of Li et al.
(2014a),ananthocyanin rich extract from raspberries inhibitedNivek B signaling and MAPK

in a dextran sulfate sodium (DSBHuced colitis mouse model and improved barrier function

A few articles have reported protective effects of anthocyanins in differentiated or undifferentiated
Caco2 cells. Using undifferentiated Ca@acells, a purified anthocyanin extract frimackberries

was shown to suppress peroxide radindliced intrackular ROS and apoptosis (Elisia and Kitts,
2008). In a study with differentiated and undifferentiated €acells (D'evoli et al., 2010), an
extract from anthocyaninich strawberries, to a greater extent than conventional strawberries,
significantly inageased the antioxidant activity in the membrane fraction of differentiatedZaco
cells, and inhibited proliferation of undifferentiated cells. In another study by these authors
(D'evoli et al.,, 2013), an anthocyaniith extract from red chicory leaf ireased membrane
antioxidant activity and protected againsbutyl hydroperoxideinduced intracellular ROS
generation in differentiated Ca@ocells, and inhibited proliferation of undifferentiated cells. In a
study on monolayer barrier integrity of diffeteated Cace cells Cremoniniet al., 2017), pure
glucosides of cyanidin and delphinidin (but not of malvidin, peonidin and petuniliwet as
anthocyanirrich extracts from different berries protected agaifisF-U induced monolayer

barrier permeability, and inhibitedF-kB activation and myosin light chain phosphorylation.
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2.5.5.4. Protective Effects of Anthocyanins agai@ancer

Another aspect of anthocyanin protection is the effect against cancer through several mechanisms
(reviewed by Pojeet al.,2013) such as artingiogenesis, antiproliferation (selectively on cancer
cells), induction of apoptosis, cell cycle arrashibition of DNA oxidative damage, induction of

phase Il enzymes, and inhibition of C&Xenzyme. Anthocyanidins inhibit cell proliferation
better tharanthocyanins by inhibiting the MAPK pathwafPojeret al.,2013). Anthocyanins

induce apoptosis bothy the extrinsic pathway (inducing Fas and Fas ligand) and the intrinsic
pathway (decreasing the mitochondrial membrane potential and increasing release of cytochrome
C) in cancer cells. Most studies however, have used higher concentrations of anthdoyamiss
purpose (Prior and Wu, 200@o0jeret al.,2013)

A few in vivo andin vitro experiments on anticancer effects of anthocyanins have focused on
cancer in the Gl tract as this organ receives high concentrations of anthocyanins. Cooke et al.
(2006) $rowed Mirtoselect (bilberry anthocyanin extract) or C3G decreased the number of
intestinal adenomas in mice. In another study, Renis €0f18) showed that cyanidin (Cy) and

C3G (25200uM) for 24 h induced an anticancer effect via ROS dependent and ROS independent
activities respectively in Caed cells.

2.6. Resveratrol

Another polyphenol of interest from grapes and some other berries is resveratrol. Resveratrol
( 3, -Bihydraxystilbene) was first discovered by Mitio Takaoka (1940) who obtainecragol

from the roots of Vetaum Grandiflorum. Plants containing resveratrol have been used
medicinally for over 2000 years (reviewed by Gambiral.,2015). This molecule consists ofdw
phenolic rings attached by a double bond, forming the cis and trans isoforms of resveratrol (Figure
1.3). The trans form is the most stable and naturally abundant form. Resveratrol is produced in
plants as a mechanism to resist stresses such as parasftengal infection, and UV irradiation
(Gambiniet al.,2015).
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Figure 2.4. Chemical structures of cignd transresveratrol.

2.6.1. Amount of Resveratrol in Food

Numerous sources of resveratrol have been described, several of which are found in our diet.
Grapes, peanuts, mulberries, and blueberries ar@altal sources of resveratrol (Aggarwal &
Bhardwaj 2004). For most people this polyphenol is associatededithine. This compound was

made popular by the suggestion that it may increase longevity, and contribute to the French
paradox, a phenomenon, in which French people despite consuming a high fat diet (mainly
saturated), have a relatively low rate of hadisease. The concentration of resveratrol varies
greatly among the different sources. The concentration of -tesveratrol (tran8 , 5, 4 Nj
trinydroxystilbene) in red wine reported to be as high 28 mg/L (Waterhouse and Teisse dre,
1997). The amount dhe glucoside form of tranesveratrolcalled trangpiceid, may benore

than 10 times the aglycone form in red wine (Ribeiro de Laira.,1999). The concentration of

resveratrol in several sources is presented in table 1.1

Table2.1. Concentration of resveratrol in different sources.

Source Concentration of resveratrol Reference
Red wine Non-detectable levels t®2.65| (Stervboet al.,2007)
nmolL (average of8.3 £+ 7.4
nmol/L)
Italian red wine 8. 63 to 24. 84 (Wangetal., 2002)
Concord grape products 1.560 to 1042 nmol/g (Wang et al., 2002)
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Peanuts 130 to 613 pmol /g (Sanders et al., 2000)
Highbush  blueberries  fror 140.0 +29.9 pmol/g (Lyons et al., 2003)
Michigan

Bilberries from Poland 71.0 +/ 15.0 pmol/g (Lyons et al., 2003)

2.6.2. Absorption and Metabolism of Resveratrol

There are many studies on the effect of resveratrol in many health aspects; however, the
mechaism by which health effects are induced are not fully understood, possibly because our
knowledge of the metabolic fate is incomplete. Resveratrol is rapidly absorbed and metabolized to
different metabolites with different biological activities. Thus, ustlnding the extent of

metabolism of resveratrol is necessary to understand the role of resveratrol.

Several studies have investigated absorption of resvematvdgto andin vivo. Transresveratrol

is highly absorbed by Caedcells and thabsorption increases in a concentration etesggendent
manner (Kaldast al.,2003; Tenget al.,2012). In Cace? cells, trangesveratrol is transported via
passive diffusion due to the small and fpmiar structure of this molecule (Waééeal.,2006) and

the glycosidic form (tranpiceid) uses an energy dependent pathway. Therefore, the uptake and
absorption of transesveratrol from the apical membrane is faster than-raesd. Although the
carrier for transpiceid is not yet known, sodiwglucose tansporter 1 (SGLT1) does not seem to

be involved in the transport of this compound. Some arti€l&néaset al.,2012) have indicated
resveratrol is transported through intestinal cells AleP-dependent binding cassette (ABC)

transporters.

In Cace?2 cdls, transpiceid is deglycosylated to traresveratrol after 30 min of incubaticend
conjugation (gluaronidation, sulfation) is associated with the amount th&tkien up by the cell
(Henryet al.,2005). Efflux data for Cac@l cells shows higher amouof transresveratrol present
in the cells compared to trapsceid, and multidrugelated protein 2 (MRP2) located on the apical
side of cells seems to be involved in their efflux. The absorption of resveratrol by2Cads is
direction independentnal mainly through transepithelial diffusiofransport of resveratrol was

nonlinear with time, which suggests resveratrol being metabollzed metabolites of the phase
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Il biotransformation enzymes were detected in Cacells, resveratreB-sulfate andesveratrol

3-glucuronide, the former being produced to a greater eff¢alie et al.,2004)

Some other studies have looked at absorption and metabolism of resveratrol. In a study by Wenzel
et al. 005), perfusion of resveratrol in the small intestifiegad showed that about 46% of
resveratrol remains in the lumen whereas 2% is located in the enterocytes and 21% reached the
vascular side. The majority of resveratrol at the vascular side is the glucuronide form and most of
the sulfate conjugate is se@dtto the lume. However Teng et al(2012) showed after first pass
metabolism in the intestine, most of tiesveratrol was detected as atdfd metabolites compared

to glucuronidatedorms,and the majority of these metabolites were present in the vascular side of

the intestine.

Human studies on resveratrol absorption have also been conducted. In one study, human subjects
received an oral dose of 25 mg (110M) and a €M) 2 i nogsly @@ of 8iC-labled
resveratrol to determine the absorbance, bioavailability and metabolism of the molecules{Walle

al., 2004). Results showed resveratrol was highly absorbed orally (approximately 70%) but
underwent metabolism to a great extent anky a trace amount of resveratrol was found intact in

the systemic circulation. The plasma concentration of resveratrol metabolites after a single oral
dose was 2 and 1 refectvély. Bhé bioavailadility af mthct r@svdratrol was

almost zero due to metabolism of this compound.

In general, the oral absorption of resveratrol is 75% in humans (reviewed by Walle, 2011; Gambini
et al.,2015). Transport in the intestine occurs by transepithelial diffusion for resveratrol and via
transmembrae transporters for resveratrol metabolites (Walle, 2011). After deglycosylation of
piceid, resveratrol is metabolized in the colon by gut bacteria to dihydroresveratrol which is
partially absorbed or further metabolized and excreted via urine (Gaeatlaihj 2015). Despite

high absorption of resveratrol, the bioavailabilifyintact resveratraio the systemic circulation

is quite low (Walle, 2011).

First pass metabolism (small intestine and liver) is involved in deglycosylation and conjugation of
resweratrol (Németket al.,2 0 0 3 ) . The gl ycosi dg@ucosidaseanthyman s c | e
small intestine or liver (Dagt al.,1998). Resveratrol is then metabolized by phase Il enzymes in
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the liver to its metabolites which may be recycled to intestia@mterohepatic circulation. Major
metabolites of resveratrol as mentioned includegineuronideand sulfate forms (Figure 1.4)
(Gambiniet al.,2015) Resveratrol is found in three forms (glucuronide, sulfate or free) in the
systemic circulation; thede form is attached to LDL or albumin which allows resveratrol to enter

target cells that have receptors for these molecules (Dethads2011).
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Resveratrol-4-O-glucuronide Resveratrol trisulfate

Figure 2.5. Resveratrol metabolites.

2.6.2.1. Effect of Food on resveratrol

Cells of the intestinal tract are likely exposed to unmetabolized resveratrol while the metabolites
of resveratrol reach cells of other tissues. A few studies have investigated the effects of food on
resveratrol absorption. lone study, the bioavailability of resveratrol from red wine was not
different when consumed with a low or high fat diet (Vitagli@teal.,2005). Vitaglione et al.

(2005) mention the type of food does not impact resveratrol bioavailability but rathetehe
individual variabilityin absorptions the main factor that determinigs bioavailability.One study
showed that when consumed with food, the absorption of resveratrol supplement was delayed but
not reduced (VazaSilva et al.,2008). Another study on resveratrol supplement absorption
showed that alcohol or quercetin had no effect, but faedsed the bioavailability of resveratrol

(la Porteet al.,2010). More studies on impact of dietary factors on resveratrol absorption and

bioavailability should be conducted.
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2.6.2.2. Effects of Gut Microbiota on Resveratrol

While resveratrol is mainly nt@bolized in intestinal and hepatic cells, intestinal microbiota has
also been shown to metabolize resveratidie study by Bode et al(2013), indicatesthe
bioconversion of transesveratrol, mainly by two intestinal microbio&lgckiaequolifaciensand
Adlercreutzia equolifaciensinto three metabolites of trainesveratrgland suggests that different
metabolites produced may have different physiological activities. The threerésasatrol
metabolites detected were dihydroresveratl , -dihy@lroxdtignsst i | bene - and

dihydroxybibenzyl (lunularin).

2.6.3. Resveratrol and Mitochondrial Biogenesis

One of the most importameportedeffects of resveratrol is its ability to increase mitochondrial

capacity. Several studiesuggestdifferent mechanisms by which resveratrol acts to increase

mitochondrial biogenesis through activati of PGG1 UPGG1 U i s a key regu
mitochondrial iogenesis and function (Howitt al.,2003; Priceet al.,2012, Denu, 2012). PGC
10U also has an important role in regulating me

in oxidative phosphorylation, fatty acid oxidation, lipid transpand gluconeogenesandthus
regulates cellular energy metabalisowardsa more oxidative and less glycolytatate(Finck et
al., 2006; Leeet al.,2006; Liang and Ward, 2006).

The first mechanism of resveratreffects on mitochondrial biogenesis, is activation of PIEC
through SIRT1,which among other targetsleacetylates PG@ UAmong polyphenols that
activate SIRT1, resveratrd reported to beéhe most potent (Howitz et.aR003; de Boeet al.,
2006;Lagougeet al.,2006. Csiszaretal ( 2009) demonstrated that 10
SIRT 1 and increses the content of mitochondria in cultured human coronary arterial endothelial
cells. According to Kelkel et a(2010), resveratrol strongly affects SIRT1 and although Denu et
al. (2012) argue there are some doubts in this area, Pric2@52) verified the role of SIRT1 in
mediating the effects of resveratrol on mitochondria. Resveratrol also increases mitochondrial
biogenesis viaactivation of AMP-activated protein kinaseAMPK), which activates PGQ U
through phosphorylation (Pricet al.,2012, Denu, 2012). This kinase is a sensor of low ATP
levels, and is an important factor in revealing functiongs¥eratrolAlthoughsome studies have
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suggested direct effect of resveratrol on AMPK and an indirect effect via SIRTdn et al.,

(2017) have implicated resveratrol SIRT1 activation in producing AMPK activdhiamy case,

PGG1 U i s act i2012)¢twhidh o(ctizstrates,the program to expand mitochondria.
Finally, another mechanism in which resveratrol actw®&G1 Uo induce mitochondrial
biogenesis,is through nitric oxide (NO) (Lopekluch et al., 2008). Resveratrol induced
endothelial NO gnthase (eNOS) through activationRIRT1has shown to increase mitochondrial
biogenesis in endothelial cells (Szabo, 2009). There are controversies in molecular mechanisms of
resveratrol health benefithe debate whether resveratrol affects SIRT1 dyear through

AMPK still exists (Hu et al., 2011) and also the mechanism in which SIRT1 is involved in
resveratrol induced activation of AMPK is unknown. Mechanisms wivo effects of resveratrol

in regard to the role of SIRT1 in different diseasesaaeas for further study (Chung et al., 2010).

It was proposed by Howitz et al. (2003) that effects of polyphenols such as resveratrol may be
because they mimic the energy deficiency response mediated by sirtuins similarly that produced

by calorie restrigon.

Regardless of the pathway by which resveratrol exerts its effects this polyphenol increases
mitochondrial mass, mitochondrial DNA content, and components of the respiratory chain as well
as inducing nuclear respiratory factb{NRF1) and mitochondal transcription factor A (Szabo,
2009). Resveratrol also modulates mitochondrial activity by changing the fuel source from glucose
to lipid (L6pezLluch et al.,2008).

2.6.4. Protective Health Benefits of Resveratrol

Resveratrol has been known fts wide range of bioactivity and the aglycone form seems to have
greater biological effect compared to the glycoside (Varhembe geet al.,2000). As mentioned
earlier, resveratrol is well known for its effect in increasing mitochondrial biogenesisi(2012;

Howitz et al., 2003; Csiszaet al., 2009). Other properties of resveratrol include antioxidant
(Rubiolo et al., 2008), antinfammatory (Yu et al., 2008; Pearsonet al.,, 2008) and
chemopreventive effects (De Mar al.,2013; Gambiniet al.,2015). In addition to inducing
mitochondrial biogenesis, mechanisms behind health benefits of resveratrol include antioxidant,
modulating lipoprotein metabolism, inhibiting platelet aggregation (Seleals 1997) and acting

as a vasorelaxing agent (JageNguyenDuong, 1999).
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2.6.4.1 Antioxidant Effects of Resveratrol

Oxidative stress is an underlying cause of many diseases such as diabetes, cardiovascular disease
and aging. Recently, natural antioxidants have been studied exten$tesyeratrol as an
antioxidant molecule and protectant agent against oxidative stress, inflamraatiotancer has

gained major attention. Resveratrol decreases oxidative stress through several mechanisms.

Resveratrol may induce antioxidant effebly increasing antixidant enzymes. Rubiolo et al.
(2008) showed increased antioxidant enzyiesels includingsuperoxide dismutasé€sOD),
catalase (CAT), glutathione peroxidase (GPx), glutathione S transferase (GST), and
NADH:quinone oxidereductase in primary patocyte culture after 24 h (less so after 48 h). Also,
NRF-2, a transcriptional factor that regulates expression of antioxidant and phasegmes, was
increased in the cells by resveratrol at a concentration of 50 uM. Ingles et al. (201s})caleal
dietary relevant concentrations of resveratrol (1, 20, 100, 500 nM) for 48 h also decrg@sed H
by inducing catalase and manganese superoxide dismutase@ihin MCF7 cells through the
PTEN/Akt pathway.

As a directacting antioxidant, resveratrioas moderate activity. Sobotkova et(@D09) indicated

that resveratrol has the same amount of antioxidant power as trolox in scavenging hydroxyl radical
during platelet aggregation. In another measure of tretpxvalent antioxidant activity (TEAC),
resveratrol was twice as potent as trolox, but less than half as potent as quercetin or cyanidin (Rice
Evanset al., 1996). Moreover, Celik et a(2010) showed that during plasmid DNA damage
inducedby idarubicin, resveratrol unlike quercetin had litttetective effect. Some other studies
have shown direct antioxidant effects of resveratrol. For example, resveratrol at Ofdr 1I3d/

min, partially decreased lipid peroxidation and nitration in human blood plateletsdne#h 0.1

mM peroxynitrite QOlaset al.,2008), andesveratroht 1030 uM attenuated ROS and®kt levels

in aortic smooth muscle cells treated with oxidized Liu(and Liu, 2014). However, most

studies showing direct antioxidant effects of resveratrol require relatively high concentrations.

A few in vitro studies have demonstrated the protective effects of resveratrol by decreasing
mitochondrial ROS generation either directly (Zatial.,1999) or by activating SIRT1 (Xet al.,
2012). In this regard, Xu et gR012) showed protective effects of resvierabn mitochondria in

high glucose (30 mM) i nduced oxidative damage
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resveratrol reversed the decrease in mitochoncoilplex 11l activity, decreased mitochondrial

ROS generation, and stimulated mitochondri®5 (Mn-SOD) activity. Resveratrol also
increased ATP production, protected mtDNAnd decreased hyperpolarization of the

mi tochondri al membr ane potenti al (pdm) al l by
isolated rat brain mitochondria, Zini et. 1999) found that resveratrsl capable of dose
dependently decreasing the superoxide anion production, and to admiplex Il activity by

competing with coenzyme Q.

A few studies have shown antioxidant effects of resveratrol in animal modetsctit® effects

of intraperitoneallyinjected resveratralereobserved against secondary spinal cord injury in rats
(Yang and Piao, 2003) and @itravenouslyinjected resveratrol from ischemia reperfusion
induced spinal cord injury in rabbits (Kiziltege al.,2004). In a study with rats, oral delivery of
resveratrol for 3 weeks was able to prevent muscle and bone alteration after disuse by inhibiting
oxidative stress, decreasing lipid peroxidation and increasing antioxidant enzymes (&aekson
2010.

2.6.4.2 Anti-Inflammatory Effects of Resveratrol

Several studies have indicated beneficial effects of resveratrol against inflammatory cytokine
production (Suret al.,2006; Pearsoat al.,2008; SancheFidalgoet al.,2010). For example, 24

h resveratrol treat ment almedidednatiixdnetallopgptida®e0 & M
9 (MMP-9) expression and invasion of human hepatocellular carcinoma cells. Resveratrol
inhibited nuclear factdkB (NF-e B) s i g n aylinHem>2 qelss tthusapotentially preventing
inflammation (Yuet al.,2008). A study by Fouad et 42013) also showed 48 h resveratrol (100

eM) treatment decreased | eptin exp2celskepton and
activates nuclear factdappa B (NFe B)  wrducestamage to the epithelialonolayerand

induces an immune rpsnse. In a human study (Tor@&rneiroet al.,2013), daily consumption

of 350 mg grape extract plus 8.1 mg resveratrol supplement for a duration of one year decreased
peripheral blood mononuclear cells KLF2, FB, -1AJJN, ATR2, and CREBBP
(inflammation related transcription factors) and increasediafliammatory serum adiponectin in

patients with coronary heart disease.
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2.6.4.3 Protective Effect of Resveratrol in Intestinal Cells

Understanding the molecular mechanisms of resveratrol could offer promise in determining its use
to prevent/control conditions such as increased intestinal permedRdgyeratrol halseershown
to have inhibitory effects against intestinal permeabiitygeveral mechanisms such as alleviating

the inflammatory response.

Studies abouprotectiveeffects of resveratrol on intestiincells (especially in regard to high fat

diet) are very limited and most have investigated effetdtgyh concentrationsf this polyphenol
(Cuiet al.,2010a) In a study by Singh et.dR010), resveratrol at a dose of 10, 50, and 100 mg/kg
body weightgiven by oral gavage to C57BL/6 mice was protective againstib@fed colitis,

and also attenuated the increase of serumirglammatory cytokines, increased lymphocyte
SIRT1 expressignand decreased lymphocyte C&Xexpression, consistent with its iant
inflammatory effects. Another study (Gar@gal.,2012) revealed a possible protective effect of
resveratrol in colon smooth muscle cells from Lewis rats (a model of Crohn's disease). Fifty and
1 0 O reswdratrol treatment for 24 h decreased the inlEdggmooth muscle cefiumber, which

was associated with an increased number of cells in the S phase, induction of cell cycle arrest and
apoptosisThus, resveratrol by preventing thimoothmusclecell hyperplasia could be considered

as a treatment forr@hn's disease (Garo# al.,2012). In a study b arrascePozoet al. (2013)
resveratrol was able to ameliorate indomethawdtuced disruption in Caed cells and intpited

the increased permeability of the monolayer.

A few studies have investigated effects of resveratrol on-Qam=l differentiation. De Maria et
al. (2013) showed 106M resveratrol or 246M polydatin (a glucoside precursor of resveratrol)
inhibited proliferation and shifted undifferentiated Catoells to differentiated cells which then
undergo programmed cell death. However, Wolter.¢R@02) showed resveratr@duM) for 24

or 48 hdid not affect differentiation of Cae2 cellsbut intensified the differentiating effect of

butyrate.
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2.6.4.4 Protective Effect of Resveratrol Against Cancer

Resveratrol has been shown to be effective as a potential cancer therapeutiStagesst.have
shown resveratrol to confer anticancer effects in cultured human cancer cells from several tissues

such as colon, skin, breast, prostate, liver and pancreas (reviewed be¥/él2004).

A few studies have looked at the effects of resvefan colon cancer cells. Accumulation of
resveratrol and its metabolites (mainly dihydroresveratrol) in intestinal epithelial cells may
contribute to their chemopreventive effects in this site (Wéld.,2004). De Maria et al. (2013)
showed that reratrol and its natural precursor (the glucoside piceid) togetlo®naentrations

of 100 and 240 -Zcdllsdctedrsynérdistidally io mducartigroliferative effects
inducedoxidative stresand increaseell cyclearrest differentiaton, and apoptosis. Fouad et al
(2013) also showed anticancer effects of resveratrol on HCT116 ane2Cade at half maximal
inhibitory concentrations (I&) of 130 and 5 QrespddtivdlylResveratBol atssm d 7 2
decreased glycolytic enzymésyruvate kinase and lactate dehydrogenase) and increased citrate
synthase, indicating thatiitducedthe cancer cells to shift toward oxidative phosphorylation for
energy production and ATP generation, as well as activating the intrinsic apoptosis pathway by
increasing the Bax/Bcl2 ratiQthermetabolites, including resveratrol sulfate, nadgocontribute

to the chemopreventive effect in other tissues such as the breast and prostate.

2.7. Synergistic Effect of Anthocyanins and Resveratrol

Many researchers have been interested in studying the synergistic effects of a combination of
substances with comgrhentary mechanisms, which may produce more efficient, beneficial and
less toxic effects compared to that of an individual compound atchigtentrationsExamples of
research on combinations of chemopreventive and chemotherapeutic agents are thdisetiof syn
drugs with functional foodéSuganumaet al.,2001; Murakamet al.,2003), and phytochemicals
(Murakamiet al.,2003; de Kolet al.,2008; Kowalczylet al.,2010; Mikstackaet al.,2010). These

studies investigate the additive or synergistic effects of these compounds.

Beneficial effects of resveratrol and anthocyanins have only been studied alone, but not in
combination except in foods such as grapes and red wine that contaibdtigmmongother

compounds. Combination of polyphenols or other compounds present in foods at concentrations
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that are both functionally important and achievaldeud represent a practical means of
preventing/ameliorating several diseases when compareddividual polyphenols in higher

concentrations

It should be noted that with dietary delivery of anthocyanheseffectsould bedue to the parent
compound orhe metabolites such as protocatechuic acid or gallic acid (Forester et al.,2012), and
thesame concern also applies for resveratrol. However, this might be less of a concern in intestinal
epithelial cells, as these cells are directly exposed to these polyphenols at UM concentrations
comparableto those ofin vitro studies(Tsuda, 1999) Thus,the polyphenols may exert their

beneficial effect in the intestine, where such concentrations are readily achievable.

Considering different effects of these polyphenols, they may have synergistic or additive beneficial
effecton the gut barrier. Althougthey may act by different mechanisms, antioxidative and anti
inflammatory effects are major protective pathways of both polyphenols. A major difference in
the activities of anthocyanins and resveratrol is in their effects on Sir2/SKTientioned
resveatrol is well known to activate SIRT1 and increase mitochondrial biogenesis €Haln

2007; Denu, 2012). However, Howitt al. 003) originally showed that unlike resveratrol,

anthocyanins had no effect on or even inhibited SIRT1.

However, therare some gaps in this field that should be addressed, and more studies are needed
to confirm and extend these potential mechanisms. Specific areas of interest for this study are to
define the mechanisms by which resveratrol and anthocyanins act on mitoaladrCace2 cells

to protect against fat induced oxidative strasd inhibit paracellular permeability of epithelial

monolayers.
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2.8. Transition to CHAPTER 3

In order to develop a suitable model for investigating protective effects of ARBE and resveratrol
in MM -exposed Cac@ celk, preliminary experiments were conducted to optimize for time and
concentration of MM and polyphenol exposuBetails on the compdson of the ARBE are
shown inAppendix 8.A, and the results of the experiments are shovppendix 8.B

In CHAPTER 3, weeport investigations using this model on the abilitieSRBE and resveratrol

to protect against MMnduced oxidative stresand b protecta Cace2 cell monolayeragainst

MM -induced permeability
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CHAPTER 3 COMPARISON OF ANTHOC YANINS AND RESVERATROL IN
PROTECTING INTESTINA L CACO-2 EPITHELIAL CELLS AGAINST LIPID
MICELLE -INDUCED OXID ATIVE STRESS AND MONOLAYER PERMEABILITY

3.1. Abstact

Excess dietary fat, and the bile acids used for their absorption, can impair intestinal barrier integrity
which maylead to increased permeabiligntrance of luminal contents anmdcrobe deriveelPS,

and inflammation. Dietary polyphenols in polyphenich foods such as berries can reach the
intestine in relatively high concentrations and may have important effects on intestinal epithelial
cells to help prevent oxidative stress and strengthen #stimeal barrier. However, little is known
about the relative protection of intestinal epithelial cells by different polyphenols, and the
mechanisms involved. In a Calocell model of dietary fainduced intestinal epithelial cell
cytotoxicity, we investigted potential protective effects of anthocyamdam bilberry extract
(ARBE) and resveratrol. Exposure of the G&cmtestinal epithelial cells ttM, composed of

bile salts and fatty acids, increased intracellular and mitochondrial ROS generatioaselecel|
viability, increased expression of MRNA for MBOD and the prinflammatory cytokine TNFUJ,

and increased cell monolayer permeability. Treatment with ARBE or resveratrol at a concentration
providing 20 uM polyphenol, strongly protected againstNtM-induced rise in intracellular ROS
generation and expression of MOD and TNFU . ARBE but not resver
mitochondrial superoxide generatidn.experiments designed to assess barrier integrity, exposure
to MM decreased transepithelial elécal resistance (TEER) of differentiated Caaells by
approximately 46% after 3 h and by more than 50% afterifdicating increased monolayer
permeability. Resveratrol gave a shitatm improvement up to 6 h following MM challenge, but
then lost is protective effect beyul this time point. Protection by ARBE increased with time and

by 9 h MM-induced impairment was largely reversed, with TEER values reaching 82% of control.
This study showed that ARBE and resveratrataatcentrationselevant to dietary intakécrease

the ability of intestinal cells to combat oxidative stress and protect against intestinal cell monolayer

permeability induced by MM. The results suggest a role for polyphenol rich foods in conferring
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resistance to exceglietary fat through protection against oxidative stress in intestinal epithelial

cells, with implications for health and disease in people consuming a Western diet.

Abbreviatiors

ANOVA, analysis of varianGeARBE, anthocyanifrich bilberry extract;ATP, adenosine
triphosphate; cDNA, complementary DNA; CLA, conjugated linoleic acid;COX-2,
cyclooxygenase I)CF,  2-dichlatdluoresceinDCFH-DA,  2-dichlara@lihydrofluorescein
diacetate,DMEM , Du | b e c cdoeésentiamoediunf, DMSQlimethyl sulfoxide DNA,
deoxyribonucleic acidDTNB, Hlithiok\ (2nitrobenzoic acid);FBS, fetal bovine serum;
FITC -dextran, fluorescein isothiocyandtdextranHBSS Hankds bal alhdked salt
Interleukinb; INOS, Inducible nitric oxide synthasd;DL, low density lipoprotein;LPS,
lipopolysaccharide; MAPK , mitogenactivated protein kinaseMitoSOX, mitochondrial
superoxide MM, mixed micelle; Mn-SOD, mangaesesuperoxide dismutasemRNA,
messenger RNAMTT , 3-(4,5dimethythiazol2-yl)-2,5-diphenytetrazolium bromideNF-a B
nuclear factokappa b;NO, nitric oxide; OA, oleic acid;PA, palmitic acid; PCR, polymerase
chain reactionROS, reactive oxygen specid®T-qPCR, quantitative reverse transcription PCR
SDC, sodium deoxycholat&sD, standard deviatiorSIRT1, sirtuin 1; SRB, sulforhodamine b;
TCA, trichloroacetic acidTEER, transepitheliaklectrical resistance TNF-U, tumor necrosis

factorU
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3.2. Introduction

Among the concerns of a Westestyle diet are detrimental effects of the high fat content on the
intestinal epithelial cells and impairment of the gut barriaarKret al., 2016;Y Lee, 2013;
Hamilton et al.,2015). Disruption of the gut barrier and increased intestinal permeability may
result in release of bacterial lipopolysaccharide (LPS) into the circulatory systeich can
provokeinflammation and metabolidisease Cani et al., 2007Bischoffet al.,2014; Moreiraet

al., 2012; Murakamiet al.,2016). Therefore, it is suggested that maintaining the function and

integrity of the gut is an important factor in prevegtiestern dietelated diseasd€¥ Lee, 2013).

The effects of dietary fats on the intestinal microbiota and intestinal inflammation are well
documentedin addition,dietary fats and bile acids, required to emulsify dietary fat in the small
intestine, may trigger tumorigenesis and barrier dysfunctionthe epithelial cells. Possible
mechanisms by which dietary fats and bile acids produce intestinal epithelial cell cytotoxicity
include increased oxidative stress and mitochondrial dysfunction. Althoughsaecder fat
absorption, bile acids may be cytotoxic to intestinal cells producing intracellular oxidative stress
and mitochondrianediated apoptosis (Barrasa al.,2013). High dietary faintake may also
produce mitochondrial changes and has been mgdd increase mitochondrial workload in
intestinal mucosa through an i ncr eoxidagon, o f pr
components of the respiratory chain and oxidative energy metabdisnS(n i et\als2014).

The impact of this increased vkioad on intracellular and mitochondrial ROS generation
however is unknown in intestinal epithelial cells. Mitochondrial ROS can unfavorably impact
mitochondrial efficiency such that it can no longer contribute to the ATP output neesigaptot

the inadeased workload (Murphy, 2009). Together these changes may decrease intestinal cell
viability and disrupt the intestinal barrier due to lack of sufficient ATP. Oxidative stress can also
induce production of inflammatory cytokines (Hussaih al., 2016), leding to increased

inflammation of the intestine.

Anthocyanins and anthocyaniith berries are especially known for their antioxidant and anti
inflammatory effects (Chrubasik and Chrubasik, 2010),thenl presencé the intestinal tract at
relatively hgh levels may confer protection to intestinal cells against oxidative stress. While many

studies have investigated the interactions of anthocyavithsthe gut microbiota (Moraist al.,
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2016), only a few havstudiedthe effect of anthocyanins on thenfition and integrity of intestinal

epihelial cells. In one study (lat al., 2014) an anthocyanin rich extract from raspberries inhibited
intestinal damage in a dextran satlinduced colitis mouse model and improved barrier function.

In anin vitro model of celiac disease using C&tantestinal epithelial cellshallengedwith a

toxic wheat peptide, an anthocyanin rich extract protected against cytotoxicity and decreased
production ofinflammatory cytokines (Haggaret al., 2017). Another study showed that low
concentration§0.251 & M) of a n-gldcasideg afncyanidin agdQdelphinidin) or 5

¢ gnL of an anthocyantnich plant extract for 30 min inhibited tumor nesiofactoralpha (TNF

Unduced permeability of Caed cells partly through inhibitingthe N6« B pat hway ( Cr e
et al.,2017).

Resveratrols another polyphenol that is present together with anthocyanins in berries such as
blueberries, bilberries argtape skinandmight confer protection to intestinal cellor example,
resveratroimay inhibit chemically induced cancer in the intestinal tr&ishayee, 2009)Many
studies in animal models and a few in humans have shown resveratrol to improvensyzupdo

state of inflammatory bowel disease, and to decréadeocyte infiltrationand inflammatory
markers such as MAPK, N& BandCOX-2 (reviewed by Nunest al.,2017, Shiet al.,2017,
AbouafTabetet al.,2014). Resveratrol has also been shown to suppress ulcerative colitis and
colon cancer in micayhich is associated with a decreassffammation andnflammatory stress
markers suchas TNB  ( & al.2010). Another study showed resveratrol incrd&&T1 gene
expression in immune cells tfecolon in mice and reduddNF-e B acti vati on and i
(Singh et al., 2010). In a study of mice witfoxoplasma gondinduced acute ileitis, oral
resveratrol treatment protected against acute inflammatothe small intestine by down
regulating the immune responsiproved maintenanceof intestinal barrier functionand

prevented systemic bacterial translocation and mortality (Bere=vall,2010).

In the current study, we used CaZmntestinal pithelial cells exposed tdM prepared from fatty
acids(oleic acid and palmitic acidnd bile acids as a model of dietaryifaduced intestinal stress

to investigate the mechanisms involved and the possible protective effects of anthocyanin
bilberry extract (ARBE) and resveratrol. We therefore measured the effects of MM, ARBE and
resveratrol on intracellular and mitochondrial ROS generation, expression of genes involved in

oxidative stress and inflammation, cell viabilipndepithelialmonolayer permeability.
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3.3. Materials and Methods

Dul beccobés modi fied esHWaemkdsalbareadn cwerd (sBaVMEtM) s @l
purchased from Life Technologies Waltham, MA USA). Fetal bovine serum,
penicillin/streptomycin  mixture, sodium edte, sodium palmitate, sodium deoxycholate,
phosphatidyl choline (egg, chicken), oxaloacetate (OAA).-ditiNpbis (2nitrobenzoic acid)
(DTNB), acetyl CoA and resveratralere obtained from Sigmraldrich (St. Louis, MO,USA).
ARBE was kindly provided byndena, Indena S.p.ADetail information about ARBE provided

in Appendix8.A). The ARBE contains 36% anthocyanifw/w), and 20 mM stock solutionsf
ARBE calculated as mM cyanidig-glucoside (C3G) equivalenteq) per g of dry extracnd
resveratrolvere prepared idimethyl sulfoxidg DMSO) and kept a20°C. RNAeasy mini kit for
isolating RNA was purchased from Qiag®D, USA). VILO cDNA synthesis kit, Trizol reagent,
and Power SYBR Green PCR master mix for the polymerase claaitiore were obtained from
Invitrogen,(NY, USA). Cace?2 cells were obtained from the American Type Culture Collection
(MD, USA).

3.3.1. Cell Culture Conditions

Cell cultures were maintained at 7in a humidified atmosphere of 95% air and 5%xDiefly

Caco2 cells were cultured in-75 flasksDul beccodés modi fi(PMEMessent |
supplemented with 10% fetal bovine serum (FBS), 25 mmol/L glucose, 2 mmol/L glutamine, 100
mmol/L nonessential amino acids, and 1% penicillin/streptomycin (1@&/mh penicillin, and

100 mgL stregomycin) as described by Nat@t al. (2012). When 7#80% confluent, Cac@

cells were detached with trypsin, harvested and used for different experirReiotsto an
experiment, cells were seededt0x1¢ cells per well in 96 welplates andjrown to confluence

over 24 h in DMEM with 10% FBS at 37°C, 5% €®hus, cells are not proliferating but are in

the process of differentiatipso are not considered fully differentiated cel3n the day of an

experiment, the medium was replaced with DMEM containing 2% FBS.

FBS is a necessary component for optimal cell growth vitro cell culture media. However, the
albumin in FBS may interagtith lipids such as palmitate (Francis, 2010) and disrupt the micelle

structure. Thus, differemoncentration®f FBS in DMEMweretested in order to find a suitable
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concentratiorto prevent micelle disruption and provide proteins and growth factordwvty of
cells as well aso provideoptimal condition in which the treatments would induce their effects. O
% FBS stressd the cells and at 10% FBS treatments were not effective. 2% FBSimedis
adequate to prevent deypation of Cace? cells from protes and growth facterin FBS and also

allow MM integrity and abilityto affect thecells.

3.3.2. Mixed Micelle Preparation

In our study, MM were composed of fatty acids (oleic acid and palmitic ae@majordietary

fatty acids), phospholipid and deoxycholate. Similarly, in a studghilikov et al.(1987) MM

was formed by hydrophobic chain of fatty acids (C9 and more) being incorporated with sodium
deoxycholate.To prepareMM, 1.4 mg sodium palmitate and 1.54 mg sodium oleate were
dissolved in methanol, arib mg phosphatidyl choline dissolved in chloroform was added. The
lipids were dried under nitrogen and then 12.4 mg of sodium deoxycholate dissolved in PBS was
added to the mixture to obtain a ratio of lipid to sodium deoxycholate of 1:1. The mixture was
rotated continuously in dry ice to freeze. The tube was then placelyaplalizer for 48 h, and

dried samples were stored-20 °C until the day of an experiment. On the day of the experiment

1 mL of the medium without FBS was added to the dried sample to produce 60 mM lipid and the
content was aliquoted into 10 mietabes each containing 100 L. and frozen for future
experimentsFor each experiment a final concentration of 0.4 mM lipids as MM was added to the

cell culture medium.
3.3.3. Treatment witmixed micells and polyphenols

Caco? cells seeded atBx1¢ cells/well were cultured in 9évell opticatbottom plates and were
grown to confluencen DMEM with 10% FBSfor 24 h A 20 mM stock solution of ARBE
(considered as mM cyanidBglucoside (C3G)equivalents (eq) per g of dry extraand
resveratrol werengpared in DMSOONn the day of an experiment, cells in 2% FBS media were
pretreated for 2 h with ARBE (1.25, 2.5, 5, 10, 15, 20 uM), asSpgentet al. (2005), or for 5 h

with resveratrol (1.25, 3, 5, 10, 15, 20 uM), as per Xt al. (2012). In order tavoid a toxic

effect of DMSO, the final concentration of DMSO in the medium was at most 0.1% (for the highest

concentrations of ARBE an@sveratrol) and lower concentrations of ARBE and resveratrol were
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made via serial dilution with DMEM to decrease the amount of DMSO exposure to cells. To
control for any possible effects of DMSO, the highastcentration used in the preparation of the
ARBE or resveratrol solution®.1%) was added to control cell&hus, the control grouggasno
treatmeni{no MM or polyphenols)plus the DMSGhrough all experimentfter pretreatment

with polyphenolscells werechallenged witld.4 mM MM for 24 h in 2% FBS media. The effects

of MM, resveratrol and ARBE were assessedescribedn the following sections.

3.3.4. Measurements of intracellular reactive oxygen species (ROS) and mitochondrial superoxide

generéion

The levels of intracellular ROS were measured with the fluorogenic probe

2 0 ;di¢hforodihydrofluorescein diacetate (DCHPA) (Arandaet al.,2013;Reniset al.,2008)

This probe diffuses through the cell membrane to the cytoserenhisenzymatically hydrolyad

by intracellular esterases which cleave off the acetate groups converting it into DCFH and trapping
it inside the cells. The probe is then oxidized in the presence of ROS (mainly by hydrogen peroxide
(H202) ) t o f | u-dichlercfleoescein (RGFCaca® cells were seeded atil®x1d cells

per well in a 9éwell microplate inDMEM with 10% FBSand grown to confluender 24 h After
treat ments with MM andDAwasladdedraredrhe telis werifcubatdd D CF
at 37°C for 2 h. Then media was replaced with fresh DMEM and the fluorescence signal of each
well was measured by a Synergy H1 plate reédBmTek Instruments, VT, USAat excitation

488 nm, and emission 528 nm. The results are reported relative to cahies.\Data have been
corrected for fluorescence from the probe added to DMEM with no cells@renormalized to

adherent protein content estimated3®B and expressed as percent of the control group.

Mitochondrial generation of superoxide waeasured with MitoSOX Red. MitoSOX Red is a
fluorogenic dye that targets mitoandria in live cells and when oxidized by superoxide, produces

a red fluorescence sign&dlor measurement of mitochondrial superoxide by MitoSOX via plate
reader, cellswereimcb at ed wi t h 5 anvatidi °C o $1©dérk,fcalls weré then
washed, and the fluorescence was measured at excitation and emission wavelengths of 510 and
580 nm.Antimycin A, added to control cells 3@in prior to incubation with MitoSOX, wassed

as a positive control. Data for MitoSOX experiments were normalized to SRB data and expressed

as percent of the control group.
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3.3.5. gPCR

3.3.5.1. RNA isolation from Caed cells:

Total RNA was isolated from Ca&d cells after the treatments to deterenrelative mRNA
expressiorfor each treatment. Trizol reagent was used for cells lysis and RNAeasy mini kit was
used according to the nPaealsvierplatadarddedsparwed t r uct
in 6-well plates. After reaching confluence, medium was replaced, and cells were given the
treatments with ARBE or resveratrol and MM. After treatments, cells were then washed with
HBSS and InL of Trizol was added to each well for 3 minlyse the cells. Cell lysates were then
transferred to a RNase free Eppendorf tube ifiL% and 200 Lchloroform was added to each
sample and samples were vortexed fos&0 After incubating at room temperature for 3 min, the
lysates were vortexed agand centrifuged at 12,000 g for 10 min &C4 The clear supernatant

was carefully removed and transferred to a new Eppendorf tube aral Gfilisopropanol was
added to each sample. After incubation for 5 min at room temperature, each sample was applied
to a spin column and centrifuged &4and8000 xg for 15sec The flowthrough was discarded

and 35 LRW1 buffer (provided within the kit) was added to each sample and centrifuged again
at 4°C and8000 xg for 15sec In order to remove any DNA carhination, 8¢ L(1X) DNase
(Invitrogen, USA) was added to each sample followed by incubation at room temperature for 15
min. Samples were washed again with 85IRW1 buffer and centrifuged. The flethirough was
discarded and samples were washed twich &@0¢ LRPE buffer (provided with the kit) and
centrifuged again. Samples were then gpiad for 1 min and the spin columns were transferred

to a new RNase free microtube. After adding4bf nuclease free water (Invitrogen, USA), each
spin column wagentrifuged aB000 xg for 1 min at 4°C. The flowthrough containing purified

total RNA was used to measure concentration and purity of the acquired RNA using a Nano drop
spectrophotometer (BioRad, USA) and the A260/A280 absorbance ratio. All extRidtesdhad

an A260/A280 absorbance ratio 622l indicating highly pure RNA (within the acceptable ratio

of 1.82.1). Samples were then stored -80 °C until they were used for synthesis of

complementary DNA.
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3.3.5.2. Synthesis of complementary DNA (cDNA)

A VILO cDNA synthesis kit (Invitrogen, USA) and a Thermocycler (BioRad, US&)eused for
2 e©€g total RNA to c¢D

reverse

transcription of

was performed as follows: one cycle at@5for 10 min, one cycle &2 °C for 60 min(for cDNA

synthesis)and one cycle at 8& for 5 min (to inactivate the DNA polymerase). The reaction was

performed in 2@ Lsamples. The purity and concentration of the synthesized DNA was measured

using a Nano drop spectrophotometeiof@ad, USA) and the A260/A280 absorbance ratio. All
extracted cDNA had an A260/A280 absorbance ratio o2128indicating highly pure cDNA.

Samples were then stored-80 °C until analysis by PCR

3.3.5.3. Polymerase Chain Reaction

The polymerase chaireaction (PCR) was performed using a Quant Studiol2K FlextiReal
PCR system (Thermofisher Scientjfi€A, USA) using SYBR Green master mix (Life

TechnologiesNY, USA)

according to

t he manufacturer o6s

in 15¢ Lreactions containing & LSYBR Green master mix, € Lforward and reverse primers

each, Z Lnuclease free water ancc2LcDNA. cDNA samples were diluted 20 times before use

according to the VILO cDNA synthesis kit protocol to remove PCR inhibitory effefcteverse

transcription. All primers were provided by Integrated DNA Technologies)([@N, Canada).

Table 3.1 shows primer sequences used in the current study. The experimental protocol consisted

of the following programs: One cycle at 95 for 5 min(for enzyme activation), amplification

and annealing including 40 cycles at®@5for 15 £cand 60°C for 30 sec. Melting curves of all

PCR products were evaluated to confirm the amplification and primer quality. A comparative

method 2 ®®*fWwas usedt@mnal yze t he

relative

e xagtin &d si on

GAPDH were both used as housekeeping genes which both yielded similar data. All data were

nor mal i-acendTwo independent experiments were conducted with 3 wells of cells per

treatmet condition in each experiment.

Table3.1. Nuclear and mitochondrial encoded mRNA measured via qPCR inZeeks.

Gene

Species

Primer sequence ¢8")

Cycles
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(Ct values)

Mn-SOD* | Human 19
Sense: GGAGAT GTT ACA GCC CAG ATAG

Antisense: CGT TAG GGCTGA GGTTTG T

TNPU |[Human |Sense: GGA TGG ATG GAG GTG AAAGTAG 33

Antisense: TGA TCC TGA AGA GGA GAG AGA 4

@ Manganesalependent superoxide dismutase {8i@D)
8Tumor necrosis factealpha

3.3.6. Cell viability

3.3.6.1. Resazurin Cytotoxicity Assay

Resazurin or Alamar Blue has been extensively used as a probe to measure cell viability and
metabolic activity bsed on aerobic respiration (Rampersad, 20E¥sazurin (blue and
nonfluorescent) is reduced mitochondria via NADH or NADPHo resorufin (pink and highly
fluorescent) in viable cellAleshinet al.,2015) Resorufin production correlates with ttiegree

to which cells respire and are metabolically actiVke fluorescence intensity of resorufin was
measured via microplate readBriefly, Cacoe2 cells were seeded at1®x10 cells per well in a
96-well, flat-bottomed microplate in a final volume @2 mL DMEM and incubated at 37 °C in

a 5% CQ environmenftor 24 h to allow attachment and growth to confluer@e the day of an
experiment, cells were pretreated with ARBE or resveratrol in media containing 2% FBS for 2 or
5 h, respectively, and thehallengedvi t h MM f or 24 h. After the tr
added to each well and cells were incubated at 37 °C in 5%f&€Q h. The fluorescence was
measured at a wavelength excitation of 880and emission of 59@m with a Synergy H1, plate
reader (BioTek Instruments, VT, USAData have been corrected for probe added to DMEM with

no cells andhe results are reported parcent of the control group

3.3.6.2. Forward and side scattering of Caazells using flow cytometry

In orderto identify morphologically normal cells for analysis of fluorescent probes used to assess

mitochondrial numbers/densityprivard and side scattering of light by the G&ccells was
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measured by flow cytometrizorward scatter measures cell size ahdpeandis proportional to

the diameter of a cell and side scatter provides information about cellular complexity and
granularity. After seeding 2.81P cells in each welbf a 24well plate and growing to confluence

for 24 h, cells were pretreated with 20 (MRBE or resveratrol for 2 or 5 h. Cells were then
challengedwith 0.4 mM MM. DMSO was added to untreated cells to control for any effect of
DMSO, in which the polyphenols were solubilized. After 24 h, the cells were washed twice with
HBSS and trypsinizedifter adding medium and centrifuging B000xg for 5 min, supernatant

was discarded, and the pellet was suspended in PBS. ThemLOd& cell suspension was
transferred to a flow cytometry tube and forward and side scattering was determined usir§) a FAC
system. Figure 3.1 displays arbitrary FACS sorting gates for-Caedls based on their size and
granularity The cells in thd®1areaare considered apoptotic cells while cells in gated arB 42

area are considered viable cellgh varying degrees of health

2?[I

(x 1,000)

P1-Apoptotic cells
] P2-Pyknotic cells
3 2 P3-Healthy dividing cells
7 GE P4-Pyknotic dividing cells
S Gated-Healthy quiescent cells
8.

LI I [ L L] '[ UL [ LI L [ L '[ T
50 100 150 200 250
FSC-A (x 1.000)

Figure 3.1. FACS sorting gates for Caedcells.

3.3.6.3. Sulforhodamine B assay

The sulforhodamine B (SRB) assay was performegstonatecytotoxicity in Cace2 cells based

on the measurementibie amount o€ellular protein contememaining after toxic challege SRB

is a bright pink dye with two sulfonic groups that in mild acidonditions, binds to amiracid
residues of proteins in cells that have been fixed to tissue culture plates by trichloroacetic acid

(TCA). The amount of cellular protein is relative to the number of attached cells (Vichai and
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Kirtikara, 2006). After seadg 50,000 Cac@ cells in 96 welplatesand growing to confluence

for 24 hin 5% CO. at 37°C, cells were pretreated with ARBE or resveratrol for 2 or,5 h
respectively Cells were theghallengedvith 0.4 mM MM for 24 h. Then cells were fixed in 100

€ Mrichloroacetic acid (TCA) at 10% final concentration and kept°& for 1 h. After washing

the plate4 times with running watdpollowed by airdrying the plate, 106L of 0.057% (wt/vol)

SRB soldion was added to each well and the plate was kept at room temperature for 30 min.
Afterwards wells were rinsed with 1% acetic acid to remove unbound dye. Plates were allowed to
dry at room temperature, and 10 mM Tris base solution (pH 10.5) was addadhtavell to

solubilize proteirbound dye. Absorbance was measured at 510 nm using a microplate reader.
3.3.7. Transepithelial Electrical Resistance (TEER)

Transepithelial electral resistance is a quantitative technique that measures the integrititof tig
junctions and is an indicator of cell permeability inianvitro model of epithelial cell barrier
integrity (Anderson2001; Lo et al.,1999 Chenet al.,2015).The electrical resistance is measured

in ohms @rinivasanet al., 2015). In this assay, the electatimpedance is measured and a
continuous current is applied to the cells on both transcellular and paracellular paths
(Powell, 1981 which when the barrier is disrupted, enables cutieiricreaseThus, high TEER
values reflect an intact barrier whereadegrease in the TEER valgerresponds to an increase

in permeability of the Cae@ cell monolayer (Xiact al., 2013) The apical and basolateral
membrane create the transcellular resistance while paracellular resistance isreaiatyby cell

cell contactsthrough the formation of tight junctions, whidignificantly affect epithelial
resistance (AnderspB8001; Lo et al.1999. Therefore, the EER valueseflect the integrity of the
Caco?2 cell monolayefChenet al.,2015).For these measuremerit$x1(® Caco?2 cells per well
were seeded on collagen coated membrmpoe tr ans
size; Corning, USA) with 500 Lculturemedium added to the inserts (apical side) andviL5
medium to the basolateral chamber. Cells were allowed to differentiate for 21 days before the
experiment (AspenstroiRagerlundet al.,2009). The culture medium was changed every other
day after 7 days of reaching a confluent state and also chanbeth theapical and basolateral

sides after each measurement. The eledtresistance of confluent and differentiated cells was
measuredby TEER using an epithelial voltmeter EVOM (EMD Millipore millicell vaihm

meter, USA). A pair of chopstick electrodes was usede placed in the apical and the other in
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the basolateral chamber to estimate TEER. Measurementperoemedevery twothree days

to assess the integrity of the CaZzanonolayer until cells were differentiatad judged byhe
TEERvalues reaching p |l at eau a B Bxperimehts Wede performen on day22
Aeraseal sealing film was placed on the transeelthe d& of the experimento allow uniform

air and CQ exchange of all wells. On the day of an experiment, DMEM containing 2% FBS was
added to the wells and cells were allowed to adapt to the new condition for 1 h before the
experiment. Then treatments in 2% FB8dia were adde the apical side (2 h or 5 h for ARBE

and resveratrol pretreatmergspectively, before adding 1.5 mM MM) and TEER measurements

were performed every 1.5 h afterwariEER values were expressed as % relative to control cells.

Paracelllar movementhrough the Cac@ cell monolayer was also measured by the amount of
FITC-dextran(4 kDa) appearingn the basolateral side. Prior to treatments FtléQtran at the

final c onc e ntmlLawas addedootlie adicalCcompagtrhent. After e TEER
measurement, 100 Lof the medium in the basolateral compartment was diluted e Lof

HBSS 11 in a 96 wel!l pl at eexa n4d8 5f | punb3@aemsdn asn c e w

microplate reader.
3.3.8. Statistical analysis

Results werexpressed as means and standard deviat@ah experiment was repeated at least

twice with 3 wells of cells per treatment condition. Data are represented as percent of untreated
cells. Statistical analysis was performed usingwag or tveway ANOVAfoll owed by Tuke)
post hoc test usinGraphPadPrism {/ersion 7;La Jolla, CA USA). Differences were considered
statistically different at P <0.05.

3.4. Results

3.4.1. Oxidative stress

To establish whether the polyphenol treatments alone increased easktrintracellular ROS
generation, Cac@ cells were treatewith differentconcentration®f ARBE or resveratrol (1.25

20¢ N for 26 and 29 h respectively. The measuremen¥GH fluorescencehowed that ARBE
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at all doses significantly decreasedsalintracellular ROS generation, while resveratrol had no
effect Fig. 3.2.A)

Challenge of Cac@ cell monolayers with.4 mM MM for 24 h increased DCF fluorescence by
150% (Figure 3.2.B) (P <0.001). Alconcentratbns of ARBE and resveratrol completely
prevented the ROS production induced by MWith ARBE acting slightly stronger than
resveratrol. DCF fluorescenoeicroscopic images of Cacells (Appendix Fig8.B.6), shows

high fluorescent intensity of DCF inliechallengedvith MM compared to control cellsndcells
treated with ARBE or resveratrol alone. Pretreatment with ARBE or resveratrol clearly shows
reducedDCF fluorescence compared to MdMnsistent withthe quantitative dataroduced by the

plate reade assay Increasingthe concentrationoof ARBE from 1.25 to 2.5 uM gave a slight
further increase in the antioxidant effect of ARBE. Correcting for any differences in the number
of cells by dividing the DCF fluorescence by that of SRB, showed an even iacgease in ROS
generation by MM on a padherent cell protein basighich was completely prevented by ARBE

or resveratrol (Figure 3.2.C). The antioxidant effects of ARBE and resveratrol were evident at
concentrations as | ow asDCE fludréscescéluesahatdwerd RBE p
significantly less than control & in the absence of MM.
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Figure 3.2. Effects of MMpolyptenols (PP) such a8RBE and resveratrol on intracellular ROS
production.Cace?2 cells were treated with ARBE or resveratrol at 20 uM for 2 or 5 h respectively
prior to adding 0.4 mM MM and incubating fan additionak4 h. After treatments, cells were
then incubated with DCHBA for 2 h and ROS generation was measured via @fescence

(AU) using a microplate readet.ontrol cells had no MM or polyphenols and had 0.1% DMSO.
(A) Absence of MM(P arse <0.000% P resveraror0.2973. (B) Presence of MMP mm <0.0001, P

ArBE =0.0022 Pinteraction<0.0001 (Pmm <0.0001, Reesveratro=0.0018, Rnteraction<0.00). (C) ROS
generation per attached cptiotein contentneasured with SRBP(um <0.0001, Parse <0.0001,

P Interaction<0.0001;P mm <0.0001, Reesveratro0.0001, Rnteraction<0.0001). Values represent means

+ SD of three independent experiments with three wells of cells per treatment condition. * Mean

value signiycantly diffePMeanfvamue:osm'tgnilytgarm

from MM group (P <0.05). Thegini ycant di fference between gro
in A was tested with onevay ANOVA and in B and C with twavay ANOVA followed by Tukey's

multiple comparisons test.
3.4.2. Mitochondrial superoxide generation

The fluorogenic probe MitoSOX was used to assess the effect of MMpalyghenolson
mitochondrial superoxide generation. Figure 3.3 shows MitoSOX fluorescence intensity of Caco
2 cells pretreated with ARBE or resveratrol for 2 h or 5 h respectivelyweiidoy 24 fchallenge

with 0.4 mM MM. Challengewith MM increased MitoSOX fluorescence compared to control by
97% (P <0.000L ARBE pretreanent significantly decreased MMduced mitochondrial ROS
generation relative to the MM condition by 24%. Howevegveratrol was not able to protect

against mitochondrial superoxide generation.
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Figure 3.3. Effects of MM and polyphenols on mitochondrial superoxide gener&ilioorescence
intensity of MitoSOX was analyzed in Ca2ccells treated withRBE or resveratrol as described

in Figure 3.2. MitoSOX fluorescence intensity of C&toells pretreated with ARBE for 2 h or
resveratrol for 5 h before MiMhallenggP mm <0.00@, Parse =0.0002, Rnteraction=0.0336; Rum

<0.0001, RresveratroF0.0075, Rnteraction=0.0045) Antimycin A was added 30 min prior sdition

of MitoSOX. Data were measured by plate reader and normalized to atteelhpdotein content
measured via SRB. Values represent means + SD of three independent experiments with three

wells of cells for each treatmefitt. Mean val ue signiycantly differ e

DMean value signiycantly dif flree esiitgrfiryomntth ed il

between groups were tested with tway ANOVA followed by Tukey's multiple comparisons

post hoc testThe statigical analysisvas doneseparatelyor ARBE and MM andor resveratrol
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