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Abstract

Background: Type 2 diabetes is characterised byocic hyperglycaemiainsulin
resistanceind associatechitochondrial dysfunction(Poly)phenols have been shown to
attenuate cellular oxidative stress amdtoreglucose homeostasibut the specific

mechansms and compounds responsit@eain unknown

Methods: HepG2 cels were used am in vitro hepatic modelon whichthe effects of
guercetin on high glucosaduced oxidative stress and mitochondrial dysfunctvene
investigated. Mitochondria were assabk$ar complex | activity,cellular redox status,
mitochondrial respiratioand PGG1 @xpres®n. LHCN-M2 human skeletal myocytes
were differentiated in various glucose and insulin concentratiodscharacterised for
theiruse as a model to explore the effects of relevant (poly)phenol metaboljlesose
uptake and metabofis Metabolic phenotype and th#ects of metabolites derived from
ferulic acid, flavonols, resveratrol and berry (poly)phenols were evaluatédebtern
capillary protein assays, uptake @[1-“C(U)]-deoxyD-glucose and D-[**C(U)]-
glucose respirometry and the ROS assay weralso used for initial metabolic

characterisation.

Results Mitochondrial function was restored by quercetin in HepG2 cells exposed to

high glucose, by reversing the increased cellular NADH, enhancing mitochondrial
respiration and prenting proton leak, and upregulating PGQJ , al | ledotd whi ch
restored complex | activity after 24 hhe LHCN-M2 model was established and cells
differentiated in a normal or high glucose/insulin environment. Glucose transport was
restored, and metaliem increased, in high glucose/insulin myotubes by various
metabolites. Isovanillic acid-@-sulfate in particular elicited this effect by upregulating

GLUT1, GLUT4 and PI3K protein expression, and acutely activating the insulin

signalling pathway.

Conclusions: Quercetin protects againsiepatic mitochondrial dysfunction through

pleiotropic effects involving improved redox status and enhanced mitochondrial
respiration and function. (Poly)phenol metabolites, including the gut microbiome
catabolite isovaniit acid 30-sulfate restore glucose uptake and metabolism in human

skeletal musclexposed to high glucose and insuliig insulindependent pathways.
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Chapter 1

Introduction and Literature Review.

1.1 Introduction

The incidence of diabetes is on tieerworldwide. It is estimated that 422 million adults

are currently living with the disease, a number which has almost quadrupled in the last
35 years and is representative of 8.5% of the global population. This chronic metabolic
disease is best known lgfevated blood glucose levels and 3.7 million deaths were
attributable to hyperglycaemralated pathologiesl.5 million of these directly caused

by diabetes, in 201@VHO 201§. Type 2 accounts for aund 90% of all diabetes cases

and, worryingly, a further ~193 million people are undiagnosed, with increasing
occurrences in children, tq&hatterjee, Khunti et al. 201L7The disease is no longer
considered exalsi ve to the OWesternd worl d, wi t |
population, for exampl@_am and LeRoith 2012 Considerable physical, psychological

and socieconomic pressures are placed on patients and an overwhelming burden hangs
over health care systems and economies, with an estimated cost of more than $825 billion
US dollars per year, accounting for treatment as well as absenteeism, early retirement

and ®cial benefits for associated disabilit{@zeuring, Archangelidi et al. 2015

Management of blood glucosadlipid concentrations and blood pressure are required

to minimise disease progressiondanomplications such as cardiovascular disease
(CVD). To lower prevalence and the associated huge costs, a better understanding of the
genetic and metabolic risk factors, as well as early diagnosis, better therapies and disease
management tailored to egaéitient, are still needd@hatterjee, Khunti et al. 20L#or
example, only in recent years has it been acknowledged that there is a need to treat the
underlying metabolic disorder of individuals with C\{Mellbin, Anselmino et al. 20100
Prevention is better than cure and therefore early changes in lifestyle and increasing
education are key. Being overweight/obeseediiygest risk factor (though this can vary
between populations; Soulast Asians are at higher risk for examMHO 2016 and
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therefore improvements in diet and increased physical activity canféetief in
prevention and treatmeriixcessiveoverall calorieintake and notablyree sugars, fats,

and a lack of dietary fibre are correlated with increased risk of type 2 digldétt3

2016. Epidemological evidence suggests that increased consumption of foods rich in
(poly)phenols, substances synthesized and stored in plants for their protection, is
inversely correlated with incideng¢eey, Hamdy et al. 2014Amiot, Riva et al. 2016

Kim, Keogh et al. 2016and as such thereasfocus orlooking for novel meias ofusing
(poly)phenols taontrol carbohydrate and lipid metabolism to manageven prevent
diabetes.

A diet rich in plantbased foods and (poly)phenols over the course of a lifetime may
lower the incidence of metabolic disordé@fém, Keogh et al. 2016and prescription of

such a diet or applications with specific (poly)phenols may be used to provide new
nutraceutical therapies for patients already diagnesddisorders such as diabetes and
CVD (Bozzetto, Annuzzi et al. 201Bmiot, Riva et al. 201 This literdure review will

draw on the current understanding of metabolic disease aetiology and the effects that
dietary (poly)phenols can have on contributing risk factors, and identify gaps and
shortcomings in the research. Focus will be placed on two centratsagpenetabolic
disease pathophysiology with potential to be influenced by (poly)phenols, and these will
form the basis of the vitro investigations in this project. These aspects are glucose

metabolism and oxidative stress in the liver, and glucoskepn the skeletal muscle.

1.2 Type 2 diabetes: a metabolic disease

Diabetes mellitus is a metabolic disease characterised by chronic hyperglycaemia
(Krentz and Hompesch 20L&ymptoms include increased urination, thirst hndger

and, if left undiagnosed, untreated or poorly managed;temy complications include

CVD, stroke, kidney failure, gout and retinopathy. Hyperglycaemia and the
encompassing syndrome arises either from the pancreas failing to produce sufficient
insuin to maintain glucose homeostasis, referred to as type 1, or from the cells of the
peripheral tissues involved in glucose homeostasis becoming insulin resistant, which in
turn can also lead to pancreatic failure; this is type 2 and in this case egrtpsystend

to develop slower and can be subtle or event absent. Gestational diabetes is another type,

in which women develop hyperglycaemia during pregnancy, and it is typically resolved
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after birth but comes with its own complications and increases skeofieventually
developing type 2WHO 2016 Chatterjee, Khunti et al. 2017

Prevention and treatment irive a controlled diet and regular physical exercise and, for
those with the disease, maintaining strict control of blood glucose homeostasis. Type 1
management requires insulin injections combined with diet control, while type 2 is
managed by improvemenis diet and lifestyle with drugs, with or without insulin
injections. The direct causes of type 1 are still unkngWwiHO 2016, though it is
characterised by loss ©fcell function in the pancreatic islets of Langerhans and thus
the compromised insulin secretion. As well as genetic and environmental factors, it is
thought that an autbo mmu ne at t ac k -celladysfuriction(Rothex 208Y. t h e
Type 2 is caused initially by insulin resistance, resulting from preventable risk factors
including obesity, por diet and a sedentary lifestyle, in addition to other factors such as
age, ethnicity and genetic predispositi®HO 2016 Chatterjee, Khunti et al. 2017
Epidemiology suggests the dominant dietary factors include the types of fats consumed
and/or excessive carbohydra{@sserus, Willett et al. 20QMalik, Popkin et al. 2010

Hu, Pan et al. 2032

Carbohydrate di ge-sglycosuasesihsuglpot uastroirgedtinaby U
tract, producing monosaccharides which are then absorbed predominantly via-sodium
dependent glucose transporter SGLT1 and glucose transporter GLUT2 (or GLUT5 for
fructose) from the lumen of the small intestine into the blood in the kgpatial vein
(Williamson 2013. Glucose is taken up into the liver (primarily via GLUT2) and other
peripheral tissues, such as skeletal muscle (via GLUTHAgravany excess is stored as
glycogen to minimise the poeptrandial fluctuation in glycaemigCura and Carruthers

2012 Mueckler and Thorens 2013n the fasting state, the liver plays a crucial role in
producing glucose from glycogenolysis and gluconeogenesis to prevent a drop in
glycaemia, controlled by glucagon; while in the ppsindial state, in responge
increased glycaemia and insulinaemia, the liver shifts from net glucose output to net
glucose uptak¢Moore, Coate et al. 201Zitchenell, Chu et al. 20}5Insulin lowers
glucose synthesis and efflux in the liver and stimulates the translocation of GLUT4 to
the plasma membrane for glucose uptake in muscle and adipose tissue. Insulin also

increases glycgbis, promotes glycogenesis and lipogenesis, besides controlling a



variety of other cellular functions outside of glucose and lipid metabditiel and
Kahn 201, Desvergne, Michalik et al. 200Buang and Czech 207

In a very simplified view, it can be said that persistent or excessive hyperglycaemia
causes insulin resistance and this in turn exacerbates hyperglycaemia. However, it is
debated in the literature whether a common cause in the aetiology of diabetes exists.
Hyperglycaemia and hyperlipidaemia, resulting from chronic, excessive calorie,intak
have a number of cellular consequences that start with a dysregulation in glucose and
lipid fluxes and metabolism. Overactive lipogenesis results in lipid accumulation in the
liver and adipose tissue, as well as in circulation, and obesity e(iBagsr 2013
Zaccardi, Webb et al. 20L&xcessive levels of the lipid intermediates, diacylglycerol
(DAG) andceramide, can disrupt insulin signalli(@amuel, Petersen et al. 20B0uce,

Risis et al. 201pand surpludipid storage (and glycogen too, as recently demonstrated
(CeperueleMallafré, Ejarque et al. 20)pin adipose tissue triggers the aate of
adipokines, inducing a priaflammatory state resulting in increased fatty acid release
from adipocytes and leading to insulin resistance in myocytes and hepat@tatbes
Lehrke et al. 2008Harwood 2012Kwon and Pessin 20).3Excessive consumption of
fructose, while contributing less to hyperglycaemiml the associated adverse effects,
has been linked with hepatic lipid accumulation and hyperlipida¢Baatle 2009.

Insulin resistance leads to lowered glucose uptake and uncontrolled hepatic glucose
metabolism and efflux, resulting in chronic hyperglycaemia, as well as dyslipidaemia.
This in turn increases systemic oxidative stress, inflammatoa cardiovascular
problems such as endothelial lipid dispositiqhumeng and Saltiel 2011
Tang\warasittichai 201p The role of oxidative stress, as a result of high glucose
specifically, in the onset of diabetes, will be the focus of the next section and further

studies.

1.2.1 Oxidative stress in diabetes pathophysiology

High levels of glucose in the didd lead to intracellular oxidative stresand insulin
resistancen tissues involved in glucose metaboligMurphy 2009 Yan 2014 Gero,
Torregrossa et al. 20L6A principal source of oxidative stress in the cell is the
mitochondrionBrand 201). The catabo#im of glucose by glycolysisf free fatty acids
( F F A s )-oxidaton émdof amino acids, generates NADH (nicotinamide adenine

dinucleotde) via acetyl coenzyme A (acetgbA)) and the tricarboxylic acid (TCA)
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cycle. NADH is oxidised by complex | of the ETS (electron transfer system) to"NAD
transferring electrons to downstream complexes and oxygen, and protons to the IMS
(intermembrane gte), generating the proton gradient for ATP (adenosine triphosphate)
synthesis in order to meet cellular energy requirements, thus fulfilling the primary
function of mitochondria. An inherent level of superoxide, the precursor to other ROS
(reactive oxyge species), is produced by complex I but basal levels of ROS are required
for cell signalling and are tightly cont
(Brandt 2006 Murphy 2009 LiemburgApers, Willems et al. 20153irst and Roessler
2016. Overproduction of NADH from excessive glucose and lipid influx, particularly in
hepat ocyt es -aelisdvhepeagluaokinasa tfithe glylsolysis pathway is not
inhibited by glucosé-phosphate, results in a reductive stress. This puts pressure on
complex | with the overflux of NADH increasing the inner mitochondrial membrane
(IMM) potential, which stalls complex Il and increases coenzyme(QoQ) halflife

and electron leakage and superoxide production beyond basal. The accumulation of
NADH, and tle imbalanced NALYNADH and redox status, creates a condition known

as pseudohypoxia whereby oxygen cannot be effectively consumed by, aing

more oxygen available for partial reduction by the leaked electrons. Oxidative stress
ensuegMunoz and Costa 2013an 2014.

The situation is worsened by the inhibition of GAPDH (glyceraldehygddsphate
dehydrogenagéy both ROS and NADH. This prevents carbon flux from glycolysis to
pyruvate and the TCA cycle and induces alternative metabolic pathways branching from
glycolysis to mediate the accumulation of glyceraldehypb@&phate (G3R)Yan 2014

Luo, Wu et al. 2015 all of which exacerbate oxidative strg$sg. 1.1) and have

implications in the onset of diabetes and asged complications.



Polyol Pathway

Glucose ——| Sorbitol —— Fructose

l ‘M NADH & ROS
Glucose 6-phosphate
i Hexosamine Pathway
Fructose 6-phosphate —— | Glucosamine 6-phosphate -----> (UDP)-N-acetylglucosamine ‘
PKC Pathway l A ROS
Dihydroxyacetone phosphate| «<———  Fructose 1,6-bisphosphate
l '\ l Glycation Pathway
Glycerol 3-phosphate Glyceraldehyde 3-phosphate Methylglyoxal -----> AGEs ‘
‘L l |—— GAPDH <—— I NADH & ROS 1 ROS
Diacylglycerol
i 1,3-bisphosphoglycerate
Protein kinase C activation |
i " 4 NADH
T ROS Phosphoenolpyruvate
Pyruvate &~

'
v

TCA Cycle ——> “I* NADH

v
Mitochondrial Respiration —— 1 ROS

Figure 1.1: Excessintracellular glucose activates alternativanetabolic pathways
branching off glycolysis which contribute to increased NADH and ROS.
Increased NABI and ROS resuih reductive and aglative stresses respectively.
Boxes indicate significant branchimathways; dshedlines indicate additional

steps not shown. Adapted and added to from (Yan 2014).

In the polyol pathway glucose is converted to fructose via sorbitol and, in doing so,
NADH is produced from nicotinamide adenine dinucleotide phosphate (NADPH),
further contributing to the reductive stress. In addition, with less NADPH, cellular
glutathione (GSH) decreases and compromises the antioxidant defence @ystgm
Martin et al. 2012Yan 2014 Luo, Wu et al. 2016 The hexosamine pathway conwger
fructose 6phosphate to wuridine diphosphate (UENRpcetylglucosamine via
glucosamine fphosphate and thishibits insulin receptor substrate (IRS)]see 1.2.2)
generates RO@ssad, Masson el. 2010 and instigates postanslational modifications

in the pathogenesis of diabetic complications such as retinopatmegl, Sieg et al.
2013. The accmulation of G3P increases DAG synthesis and this activates protein
kinase C (PKC). The PKC activation pathway is also involved in diabetic complications;
PKC-mediated expression and secretion of vascular endothelial growth factor (VEGF)

in the mesangial dis of the kidney can lead to proteinuria and glomerular dysfunction
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in diabetic nephropathiXia, Wang et al. 2007and chronic PKC activation is involved

in CVD comorbidities(Geraldes and King 20)0Furthermore, PKC activates NADPH
oxidase (NOX), which generates superoxide from oxygen and can induce insulin
resistanceand endothelial dysfunction by inhibiting Akt phosphorylation and thus
reducing Aktdependent insulin signalling and nitric oxide synthase (NOS) activation
(Naruse RaskMadsen et al. 2006 Another product of G3P is methylglyoxal and this

forms advanced glycation end products (AGES) via the glycation of proteins. One such
AGE is glycated haemoglobin (HbAlc), used as a biomarker for diabetes. AGEs have
implications in diabetic cardiac pathologyellor, Brimble etal. 200pa nd Al z hei me
diseasd€Lovestone and Smith 20} 4as well as inhibiting insulin signallin@Riboulet

Chavey, Pierron et al. 20p6The glycation pathway liberates ROS and leads to chronic
inflammation via activation of AGE receptors and nuclear factor kéghtchain
enhancer of activated B cells (NFaB). AGE
g e n e r aketdaldahyddsuch as methylglyoxaWolff and Dean 1987Brownlee

2001).

Enzymatic sources of ROS include oxidases, @yglgenase and nitric acid synthase
(NOS) (Johansen, Harris et al. 2005 a study comparing blood vessels from diabetic
patients with cavnary artery disease and nondiabetics it was evident that superoxide
generation was enhanced in the former and this was predominantly mediated by
increased activity and levels of NOX, and dysfunctional endothelial NOS (eNOS). The
superoxide generation waéminished by a PKC inhibitofGuzik, Mussa et al. 2002
The NOX family of enzymes are important in redox signalling and under controlled
conditions generate RO®m NADPH at the plasma membrane in neutrophils to attack
pathogens, but in a high glucose environment areastirated by PKC and involved in
the major diabetic complicatior{§&orin and Block 2013 However, the role of NOX
signalling could be more complex as it was recently demonstrated in obese diabetic mice
and hepatocytes vitro that knockdown/inhibition of NOX4, and hence its dysfunction
in vivo, alonecan disrupt insulin signallingVu and Williams 201p Regulation of NOS
is another critical point. It requires cofactors and the substraigihine to produce
nitric oxide; if one of these is not present the oxidation-afdginine and reduction of
oxygen function of NOS is uncoupled and it can produce superoxide in&eai,
Mussa et al. 20Q2Johansen, Harris et al. 20039t has long been known that
hyperglycaemia increases eN@8&pendent superoxide productiofCosentino,
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Hishikawa et al. 1997 Xanthine oxidase and dehydrogenase are interconvertible
enzymes involved in purine metabolism, converting hypoxanthine to xanthine and then
uric acid, thereby generating NADHhé superoxide, which under basal conditions is
converted to hydrogen peroxide. Activity of these enzymes, and therefore reductive and
oxidative stress, is increased in diabetics and associated with diabetic peripheral
neuropathy and goyfliciguzel, Ozen et al. 20Q3Viaiuolo, Oppedisano et al. 2016
Miric, Kisic et al. 201% The increased purine metabolism likely results from excessive
nutrition, but is also related to vascular dysfunction, disrupted hepatic metabolism,
increased adipose tissue and-prilammatory mediatorgMiric, Kisic et al. 201§. In

similar fashion, cyclooxygenase (COX) pathway is also involved in the pathogenesis of
diabetic peripheral neuropathy, and other complications. Specifically, -ZQ&
upregulated by high glucose and subsequently prostaglandins functiowpased,
activating downstream inflammatory eve(it®llogg, Cheng et al. 2008

The conversion of superoxide to hydrogen peroxide under d$tezssonditions is just
one of the complex endogenous antioxidant defence mechanisms to keep ROS, normally
required for basal redox and signalling functions, under control. Superoxide dismuta
converts superoxide to hydrogen peroxidedt) and then cytosolic/lysosomal catalase
or mitochondrial glutathione peroxidase catalyses the detoxificatiopftel water and
oxygen. The latter reaction uses glutathione regenerated by glutathionéaseduc
forming the glutaredoxin system. Catalase also binds NADPH to prevent its own
oxidation. Disposal of KD> and reactive compounds, and redox signalling, is
additionally mediated by the peroxiredoxins, which also reduce organic hydroperoxides
and peroxyitrite; the thioredoxin system, which includes thioredoxin reductase and
NADPH regenerates active thioredoxin after reducing protein disulfides. Moreover,
glutathione Sransferases catalyse the conjugation of glutathione to vatenabiotics
for detoxfication and haem oxygenase catalyses the degradation of haem. Carotenoids,
vitamins,u r i ¢ -lgpcid adid, trate elements and glutathione itself all have roles as
antioxidants too. Changes in the ratios of these redox systems, for example during high
glucosei nduced oxidative stress, can activate
hypoxiainducible factor 1 and activator protein 1, which induce expression of
inflammatory and antioxidant genes, and regulate proliferation and apdpgtoss and
Holmgren 2000Maritim, Sanders et al. 200Birben, Sahiner et al. 201Ranschmann,
Godoy ¢ al. 2013. Nuclear respiratory factoefythroidderived 2jlike 2 (Nrf2) is a
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central transcription factor to the antioxidant response element (ARE) of many genes,
capable of inducing manyf the antioxidant proteingdt is stimulaed by several drugs
and phytonutrients and recent findings that suggest a key role in regulating mitochondria

and energy metabolis(WomhofDekrey and Picklo 2092

When oxdative stress exceeds the limits of the cellular antioxidant defence system, the
enzymes and signalling pathways of the system themselves become targets of oxidation.
Shortcomings and a lack of plausible evidence from clinical trials with antioxidant
interventions suggests that further research into such therapies is re@ahassen,

Harris et al. 200BMatough, Budin et al. 20)2or, rather than targeting ROS directly, a
better approach may be to modulate the systems that instigate the stress in the first place,
such as promatg caloric restriction and increagjrphysical activity, or lookg for

compounls that help lower overproduction of ROS and restore the redox balance.

Excessive energy intakeads to obesity and metabolic diseases, with high glucose and
lipid cellular influx both resulting in aoxidative stress caused byperoxide generation

and a redox imbalance fronthe conglomeration of enzymatic, glycolysisanching
pathwaysandoverflux throughmitochondria which overridesthe cellular antioxidant
defence systems, as discusdaidproportion betweeNADH and NAD" levels,referred

to as a rductive stress;ontributesn partto oxidative stresbut the primary direct source

of ROS is the mitochondria.l&/atedcellular ROS can impact on a number of targets
through (per)oxidation of proteins, lipids and modifications of deoxyribonucleic acid
(DNA), as well as acting as a signalling molecule itself and influencing cellular redox
status. Mechanisms affected include metabolic pathways, signalling cascades, gene
expression, prinflammatory processes, proliferation and cell death and, as such,
chronic oxidative stress has been implicated in a number of syndromes including cancer,
neurodegeneration, CVD and metabolic disorders, besides playing a central role in the
onset of diabetes. Specifically in diabetes, ROS impair insulin synthesis andseoreti

t h ecelland induce insulin resistance in the peripheral tigSmsi, Matsumoto et

al. 2003 Kim, Wei et al. 2008 Tangvarasittichai 2015 In support, oxidative stress

bi omar ker s are increased-cel functiom(8akwabaj ual s
Mizukami et al. 2002Butler, Janson et al. 20pand/or insulin resistanc@Jrakawa,
Katsuki et al. 2003 Katsuki, Sumida et al. 2004 And at the centre of these

pathophysiological mechanisms is mitochondrial dysfunction.
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1.2.2 Mitochondrial dysfunction and insulin resistance

Although mitochondria are a source of oxidative stress, they are also a principal target of
attack by ROS themselves and by RNS (reactive nitrogen spésiagiov 2008Kang

and Pervaiz 20)2The impairment of complex |, aprincipal source of mitochondrial
superoxide alongside Cagand complex lll together accounting for approximately
60% of total superoxide generation in rat skeletal muscle mitochofBrend 2010, is
arguably the initiator of oxidative stress in diabetes. Overproduction of ROS by complex
| and the damage on complex | by ROS results in dysfunction across the mitochondria
that exacerbates the stress further in a downward spiral linked with the parhgia
cellular glucose and lipid metabolism, insulin resistance and impaired insulin secretion,
and ultimately chronic hyperglycaemia and diab¢gegitz and Yorek 2010 Blake and
Trounce 2014Luo, Li et al. 201% Cells try to prevent the increased ROS caused by the
overflux of NADH by lowering insulirstimulated glucose uptake and preventing
substrate entry into the mitochondria, via the inhibition of fatty acid oxidation for
example, which increases cellular FFAs and consequently lowers GLUT4 translocation,
further inducing insulin resistance in muscle adgase(Rudich, Tirosh et al. 1998
Tretter and AdanVizi 2000, Ceriello and Motz 2004 Mitochondrial dysfunction is also

i mpl i c acelleddmagenandbendothelial dysfunction, relating to impaired insulin
secretion and CVD, but as this work focuses on liver and muscle, only insulin resistance

shall be discussed furthier this context

Increased ROS damages mitochondrial proteins and lipid membranes, lowers
mitochondrial biogenesis and leads to mutations in both mitochondrial and nuclear DNA,
|l eading to mitochondri al dysfunction. This in
oxidation, aerobic respiration and ATP production, with increased compensatory
glycolytic activity. Mitochondrial DNA (mtDNA) is particularly prone to mutagenic
stress, given its proximity to the ROS source and the absence of protective histones, and
it contains onlycoding sequences so most mutations will have a genotypic qiiput

Wei et al. 2008 Mitochondrial capacity for oxidative phosphorylation (OXPHOS) is
determined by expression and function of the ETS comp|&itsand Berrut 2005and

since some subunits of these complexes are encoded for by mitochondrial DNA, this is
a potential mechanism for the mitochontidgsfunction in insulin resistance. Fewer and
smaller mitochondria are found in the skeletal muscle of obese and diabetic individuals

(Ritov, Menshikova et al. 2@). Mitochondrial biogenesis is centrally regulated by
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peroxisome proliferateactivated receptor gamma coactivatoild1l ( PLGJQ t
expression of which is increased with cellular ATP den{aetiman, Barger et al. 2000
Finck and Kelly 200B(Fig. 1.2)but generally decreased in insutisistant and diabetic
humans(Patti, Butte et al. 2003 Adenosine monophosphadetivated protein kinase
(AMPK) directly activates PG& U t o i ncrease mitochondr
with NAD*-dependent deacetylase sirtuins (especially SIRT1 and SIRVB)der,
Holmes et al. 20Q0Jager, Handschin et al. 2Q0Canto, GerharHines et al. 2009
Carling 201%. AMPK and SIRTs are activated by increases in AMP and NARd
therefore also in line with ATP demafigig. 1.2) Decreased expression and activity of

he

a

PGG1U is |likely the reason for the decrea:

nutrition the rise in reductive stress will account for the lowered actiitgtudy
investigating respiratory output in skelemuscle biopsies from healthy and diabetic
subjects found no difference in mitochondrial function, but attributed the lower

respiration to the lower mitochondrial content assessed by mtDNA and citrate synthase

activity (Boushel, Gnaiger et al. 200 However, Ritowet al.showed that ETS activity
was in fact lower in diabetic muscle and only partly attributable to fewer mitochondria
(Ritov, Menshikova et al. 2005suggeshg mitochondrialfunction and content are
mutually important. Age and inherited genotype also play important roles in
mitochondrial dysfunctiofKim, Wei et al. 2008but the focus here shall remain on diet

induced stress and decline.

Mitochondrial dysfunction caused by oxidative stress, fewer/injured mitochondria,
depleted/mutated mtDNA decreased oxidative function andXBHOS protein
expression, results in lower ATP synthesis i mp eoxidatem, inttacellular lipid
accumulation and increased glycolysis in liver and musoléurn alterations in the
insulin signalling cascada&re induced antesult in insulin resistance. Such changes are
seen early in diabetes pathogendbi®rino, Petersen et al. 2009nsulin signalling
pathways araitiated by insulin binding to the insulin receptor, causing a conformational
change that activas the intrinsic tyrosine kinase activity of the receptor, resulting in

autophosphorylation and the phosphorylation of insulin receptor substrates.
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Figure 1.2: The PGG1 U/ AMP K/ S IARificrease in the intracellular AMP/ATP
ratio activates AMPK, which phosphorylatesPG@. A corresponding i nt
cellular NAD'/NADH activates SIRT1, which deacetylates RG® , a
transcriptional coactivator regulating varegenes involved in mitochondrial and

cellular metabolism.

Phosphatidylinositol &inase (PI3K) is activated and phosphorylates PI- 4,5
bisphosphate to Pl 3,4tEphosphate, stimulating a range of downstream serine kinases
including Ptdependent kinasg, Akt, atypical PKC(Boucher, Kleinridders et al. 2014

Key pleiotropic medbolic effects of this PI3K branch include GLUT4 translocation in
muscle and adipose (via PKCUO); the activation
kinase is phosphorylated by Akt and inactivated, preventing it from inhibiting glycogen
synthase) and imbition of gluconeogenesis (downstream of the forkhead box O (FOXO)
proteins) in liver(Saltiel and Kahn 20Q1 stimulation of mitochondrial respiration and
upregulation of mitochondrigroteins (FOXO) in liver and muscle; and vasodilation in
the vascular system via eN@Stump, Short et al. 200&8im, Wei et al. 2008Cheng,
Tseng et al. 201Boucher, Kleinridders et al. 200L40XO and the mitogeactivated

protein kinase (MAPK) branch of salin signalling regulate cell survival, proliferation
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and differentiation and, in addition, insulin stimulates ROS detoxification functions via
NOS(Kim, Wei et al.2008 Yu, Gao et al. 2001 There are numerous other physiological
actions of insulin, and many other convergent signalling pathways with effects on

glucose metabolism, which are beyond the scope ofetiew.

Various sites of the insulin signalling pathway have been implicated in the causes of
insulin resistance. A principal mechanism is the increased serine phosphorylation of IRS
proteins, which prevents them from interacting with the receptor and teattieir
degradation. This can be triggered by endoplasmic reticulum stresanéé&éed pre
inflammatory signals via-dun Nterminal kinase (JNK) and inhibitor of nuclear factor
aB kibnadbK K an d(Kim,yweiRtGE 2008Boucher, Kleinridders et al.
2014). Accumulation of DAG activates PKCs to also increase serine phosphorylation of
IRS (Itani, Ruderman et al. 20Pp2nd ceramide inhibits AKiISchmitzPeiffer, Craig et

al. 1999. Increased activity of phosphatases involved in the negative regulation of the
pathway and decreased activation of molecules such as Akt may also play a role, but
mitochondrial dysfunction and the associated lipid accumulation isnanyrcontender.
Certainly interventions that improve mitochondrial function such as drugs, exercise and
calorie restriction also restore insulin sensitiVii§gm, Wei et al. 2008 Furthermore,
insulin regulates mitochondriinction through FOXO1 and FOXO3a, targets of SIRT1
and this puts insulin on the AMPK metabolic regulation &&ianto, GerharHines et

al. 2009. Likewise, undemormal conditions ROS act as signalling molesufethe

insulin pathway and enhance insulin sensitivity, so insulin signalling and mitochondria

feedback to each other and regulate metabolism concurrently.

There are a plethora of recent reviews detailihg links between mitochondrial
dysfunction and diabetes pathophysiology, and the exact -effes¢ relationship
between mitochondrial dysfunction and insulin resistance is still def@keshg, Tseng

et al. 2010 Boucher, Kleinridders et al. 201Montgomery and Turner 2015
Tangvarasittichai 20)5but they clearly occur simultaneously as a result of the chronic
high glucose and lipid stress. Regardless of the mechanism, the outcome is elevated
oxidative stress and impaired insulin signallinggsulting in perturbed hepatic
metabolism and impaired pegtandial glucose uptake into skeletal muscle. Dietary
(poly)phenols have been shown to play a beneficial role in managing these and other

features of diabetes development.
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1.3 (Poly)phenols and theirhealth benefits

A large group of plantlerived organic compounds, (poly)phenols have been the focus
of many epidemiological, animal, human intervention iandtro studies. This is due to

the increasing evidence for beneficial effect to human health wdresumed regularly

in our diet. This group of naturally occurring phytochemicals exist in p{Bnéso 1998
Manad, Williamson et al. 2005 sharing the basic structure of an aromatic ring and
attached hydroxyl groups. Based on further specific structural features, they have been
grouped into a classification syste(isao 201 The most intensively studied
compounds include isoflavonesgnolic acids, stilbenes and the flavonoids, a subgroup
comprising flavonols, flavanones, anthocyanins and flavgeetsFig. 1.1)An ongoing
collaborative project has produced, and is continually updating, an online database
PhenolExplorer, of more tlan 500 (poly)phenolRothwell, Perezlimenez et al. 20)}3

Foods and beverages rich in (poly)phenols include teas, coffee, cocoa, fruit, vegetables,
wine, cerebs, oils, herbs, spices, seeds, nuts, pulses andMayach, Scalbert et al.
2009.

The proclaimed benefits tiie bioactive compounds in these foods vary hugely and such
claims led to the explosion of research interest in this area. Antioxidant activity has
probably been the most publicised over the last few decades and therefore received the
most interest, witlaround 10,000 hits currently on PubMed, which were reviewed as
early as 1987 by Frags al.(Fraga, Martino et al. 193and by RiceEvanset al (Rice-

Evans, Miller et al. 1996nd Landete more recenflyandete 2018 Nevertheless, there

is now much evidence to suggésat these saalled antioxidant effects are not acting
directly to remove free radicals and prevent oxidative stregs/o (Hollman, Cassidy

et al. 2011 Kerimi and Williamson 2015 and that actually it is the effects exerted on
proteins, genes and metabolites, and even on the expres$sioaro ribonucleic acid

(Milenkovic, Jude et al. 20} 3havinga functional impacthrough signalling pathways.
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Figure 1.3: Classification of the main (poly)phenols.

Boxed classes and salasses comprise compounds investigated in the present study.

Adapted from(Pimpé&o 2013
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Anothersignificant property is their ability to affect enzymes. On a molecular basis,
together with O6antioxidantdé activity, this e
(poly)phenol biological effects. For example, green tea (poly)phenols (specifigally (
epigalocatechin3-gallate (EGCG)), curcumin and ellagic acid) are attributed as
anticarcinogenic, with the proposed mechanisms of action discussed being primarily the
enhancement of antioxidant and phase Il metabolic enz{@@ser and Mukhtar 1995

Some of the earliest potential (poly)phenol benefits were seen in their effect on enzyme
activity (Cochet, Feige et al. 1982which ranges from enzymes on the physiological
level, such as in the digestive tréde la Garza, Milagro et al. 201Williamson 2013

to enzymes at the cellular lev@frezza, Schmitt et al. 20110ther effects include
neuroprotectiorfSpencer, Vauzour et al. 20@®Pachin, Gavin et al. 20),Iresistance
against chronic diseases including car{&urh 2003Ramos 200,/Arts 2008 Darvesh

and Bishayee 2013%50nzalezVallinas, GonzaleLastejon et al. 20}3CVDs (Arab,

Liu et al. 2009Kishimoto, Tani et al. 201¥Xhan, Khymenets et al. 2014arsson 201}

and diabetes; there is even evidence for aatohial properties, for instance in an

anticariogenic capacitfFerrazzano, Amato et al. 2Q13oenka, Saragi et al. 2013.

Despite the mass of evidence for the many health claims, the exact mechanisms of action
are still not proven. There are numerous epidemiological and human intervention studies
that suggest positive roles for (poly)phenols in the diat, the physiological and

mol ecul ar O6trut hd 1 s niruvirbinvestgatiens areregoitece X and s p
to elucidate the mechanisms, and compounds, responsitsiénjtortant to supporin

vivo data with appropriata vitro data and vice versdt was formerly thought that all
(poly)phenols were beneficial for simply exerting a general antioxidant effect, however
this is no longer the conseng®&es 2007Cooper, Donovan et al. 20raga, Galleano

et al. 2010Kim, Quon et al. 201¢ as work focuses ohé¢ wider array of cellular effects

and molecular interactions. Furthermore, researchers are starting to use physiologically
relevant metabolites in the lower micromolar range, rather than high doses of the parent
compounds, which is more representativéhefn vivoscenario. Following ingestion of
(poly)phenol aglycones and plant metabolites, compounds undergo extensive
biotransformation before and after absorption into the circulation, with subsequent phase
Il metabolism in enterocytes, by the coloniccrobiota and upon reaching the liver
(Williamson and Clifford 201).
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1.3.1 (Poly)phenol metabolism and bioavailability

The biotransformation (i.e. conjugatiometabolism and degradation), cellular uptake
and biological activity of many dietary (poly)phenols and their metabolites needs to be
further ascertaine(Manach,Scalbert et al. 2004rang, Sang et al. 20p8A range of
possible modifications exists both in the foods and once absorbed, including conjugation
with glucuronic acid, sulfation and methylatig@'Leary, Day et al. 20Q3Villiamson,
Barron et al. 2006 Additionally, depending on chemical structure and atigched
moiety such as sugars, many (poly)phenols will pass through the small intestine
unabsorbed and are metabolised by the microflora in the colon, producing lower
molecular weight catabolites, which are then absorbed (Méittamson and Clifford

2010. The link betweenn vitro data for potential benefits and realistic effaotvivo
becomes harder to prove. Mas flavonoids have shown promise in preventing
pathways leading to cancer for example, but, without the knowledge on how to improve
bi oavailability, t heir full potenti al

unknown(Nambiar and Singh 20).3

With such a broad range of dietary (poly)phenols available in the diet and huge
complexities in their biotransformations and true bioavailabilities, it is realoatthis

point to focus just on those compounds that have been well characterized ‘itritn

andin vivoand form the focus of this project. The choice of compounds was centred on
existing knowledge of their antidiabetic effects, and on them beingesbin frequently
consumed (poly)phenaich foods (see Chapter 3, Table 3.1). Quercetin is a flavonol
found in various foods, such as onions and aflethwell Perezlimenez et al. 20)3

that may help modulate glucose digestion and metabdMymura, Takahashi et al.
2008 NyambeSilavwe, VillaRodriguez et al. 2035It is also known for its widespread
effects on mitochondrial physiologgte Oliveira, Nabawet al. 201§ and thuswith these
pleiotropic effectsit has been well studied for its potential in managing the development
of type 2 diabete¢Haddad and Eid 20)6Kaempferol is another flavonol and can
stimulate gluose uptake in order to lower hyperglycaerffiang, Gao et al. 2008
Ferulic acid is a major hydroxycinnamic acid (phenolic acid) in wheat and its conjugates
are dso found in circulation following coffee consumptiiempereur | 199,/Stalmach,
Mullen et al. 2009 Ferulic acid reduces lipithduced insulin resistance in skeletal
muscle cells and rai&Gogoi, Chatterjee et al. 20)L4nd increases glucose uptake in

myotubes (Bhattacharya, Christensen et al. 20IBhe stilbene resveratrol, found in
-17 -



grape seed, is wetlocumented for its anticancer properties, but also maently its

effects on diabetes and glucose uptake, which may in fact contribute to its anticancer
properties(Leon, Uribe et al. 2017 Finally, anthocyanins suchs cyanidin 30-
glucoside are metabolised to form protocatechuic acid and other downstream
(poly)phenols; and these, together with the metabolites of gallic acid (hydroxybenzoic
acid, a phenolic acid), are all found in circulation following the consumpfidoerries
(Pimpao, Ventura et al. 20LfPimpé&o PhD thesis, 2014], as well as other fruits, beans
and cinnamoriRothwell, Perezlimenez et al. 20)3Several recent human intervention
studies have shown improved insulin responses and/or attenuated glycaemia following
both acute and chronic consumption of berii8sull, Cash et al. 2010Torronen,
Kolehmainen et al. 201NyambeSilavwe and Williamson 2036and (poly)phenol
compounds from berries were recently shown to improve glucose uptake and metabolism
in liver and muscle celis vitro (Nachar, Eid et al. 20}7The problem with the existing
literature is that these studies have all been done using the parent compounds, or are
interventions with whole foods withoin vitro mechanistic followup; the metabolic
profile of the plasma rarely includes the aglycone compounds, or does so in very small
amounts, and thus the effects of circulating metabolites need assessing.

1.3.1.1 Quercetin

Quercetin present in food is typically attached to sugar moieties, such as quef@etin 3
gucosi de (i s o-@Q-diglucaside; BOrrutinosida (rudin)lj 30-galactoside
(hyperin) and 30-rhamnoside (quercitrin)(Rhodes and Price 1996.ommen,
Godejohann et al. 20D0After ingestion, the glucosides are rapidly absorbed in the small
intestine following hydrolysis by the brush border enzyme lactase phloridzin hydrolase,
though the rutinoside is onbhbsorbed in the colon after hydrolysis by the microbiome.
Quercetin aglycone passively diffuses into enterocytes and is metabolised by
sulfotransferase (SULT), UDP glucuronosyltransferase (UGT) and cat®emeithyl
transferase (COMT) before entering ttirculation, or returning to the intestinal lumen,

via multidrugresistant protein (MRP) transporters. In the colonocytes quercetin
undergoes methylation or glucuronidation, but not sulfation, although most is subjected
to bacterial ring fission to fornhydroxyphenylacetic acid catabolites. Circulating
metabolites are numerous and primarily include sulfates and glucuronides, with most
having a short elimination halife (T:;) before being removed from the bloodstream.

Metabolites excreted in urine are ra@omplex, indicative of phase Il metabolism in the
-18-



liver and kidneys(Del Rio, RodrigueZaMateos et al. 2013Williamson and Clifford
2017).

Metabolites can enter cells and peripheral tissues, glucuronides passively and sulfates via
organic anion transporters (OAT@Vong, Akiyama et al. 20)2where they may be
deconjugated and/or further metaboligkdwai, Nishikawa et al. 2008&hisaka, Mukai

et al. 2014. Kawaiet al, found the aglycone form was more bioactive intracellularly in
macrophagefKawai, Nishikawa et al. 2008though it is important to note that this may
not be the case in all cells, under all conditions, nor for all biological effects or all
(poly)phenols. For example, there were comparatively different effects on intracellular
ROS by quercetin and quercetirO3glucuronide in the study by Shirat al (Shirai,
Yamanishi et al. 2002 More research has been done on aglycones; treating ctlls wi
aglycone may result in bioactive derivatives intracellularly, just as the metabolites can
be deconjugated to produce the aglycone.

1.3.1.2 Kaempferol

Kaempferol is also a flavonol and follows similar digestion, absorption and metabolic
pathwaygDuPont, Day et al. 200&erra, Macia et al. 20L.ZKaempferol may be better
absorbed than quercetin, or quercetin is mdfieiently metabolised to other forms
and/or excrete(te Vries, Hollman et al. 1998Jp to 80% of the circulating kaempferol
following consumption of endiveoup was identified as kaempferelO8glucuronide
(DuPont, Day et al. 2004Plasma metabolites following ingestion of capers included
kaempferol 30-glucuronideand ZO-sulfate, of which the former accounted for 95%
(Kerimi, Jailani et al. 2015

1.3.1.3 Ferulic acid

Ferulic acid is a metabolite of the chlorogenic acids, saaa#eoylquinic acid, found

at high levels in coffee. Small amounts of ferulic acid itself are also present in coffee, but

it is found at much higher levels (though often bound to fibre) in wheat and other cereals,
plus various fruits and vegetabl@&hao and Moghadasian 200&ome hydrolysis by
esterases in the small @stine removes the quinic acid moiety from the coffee
chlorogenic acids, releasing the phenolic acids; free cadfad is then absorbed into the
enterocytes and sul f a®sulthte oroin theopresence aff f e i

methylation, ferulic acidl -Rjsulfate, both rapidly appearing in the plasma within 30
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minutes(Williamson and Clifford 201)¥ Most of the chlorogenic acid esters are not
hydrolysed and so reach the colon, where the phenolic acids are released by the gut flora
esterase¢Plumb, Gar@a-Conesa et al. 1999Here they are further converted by the
bacteria to dihydrocaffeic and dihydroferulic acids and these circulate as sulfates, or as a
free form in the case of dihydroferulic acid. A recent study in our lab demonstrated that
shortchan fatty acids derived from dietary fibre via the gut microbiome metabolism can
modulate the transport and conjugation of ferulic acid, indicating that the microbiome
has a complex role in the metabolism of ferulic acid, and other (poly)ph@vers
Rymenant, Abranko et al. 20l These conjugates reach much higher concentrations in

the plasma than ferulic acid sulfate after drinking coff&talmach, Mullen et al. 2099

When ferulic acid itself is ingested, it follows a different metabolic pathway. Ferulic acid
is the most abundant phenolic compound in wheatjgh its intestinal release from the
indigestible polysaccharide matrix of the grain is low. This can be enhanced by
bioprocessing, making the ferulic acid and other (poly)phenols more accébsald®
Anson, Aura et al. 20)1Following ingestion of 300 g of a control or bioprocessed (yeast
fermentation and enzyme treatment) bread, the maximum plasma concentrajipm(C
humans increased to 2.7 uM in tlagter, up from 0.9 uM in the control. For both, the
time at which Gax was reached (fay) was less than 2 hours, implying digestion and
absorption of free ferulic acid occurs predominantly in the small intestine. The authors
of this study suggested sowiethe absorbed ferulic acid was metabolised to vanillic acid
and various benzoic acid conjugates by the liver, in agreement with other lit¢Zdtaoe

and Moghadasian 20p8Most of the ferulic acid, though, was passed to the colon and
entered the circulation mainly ash§droxyphenylpropionic and phenylpropionic acids,
the | atter of which can be foxidatohandthem®t abol i sec
hippuric acid in the live(Mateo Anson, Aura et al. 20L1Ferulicacid conjugates are

also among the numerous metabolites present in plasma following ingestion of berries
(Pimpao, Ventura et al. 20L&ee 1.3.1.5).
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1.3.1.4 Resveratol

Resveratrol is a stilbene that occursiaandtransisomers, as well as other derivatives

in nature, including the-®-glucoside trans-piceid. It is found in grape seed and best
known for its presence in red wines, although it is usually presentuch lower
concentrations than other (poly)phen@@sozier 2010. In fact, its presence in wine is

so low that its credit for the health benefits of drinking red wéneh as in the review

by Yanget al. (Yang, Li et al. 2014 could be completely misplaced. However, there
may be benefits from circulating metabolites, especially over the course of a lifetime.
Many studies tend to focus instead on its potential pharmaceutical capacity, rather than
dietary. Bioavailability of free resveratrol is very low and this is because it is rapidly
metabolised to its glucuronide and sulfate conjugéBeswn, Patel et al. 20}0This

was demonstrated in two pharmacokinetic studies, where pharmacological doses of
resveratrol were administered to humans either in a single dose or daily for a whole
month, and the metabolites reached plasma concentrations in the micromolar range. Th
Tmax Was typically within 32 h, suggesting intestinal metabolism and absorption
(Boocock, Faust et al. 200Brown, Patel et al. 2030 This is in line with other
bioavailability studies, generally detecting the sulfates as predominant in plasma and
urine (Del Rio, RalriguezMateos et al. 20)3Some resveratrol is further metabolised

by the gut microbiota to dihydroresveratrol and its phase Il metab@itéshesRibalta,
Urpi-Sarda et al. 2032

Many of the bioavailability experiments on resveratrol have been done in rat models or
cell modeldn vitro and thus may not be as relevant toitheivo situation as performing
pharmacokinetic interventions. It is wédhown that the expression of transporters and
enzymes, and in particular the gut microbiome composition, has largeniditadual
variability (TomasBarberan, Selma et al. 201@s well as intespecies variation, so it

is unknown how useful such studies may be. Furthermore, there is some uncertainty over
the metabolism of resveratrol in various periphtsaues and the identity of compounds
responsible for the biological effects. Resveratrol metabolites, specific@lgBfate,

have been shown to inhibit the proliferation of colon cancer @&iitss, Limagne et al.
2013, which may be due to enzymatic release of the aglycone intracell(Nilgits,

Wicek et al. 200R It was recently demonstrated that the metabolites lower lipid
accumulation and adipokine expression, and enhance lipid metabolism in murine

adipocytegLasa, Churruca et al. 201Rseberri, Lasa et al. 201L3n contrast, an earlier
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study attributed the biological effects solely to the agtg;avith no impact reported for

the metabolitefKenealey, Subramanian et al. 2pldnd also a recestudy showed that

only deconjugated resveratrol had an antilipolytic effect in human adipdGtesdof,

Moco et al. 201y However, considering positive effects following resveratrol
administration, resveratrol still holds its promise as a therapeutic, although it is important
to determine the specific metabolites responsible in ordémpoove targeting and

efficacy. The same applies to all (poly)phenols.

1.3.1.5 Berry (poly)phenol metabolism

The final group of compounds investigated in this project were chosen based on the
results from a human intervention study done previously in ouiPiebpao, Dew et al.

2014 Pimpao, Ventura et al. 20L%A range of metabolites were detected and quantified

in plasma following ingestion of a mixed fruit berry purée containing blueberry,
blackberry, raspberry, strawberry apdrtugueserowberry. Phenolic sulfates, resulting
mostly from colonic metabolism, reached high concentrations (up to 20 uM), though for
many of them biological activities have not been reported. It was suggested that the
metabolites, such as the conjugates of catechol and vanillic acid, were catabolites of
protocatechuic acid and originated predominantly from the cyanidiagRicoside
parent ompoundPimpao, Ventura et al. 20Lf?imp&o PhD thesis, 2014], though they
have also been shown as derivatives of chlorogenic aciygeBproanthocyanidinsd

other flavonoids such as quercetin glycosigdés, Lee et al. 2016 Other major phenolic
sulfates present in the plasma after the berry meal were conjuggsdiscadcid. Of these
compounds that were investigated here, onijethylgallic 30-sulfate was not a

colonic catabolite, as established by its lowgs(Pimpa, Ventura et al. 2035
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Figure 1.4: Chemical structures of the (poly)phenol metabolites investigatebdere
for potential roles in modulating glucose uptake and metabolism in human
skeletal muscle. Derivatives of ferulicacid (A); flavonol conjugates (B);
resveratrol conjugates (C); phenolic sulfates in circulation after the consumption of
berries (D).Boxed compounds originate from colonic microbiota metabolism,

unboxed in the small intestine.
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1.3.1.6 Pharmacokinetic data

The ptarmacokinetic data suggests the body treats many (poly)phenols in a similar way
to pharmaceutical drugs; intake, which in itself can be low to start with, is followed by
rapid excretion due to the conjugation reactions. Therefore bioavailability is loarer t

that of the (poly)phenol doses employed in mostitro investigations. On the other
hand, as continuing research unfolds finer details of the metabolic transformations,
absorption may be higher than first thought, due to some metabolites initiadty be
missed in the detection. Understanding the distribution and accumulation of metabolites
in tissues around the body can be limited by disproportionate relianicevatno cell
models, which may express different levels of transporters and enzymesdlidfiedent
physiology in response to (poly)phenol treatments. Table 1.1 summarises some of the
pharmacokinetic data for the (poly)phenols of interestpiled from a comprehensive
searchof relevant human studies usifubMed and helps to build a picterof the
metabolite composition in the plasma following the consumption of (poly)pighol
foods or (poly)phenol supplementl.is worth noting that there are currently no
pharmacokinetic data for isovanillic acid@Gsulfate exclusively, but data foamillic

acid 40-sulfate is included and so are data for total vanillic acid sulphates and the
precursor protocatechuic acid. Furthermore, there is one study for the parent isovanillic
acid compound, which is likely in circulation in lower concentratidvatthe sulfated

compounds.
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Table 1.1: Pharmacokinetics of (poly)phenol metabolites in humans.

Parent Dose Administered in Human Study Tmaxin Mean Cmax | Half AUC Cumulative | Remaining in Reference
Metabolite | Compound/ plasma | in plasma | Life (UM*h) * | Urine Plasma
Aglycone (h) (h) Excretion
. _ . . 11.1 pmol 35 nM after 6 h, | (Stalmach, Mullen
200 ml instant coffee (N = 11) (335 pM ferulic acids) | 0.6 70 nM 4.9 467 after 24 h none after 24 h_ | et al. 2009
. . _ . il ) i ) 3.6 pmol ) (Borges, Mullen et
350 ml PPrich 2drink (N = 10) (149 pM phenolic acidg after 24 h al. 2010
. , _ . Mostly 0-2 h (Pimpao, Dew et al
509 ngof:“'agr‘:tﬁﬁfa(t’i\‘oa)g) (segPimpao, Dew etal. |, 188n0M |- - but some still| S55 nM after 6 h| 2014 Pimpao,
Ferulic acid . q 8-24 h Ventura et al. 2015
4-O-sulfate Ferulic acid (Lang, Dieminger e
350 micoffee (N = 13) 1 226 nM 0.62 - - - ;
al. 2013
300 g red raspberries (N = 9) (292 umol anthocyanin{ 1 47 nM - - 6.5 pmol None afer ~12 h (Ludwig, Mena et
after 48 h al. 2015
L 731 nmol 8 h L
450 ml cranberry juice ) ' (Feliciano, Boeres ¢
(N = 10) 3.6 2.27 uM 11.5 ﬁ055 after 24| 600 nM after 24 | al. 2016
. 12.4 pmol 130 nM after 6 h,| (Stalmach, Mullen
200 ml instant coffee as above 4.8 140 nM 4.7 1193 after 24 h noneafter 24 h | et al. 2009
. . 680 nmol (Borges, Mullen et
350 ml PPrich drink as above - - - - after 24 h - al. 2010
. (Pimpao, Dew et al
Dihvd 500 ml fruit purée (see above) <rIéSeDr]taifrt1erlgskrlngklgPér - - Q_lgnfﬁt all - 2014 Pimpao,
oo | Dihydroferuic P P Ventura et al. 2015
4-0-sulfate | %4 350 ml coffee (N = 13) 6O 8 |878nM |- - - - gl‘agg’lg'em'”ger ©
- 512 nmol 8 h L
450 ml cranberry juice ) 1 (Feliciano, Boeres ¢
(N = 10) 6.8 197 nM 2.04 r1]001 after 24 al. 2016
- 3 ) ) ) (Redeuil, Smarrito
400 ml coffee (N =9) 10 300 nM Menozzi et al. 201)1
4g instant coffee + hot water (N = 1) (900 ug chlorogg ) ) ) (Guy, Renouf et al.
Dihydro- | Dihydroferulic | acids) 8 1.2 M 90 nMatfter 24 h | 5509
ferulic acid | acid Two artichoke leaf extracts; A containing 107 mg caff 6.34 (A) |140 nM (A) |2.91 (A) | 147 (A) ) ~81 nM(12 h, (Wittemer, Ploch et
acids, B containing 154 mg caffeic acids (N = 14) 6.21 (B) |202nM (B) |2.48 (B) | 207 (B) ~54 nM(24 h al. 2005
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(Lang, Dieminger e

350 ml coffee (N = 13) O 8 94 nM (8 h) |- - - - al. 2013
450 ml cranberry juice ) 457 nmol 8 h,| - (Feliciano, Boeres ¢
(N = 10) 6.1 304nM 3.24 524 after 24 I al. 2016
400 ml coffee (N = 9) 10 820nM |- - - - ﬁ;:fzuz':'estgf';%'m
) . . _ 21.2 Max 1.5 uM p | (Czank, Cassidy et
(Feruii 500 mg bolus of*Cs-cyanidin3-O-glucoside (N =8) |11.3 940 nM 51.6 (0-48 h) after 48 IP 560 nM(24 h al. 2013
- Ferulic acid ~26 nM(12 h .
acid) Two artichoke leaf extracts (as above) 0.77.(A) 146 nM (A) 16.35 (A) | 355 (A) - and~11 nM (Wittemer, Ploch et
0.98 (B) |79nM (B) |5.23 (B) |544 (B) (24 1y (for both) al. 2009
. . _ . . 1425 nMafter3 h, | (Mullen, Edwards e
Quercetin 270 g fried red onions (N = 6) (1.02 umol/g flavonols) 0.75 660 nM 1.71 - Trace in uring 80 nMafter6 h | al. 2008
3-Njsulfate Meal incl. pickled capers, blackcurrants and propolis (Kerimi, Jailani et
_ 1.9 62 nM - - - -
supplements (N = 8) al. 2015
. . _ 912 nmol 110 nMafter 3 h,| (Mullen, Edwards e
Quercein 270 g fried red onions (N = 6) (1.02 umol/g flavonols) 0.6 350 nM 2.33 - after 9 h 80 nM after 6 h | al. 2009
Quercetin ) . _ | 250 nmol
3.0- 300 ml enriched tomato juice (N = 6) (40 UM querceti 47 10 nM 57 . after 10 nM after 4h, |(Jaganath, Mullen ¢
lucuronide 3-O-rutinoside) ' ' 8 h, 271 nmol none by 8 h al. 2009
g after 24 h
450 ml cranberry juice 79 nmol 8 h, (Feliciano, Boeres ¢
(N = 10) 1.8 156 nM - 0.91 108 after 24 1 17 nM after 24 h al. 2014
- 145 nmol 8 -
?Si%‘;ranbe"y Juice 2.1 13 nM - 0.118 h, 180 after | - gi;cg‘gfé Boeres
Kaempferol 24 h )
3-0- Kaempferol . _ i i ) 100 nM after (Kerimi, Jailani et
glucuronide Capers, blackcurrants, propolis as above (N = 8) 3 360 nM 8 h al. 2015
. _ 560 nmol 20 nM after (DuPont, Day et al
300 g endivesoup (N = 8) (8.65 mg kaempferol) 0.9,5.8 | 50,100nM| - 0.75 after 24 h 24 h 2004
1095mg quercetirf aglycone (N=16) 6.1 143pM | 114 | 177 - - (Z%‘i% Mah et al.
gt?(teiraclzetin) Quercetin Sautéed onion equiv. to 1 mg quercetin/kg bw 15 1puM - - - - &Vﬂlf)?;mejtrzl 201
. . _ 6.4 % after | Cleared within | (Graefe, Wittig et
160 g stewed onion (100 mg quercetin) (N = 12) 0.7 7.6 uM 10.9 32.1 48 h 24 h al. 2009
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300600 ml various red wines (N =10) (8.8 uM total

(Vitaglione, Sforza

trans-resveratrol) L 265 nM i ) ) None after 2h | ¢ o 2005
85.5 mg piceid/70 kg body weight + 500mI milk 6 190 NM ) ) 4.7 ymol afterf 99 nM after 8 h, | (Burkon and
(N=9) 12 h no more| none afte10 h | Somoza 2008
0.5¢: 0.5¢: 0.5¢: 0.5¢:
trans . . Q)2 (1) 1 pM (1) 2.85 |(1) 4.75 .
Resveratrol Single Sioses of resveratroll C?p'ets ranging from 0.5 ¢ (2) 15 (2)915nM |(2) 3.09 |(2) 3.19 All excreted Sl prgsent after (Boocock, Faust et
4% 5g (N =10 for eagh dose); will look at 0.5 and.E.S g da 500 500 50 500 after 12 h 24 h with the al. 2007
glucuronide Also, twoglucuronides measured but not identified (1) 2 (1)3.18 uM | (1) 7.90 | (1) 24.5 5.0 g dose
(2025 [(2)4.29uM |(2)5.83 |(2)21.1
0.5¢: 0.5¢: 0.5¢: 0.5¢:
. . 1.27 820 nM 3.78 3.29 . All excreted by | (Brown, Patel et al.
As above but daily doses for 29 consecutive days 50g: 5.0: 50g: 5.0 g: 12:24 h 2010
trans 1.5 10.2 yM 7.55 49.4
Resveratrol 0.5¢: 0.5¢: 05g: |05¢: .
Singe doses as above 15 3.68 uM 3.21 13.14 All excreted :#.!rpzrisﬁ r\xith (Boocock, Faust et
trans. 5.0¢9: 5.0¢9: 50g9: |50¢: after 12 h 0.5 0 dose al. 2007
Racvaratrol 2.05 13.93uM | 7717 | 100.2 =9
3-O-sulfate 0.50: 0.5¢: 0.5¢: 0.5¢:
As above but daily doses for 29 consecutive days 1.04 2.47 uM 3.09 11.54 ) All excreted by | (Brown, Patel et al
5.00: 509 5.00: 5.00: 12-24 h 2010
1.25 18.3 uM 7.98 126.2
trans Single doses as above (two glucuronides measured, not identified); given the pharmacokinetic datéshidelytihat this was (2) g_l%ozo(;:g;k, Faust et
Resveratrol 0.5¢0: 0.5¢: 0.50: 0.50:
3-0- . . 1.27 810 nM 4.8 2.16 All excreted by | (Brown, Patel et al
glucuronide As above but daily doses for 29 consecutive days 500: 500: 500: 500: - 12-24 h 2010
15 17.1 pM 5.19 54.6 uM
_ ) ) ) (Lang, Dieminger
350 ml coffee(N = 13) 0.75 2.469 uM | 0.65 etal. 2013
(Pimpao, Dew et
Catechol from . . ) ) Mostly 8-24 ) al. 2014 Pimpao,
gifﬁﬁg?; protocatechuic 500 ml fruit purée (above) 6 12.2 yM h All4-6 h Ventura et al.
acidf 2019
4.67 pumol 8 -
450 ml cranberry (above) 7.1 24.6 pyM - 346 h, 10.5 after gfh“M after (FeI||C|ano, Boeres
24 etal. 2016
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Mostly 4-6 h,

(Pimpao, Dew et al

4-Methvi- 500 ml fruit purée (above) ?N -7 636 nM - - All 8-24 h some partipants | 2014 Pimpao,

catecth o- earlier Ventura et al. 2015

sulfate 564 nmol 8 h, (Feliciano, Boeres ¢
450 ml cranberry (above) 7.7 3.5uM - 54 1625 after 24| - al. 2016 '

h .

At4 and 6 h, (Pimpao, Dew et al
500 ml fruit purée (above) ?N(l—/ZY)/S) gg (15?2‘1“'\:/' - - iggt? 4522 | more in the latter| 2014 Pimpao,
Pyrogallol | Gallic acid, B “H y esp for (2) Ventura et al. 2015
O-sulfate? | pyrogallic acid (1) 34, 146 .
1) 8.7 1) 199 nM 1)3.4 Feliciano, Boeres ¢
450 ml cranberry (above) EZ; 6.2 Ezi 339 nM Ezi 30 nmol (2) 127, - él 2016
' ) 302 nmol )

Max 2-4 h; Still ~800 nM (Pimpao, Dew et al
4-Methyl- 500 ml fruit purée (above) 2 2 uM - - still 50% max after 6 h 2014 Pimpao,
gallic 30- |Gallic acid during8-24 h Ventura et al. 2015
sulfate 450 ml cranberry (above) 2.1 275 nM - 2.2 ggg ngec;I 28 4hﬁ - glzeélgllaen 0, Boeres ¢

All 4-6 h; peak af (Pimpao, Dew et al
. , 4 Some 24 h, |4 hbut -
500 ml fruit purée (above) _ 1.3uM - - . 2014 Pimpao,
- (N=6) mostly 424 h | staistically >
Vanillic . Ventura et al. 2015
acid 40- baseline at 6 h
sulfate igl)r/];lhv;rngcl)?s)ollve oil(N = 5) (400 mg/kg total 1 50 nM ) . . 40 nM after 2 h Suza(;(e)g, Romero el
450 ml cranberry (above) 2.1 1.05pM |- 11.8 ;gg 2&?'284'}; 200 nM after 24 | ge;'g'l""é‘o' Boeres ¢
Total 1.7 M
o Vanillic acid/ - . _ VA4S, .
va_nllllc Protocatechuic 500 mg bolus of3Cs-cyanidin 30-glucoside (N = 8) 30.1 430 nM NQP 10.7 822 nM Still present (de Ferrars, Czank
acid acid (VA4S and IVA3S) I\VA3S after after 48 h etal. 2014
sulfates 3-4h
Metabolites
(Protocat- (iﬁr#ﬂ?ative Max 6 uM mainly in serum
echuic 500 mg bolus ot3Cs-cyanidin 30-glucoside (total 13.4 5 UM after 6|29.5 44 after 24 h; 40| and urine in first | (Czank, Cassidy et
acidl;‘ protocatechuic acid metabolites, NOT just IVAS) (N5~ h ustill there ' (0-48 h) UM tracer 6 h, peaking at 24 al. 2013
ai 48 h after 48 h h and still presen
in both after 48 h
(Isovanillic ) 481 nmol 8 h, (Feliciano, Boeres ¢
acid) 450 ml cranberry (above) 9.9 220 nM 3.1 1.24 1124 h al. 201
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Bold font indicates colonic metabolites

* AUC 1 area under the curve

aPPRrich, (poly)phenackich

b Total phenylacetic/ phenylpropenoic acid metabolites

¢ fruit purée contained 100 g of each of the following Portugbesges: blueberry, blackberry, raspberry, strawberry and crowberry and was consumed with a breakfast containing no other
(poly)phenols, consisting of bread with ham or cheese, yogurt and biscuits

d Typical quercetin daily intake is only 16 mg, as stdtethis paper

¢ piceid aka resveratrot®-glucoside

f As suggested i(Pimp&do 2014Pimpao, Ventura et a2015

9 Roughly a50/50 mix of-1-O-sulfate and2-O-sulfate when synthesised by Rui

h Still present after 48 h dwalf-life not quantifiable from this experiment

" No studies with explicit isovanillic aci@-O-sulfate dad
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1.3.2 The antidiabetic properties of (poly)phenols

(Poly)phenols, and their pladerived metabolites or conjugates, may play a beneficial
role in glucose homeostasis through mechanisms that slow digestion and absorption to
modulate glycaemic index; once further metabolised and absimtoeitie bloodstream,

they may prevent the loss in number and function of pancreat@tls and enhance

insulin synthesis andsecretion; improve insulin sensitivity, glucose uptake and reduce
inflammation in skeletal muscle and adipose tissue; modulate glucose and lipid
metabolism in the liver and systemically; and alleviate cellularatixié stress and the
effects on associated signalling pathways. There are a plethora of recent reviews that
detail the potential antidiabetic effects of (poly)phenols based on epidemiological,
vitro, animal model and human intervention d@andey and Rizvi 200¥anhineva,
Torronen et al. 201@le Bock, rraik et al. 2012Babu, Liu et al. 201,3Bahadoran,
Mirmiran et al. 2013Williamson 2013Amiot, Riva et al. 2018Kim, Keogh et al. 2016

The relevant knowledge on the (poly)phenols of interest shall be summarised briefly
here, with more irdeph discussions in the corresponding Results chapters.

1.3.2.1 Quercetin and its conjugates

Quercetin is one of the most widely distributed flavonoids in the diet and unquestionably
the moststudied. It has been reported to act on many targets in the gut, palweeas,
muscle and adipose tissue to control systemic glucose metalkipimtaad and Eid
2016, as well as in endothelium in cardiometabolic patholo@g{emasegaran, Mustafa

et al. 2017. Quercetin s an i n-&miylasgNyambeSdakwe, VillaRodriguez

et al. 201%and G.UT2 (Kwon, Eck et al. 2007 suggesting it may reduce carbohydrate
digestion and the absorption of glucose and fructose in the gut. Subsequently, a recent
human sudy in our lab demonstrated that intervention with a fruit purée, rich in
(poly)phenols including quercetin, attenuated postprandial glycaemic and insulinaemic
responsegNyambeSilavwe and Williamson 2036 The Haddad research group have
providedin vitro evidence that quercetin increases glucose uptake in murine C2C12 and
in rat L6 myotubes via an AMPKependent pathwai§eid, Martineau et al. 201&id,
Nachar et al. 20)5however both studies use quercetin in excess of 25 uM, which would
never be attainable frodietary sources. In the study by Anétéal.the authors treated

ob/ob obese mice with quercetin for 10 weeks and L6 myotubes with quercetin and

palmitate or tumour necrosis factor ( JUNF They reported that
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responses were lowered and imsugdignalling and GLUT4 expression restored in both
models, with an increase in glucose uptake in the muscle cells; this was also at 25 pyM
(Anhé, Okamoto et al. 20).2There are contrasting reports on the effects of quercetin on
glucose uptake in adipocytes, as reviewed recently bgtat (Haddad and Eid 2@).
Although quercetin inhibited glucose uptake in normal murinel3T'adipocytes, whe
under inflammatory conditionsduced by macrophaggerived conditioned medium,
quercetin actually rescued the cells from insulin resistance, and it was demonisatated
these divergent effects were regulated via AMRK, Hu et al. 201} In the same Eid

et al.review, several studies are highlighted for demonstrating thatefuehas similar
effects to the antidiabetic drug metformin on liver glucose metabolism, by inhibiting
glucose ephosphatasenediated gluconeogenesis, again involving AMPK activation,
but without stimulating glycogenegisladdad and Eid 20)6Furthermore, in mice fed
with a high fat diet, quercetin lowered lipid accumulation and steatuhig€ing gene
expression in the liver, as well as circulating lipids and body wélitekvan den Hil,

van Schothorst et al. 201L4

The research on quercetin conjugates to date is mostly related to a potential benefit in

CVD prevention. High glucosmduced apoptosis in human umbilical vein endothelial

cells (HUVECSs) was dosdependently infiited by sulfate and glucuronide conjugates

prepared from the serum of rats administered with quer(@hiao, Hou et al. 2009In

aortic rings isolated from rat, ncubati on  wiOtshlfateqamde ¢ et i n

glucuronide partially recovered the oxidative str@sgaired nitric oxide response and

at higher micromolar concentrations inhibited NADPH oxidase superoxide generation

(Lodi, Jimenez et al. 2009A more recent study revealed that both quercetin and its 3

O-glucuronide conjugate ameliorated palmietduced oxidative stress and

inflammation in HUVECKGuo, Zhang et al. 20).3Quercetin 30-glucuronide was also

shown to accumulate in atherosclerotic lesions, but not normal aorta, with signs of

preventing arterioscleros{sshizawa, Yoshizumi et al. 20110ther studies, however,

demonstrate biological actions exerted by quercetin aglycone but not the conjugates; only

quercetin had d@ninflammatory effects in rat pancreatic cgldho, Chang et al. 2012

and in human endothelial cel(lslochizuki, Kajiya et al. 2004Winterbone, Tribolo et

al. 2009. In a study on vascular smooth muscle cells from hypertensive or normal rats,

quercetin 30-glucuronide inhibited NADPH oxidase to prevent superoxide generation,

but the effect was agucu®mdase inhbitor. ihes syggests e n ¢
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that the glucuronide is deconjugated to release the free, active quglioetinez, Lopez
Sepulveda et al. 20)5thus lack of deconjugation could explain why activity was only

seen for the aglycone in the previous examples.

1.3.2.2 Effects of quercetin on mitochondria

Quercetin rapidly diffuses into cells and accumulates in mitochon@iarani,
Guidarelli et al. 201)0) where it is able to modulate mitochondrial biogen@senbrane
potential, respiration, redox status and apoptosis, as has been recently reviewed
(SandovalAcuna, Ferreira et al. 2011de Oliveira, Nabavi et al. 201.60ne of the key
characteristics of quercetin is its redox capacity and, because of this, it has a hormetic
effect and biphasic dogesponseévargas and Burd 20).0in the low micromolar range

(< 50 uM)quercein upregilates the Nrfznediated ARE, whicpromotes antbxidative
stresgesponse gendRotblat, Grunewald et al. 20L8nd antiinflammatory pathways

and functions(Costa, Garrick et al. 20L6However, quercetin itself has a potent
antioxidant &ility and is able to reduce ROS, becoming a sgamone, and quinone in

turn, in its oxidised form, which can react with reduced GSH to deplete cellular levels
and result in a proxidative state. In particular this occurs at the higher concentrations
(0100 uM)and in cancer cells, in which ROS are continually high due to the glycolytic
phenotype; ROS is propagated by the-pxalant effect of quercetin and this triggers
apoptosig(Gibellini, Pinti et al. 201D It has been hypothesised that this-pradant

effect is what triggers antioxidant defence at the lower doses, the small increase in ROS
activaing the ARE of the defence system ge(\argas and Burd 20)0

Studies on isolated mitochondria, usually from rat liver or brain, suggest that quercetin
decreases membrane fluidity, respiration and ATPase/ATP synthase activities, while
increasing calcium release, mitochondparmeability transition pore (MPTP) activity

and mitochondrial swelling (signs/triggers of autophagy and apoptosis); generally ROS
and oxidative effects were loweré&theng and Ramirez 200Dorta, Pigoso et al. 2005
Dorta, Pigoso et al. 200®e Marchi, Biastto et al. 2009Waseem and Parvez 2016
These effects were all with concentration€66 pM and with short incubation times.
Indeed, lowering respiration would help lower the production of ROS, as would
autophagy and mitochondianduced apoptosi s, as part
defence mechanism. In another study, 25 pM quercptotected cells against

oxygen/glucose deprivatienduced mitochondrial dysfunction by regulating
-32-
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intracellular calcium, without affecting mitochondrial membrane potefRehickar and
Anderson 201)% Dorta et al also showed no effect on membrane poterfielrta,
Pigoso et al. 2005

Lagoaet al investigated the pential effects of quercetin on the ETS and saw that
quercetindosedependently prevented:8, production without interfering with oxygen
consumption. This was also the case in the presence of rotenone and antimycin A,
inhibitors of ETS complexes | and héspectively, which increases electron leakage and
ROS, suggesting the action of quercetin was not a direct result of a direct interaction with
ROS, but rather preventing ROS generation in the first place. The authors speculated this
was due to inhibitiorof ROS generation at the ETS complexes and found this was the
case specifically at complex I, without affecting its activity.-Peatment with Cog
decreased the effect, indicating that quercetin may competitively bind to the quinone site
of complex | (Lagoa, Graziani et al. 20L1In contrast, Sandov#cuiia et al.
demonstrated that quercetin stimulated complexes | and IV, in an@igking fashion,

in Cace2 cells and isolated mitochondria. However, this was studied as preventing
complex | inhibition (at the Co@inding site) by indomethacin and other rsiaroidal
antrinflammatories in the absence of G@@SandovalAcuna, LopezAlarcon et al.

2012. Essentially, quercetin and Cafgompete for the Co@®inding site and can work
synergistically to block other inhibitors; when only Ge@nd quercetin afgoth present,
depending on their concentrations, quercetin may be seen to inhibit the action.af CoQ
These two groups used quercetin at lower concentrations than those used by others, with
some effects seen at 5 uM. Recently, Waseem and Parvez showedidhadtig
increased complex | activity at 50 uM and this was without ga@the assajWWaseem

and Parvez 2016

In cellsin vitro and in animal models vivo, quercetin prevents or recovers stress
induced mitochondrial dysfunction. Mechanisms are similar to those in isolated
mitochondria, including lowered ROS and restored membrane potential, complex | and
ATP levels(Punithavathi and Stanely Mainzen Prince 2@d&rrascePozo, Mizgier et

al. 2012 Chakraborty, Stalin et al. 201Raruppagounder, Madathil et al. 2QEandhir

and Mehrotra 2013ali, Ergin et al. 2014Ben Salem, Boussabbeh et al. 20116 cells,
guercetin targets signalling pathways related to mitochondrial function in addition to

affecting the mitochondria directly. NHRRE signalling pathways are upregulated to
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prevent oxidative stress and hepatotoxiGitySheng et al. 20)and apoptotic gthways

are regulated to prevent stresduced cell deatliCarrascePozo, Pastene et al. 2012

Bali, Ergin et al. 2014. In diabetic pathophysiology, preventing oxidative stress and
apoptosis in the pancreatic islets preserves insulin synthesis and secretion function
(Haddad and Eid 20)6and in the kidneys and cardiovasciudgstem this may protect
against diabetic complicatior(8lake and Trounce 20)4There are some reports of
guercetin inducing mitochondrial biogenesis in mammalian cells and tissues via the
AMPK-SIRT-PGG1U a (Davis, Murphy et al. 200%Rayamajhi, Kim et al. 2013

Kim, Kwon et al. 2015Liu, Zou et al. 201} though the evidence is limited, with others
reporting lack of effec(Nieman, Williams et al. 201(Nichols, Zhang et al. 2015
Rayamajhi et al detected increased mitochondrial biogenesis in Hep@2nan
hepatocellular carcinoma, immortalisea)ls with 15uM quercetin that was dependent

on the heme oxygenade(HO-1) and carbon monoxide systéRayamajhi, Kim et al.

2013, and in primary murine hepatocytes niet al.showed thatPG@A U was i nduced
by quercetin through a N&/HO-1-dependent mechanisfidim, Kwon et al. 201k HO-

1 is typically a stresgduced protein and also regulates autophagy and apoptosis, via
AMPK (Dong, Zheng et al. 20)5This suggests that AMRKiediated pathways play a

role in mitophagy as well as biogenesis, basically regulating a mitochowddgaing

system.

In general, evidence for the effects of quercetin on mitochondrial biogemesetolic
flux and the ETS is scarce and often conflicting. Effects are-degendent and reliant
on cell type, situation and on -teatment with a stressor and, moreover, are mostly
limited to short treatment times or only applying quercetin to theamondria once
isolated. It remains unclear how the pleiotropic effects of quercetin on mitochondria
come together to impact cellular metabolism in the longer term, and there are no existing
studies that have looked specifically at mitochondria in catied with a high glucose
stress. Therefore the first half of this study shall focus on investigating the effects of
guercetin on mitochondrial function in HepG2 cells in a high glucose environment, and
whether it can alleviate the dysfunction associatetl imsulin resistance and diabetes.
A secondary aim is to further elucidate the effects of quercetin in general, by combining
assays for ETS function, metabolic flux, mitochondrial content and related gene
expression, alongside intact cell respirometryptovide an overall picture of what a
chronic exposure to quercetin may elicit.
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1.3.2.3 Kaempferol and its conjugates

There has been much less published on kaempferol than on quercetin. Both flavonols
increased glucose uptake in 3B adipocytegFang, Gao et al. 20p&nd kaempferol,
obtained as a metabolite from elderflower, ddependently increased uptake in porcine
myotubegBhattacharya, Christensen et al. 2018 L6 myotubes it was only effective

at 30 uM(Kawabata, Sawadet al. 201 A plant metabolite from hops, kaempferel 3
O-neohesperidoside, acquired insulinomimetic status for its ability to increase glucose
uptake and glycogen synthesis in rat soleus muscle via thed@@é&nhdent pathway
(Zanatta, Rosso et al. 2Q08azarolli, Folador et al. 2009However, there are no
pharmacokinetic studies demonstrating preseftieimetabolite in plasma following
consumption, which would be a prerequisite for such effects on muscle. Thus, while the
effects are clear, the claim regarding overall postprandial glycaemia benefiis

should be treated with caution. Similarlyo et al.recently demonstrated that kaempferol

may have lasting effects on metabolism; longer incubation times with radiolabelled
glucose in the presence of the compound lead to increases in uptake in primary human
myotubes and HepG2 cel(slo, Kase et al. 2037 However, the HepG2 data are not
presented and the authors themselves highlight that it is unclear if these compounds are
even relevant based on bioavailaliln vivo, leading to scepticism in interpreting these
dat a. Propol i s -@methyllaenpferol (kaempferde) csha majdy
compound, lowered postprandial glucose levels in mice after oral adminis(taé&da,
Hayashibara et al. 20),3which could be an indication that kaempferol metabolites in
circulation may increase glucose disposalvivo, but there are other flavonoids in
propolis that could have been respible. In a recent study in our lab, 20 uM kaempferol
aglycone decreased deoxyglucose uptake in HepG2 cells, but increased glucose uptake
(Kerimi, Jailani et al2019. The data on kaempferol are minimal and inconclusive and
there are no published results for biological effects of the glucuronide or sulfate

conjugates that have been identified in the few pharmacokinetic studies (Table 1.1).
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1.3.2.4 Ferulic acid and its metabolites

Similar to quercetin, there is some evidence for ferulic acid displaying various
antidiabetic effects, but very little on its metabolites. Earlier studies on ferulic acid
demonstrated its ability to lower blood pressure, cholesterol and triglgdevels in
hypertensive rats, prevent oxidative stress in neuronal cells and inducglantmatory
effects(Pavlica and Gebhardt 2008rdiansyah, Ohsaki et al. 2008lam, Murata et al.
2008. A recent review by Martinét al highlighted the effects of coffee consumption
on lowering markers of odative stress in humans. However, despite the number of
intervention studies, the authors called for more robust andcewetiolled studies to
gain more complete understandifigartini, Del Bo et al. 2016 In recent primary
studies, ferulic acid-O-sulfate, but not ferulic acid, elicited vasorelaxation and lowered
blood pressure in mice and dihydroferulic acid exhibited a stronger inhibitory effect on
in vitro platelet activation than its precursors; dihydroferulic acid, among other colonic
catabolites, protected neuronal cells from oxidative stress; and both dihydroferulic acid
and ferulic acid 40-sulfate were increased in plasma following prolonged orarige ju
consumption in correlation with lower markers of oxidative stress and inflammation
(Verzelloni, Pellacani et al. 201Baeza, Bachmair et al. 20IRangelHuerta, Aguilera

et al. 2017 Van Rymenant, Van Camp et al. 201This suggests thahe biological

activities reported for ferulic acid may becaanted for by its metabolites.

In terms of potential effects in managing glucose metabolism, Prabhakar and Doble
showed ferulic acid increased deoxyglucose uptake inL3Tadipocytes and L6
myotubes via a PI3Klependent mechanisfRrabhakar and Doble 200Prabhakar and
Doble 201) and Junget al. demonstrated that ferulic acid had hypoglycaemic effects in
diabetic mice, decreasing blood glucose and cholesterol levels while increasing insulin
and hepatic glycogen synthegking, Kim et al. 2007 Ferulic acid increased glucose
uptake and insulin signalling also in other systéBiattacharya, Christensereét2013

Gogoi, Chatterjee et al. 201Marasimhan, Chinnaiyan et al. 2Q0H®», Kase et al. 2037

but none of these groups tested ferulic acid metabolites. Again, there are no published
data on the effects on glucose uptake or metabolism by circulating ferulic acid
metabolites.
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1.3.2.5 Resveratrol and its conjugates

For some time, resveratrol has beermwn for its anticancer propertigdggarwal,
Bhardwaj et al. 2004and, more recently, its conjugates have shown such activity,
notably in the colon by resveratrolG sulfate(Aires, Limagne et al. 20)3Much like
quercetin, resveratrol has displayed pleiotropic activities, modulating various cellular
targets, many of which hold promise as a potential antidiabetic therapeutic. Such effects
on glucose uptake and cellular signajlend metabolism were reviewed earlier this year
(Leon, Uribe et al. 2007 Fromin vitro andin vivostudies, in both animals and humans,

it seems that resveratronly improves insulin sensitivity in insuliresistant models or
individuals (Kang, Hong et al. 2012Poulsen Vestergaard et al. 201Biu, Zhou et al.
2014). On the other hand, an earlier study suggests that resveratrol may enhance insulin
secretion from the pancreas, but only in normal rats and not in oéptordiabetic

rats (Chen, Chi et al. 2007 Mechanisms whereby resveratrol may improve insulin
sensitivity are centredn AMPK-mediated pathways, rather than thdbkat are PI3K
dependent. Breeet al showed that deoxyglucose uptake was stimulated by resveratrol
at 25100 puM in L6 myotubes and that this was prevented by AMPK or sirtuin inhibition.
Furthermore, while resveratrol did not significantly induce trazalon of GLUT4 or
GLUT1, the GLUT4 inhibitor indinavir also blocked the resverastohulated uptake
(Breen, Sanli et al. 2008Another study found that GLUT4ainslocation was increased

in vivo in rats and in C2C12 myotubes. GLUT4 expression was not increased but
caveolin3, a protein associated with GLUT4 translocation, was upregulated via
activation of estrogen receptéfan, Zhou et al. 2032 In another study resveratrol
upregulated GLUT4, SIRT1 and activated AMPK in the muscle of diabetics, resulting in
improved energy expenditure similar to that with increased esei@oh, Lee et al.
2014.

Clinical studies, reviewed ifLeon, Uribe etal. 2017, demonstrated that resveratrol
improved insulin resistance and lowered glycaemia, cholesterol, oxidative stress and
markers of diabetes. In this review the authors draw on the evidence that the anticancer
properties of resveratrol may be attriéble, at least in part, to its effects on glucose
uptake and metabolistheon, Uribe et al. 20)7In cancer cell lines, resveratrol inhibits
GLUT1 (Salas, Obando et al. 2013Bwak, Haegeman et al. 201&nd thus disrupts the
glycolytic-dependent metabolism. Via activatiof AMPK and SIRT, FOXO1 ianother

target of resveratrdlKulkarni and Canto 20155in, Yung et al. 2015 and so is the
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insulin signalling pathway. FOXO1 negatively regulates insulin signalling to inhibit
glucose uptake and glycolysis via pyruvate dehydrogenase lipoamide kinase 4 (PDK4),
and together with SIRT1 this stimulates mitochondrial func{iGanto, GerharHines

et al. 2009Price, Gomes et al. 20LZarbon flux is channelled away from the glycolytic
pathwayg, which is another anticancer mechanism. Higher doses of resveratrol (100 pM)
have been shown to inhibit insulin in human adipoc{@&smezZorita, Tregueret al.

2013 and A M8xKKationfand glucose metabolism in human myoty&é&sobuk,

von Kraemer et al. 20)2revealing its hormetic effects, akin to the ddspendent

effects of quercetin.

Resveratrol is also implicated in the management of diabetic complications, including
CVDs (Huang, Huang et al. 2010 Multiple benefits of esveratrol have been
highlighted, with further examples provided in ChapteABhough, once again, all
reports are for the aglycone and not on resveratrol conjugates. However, resveratrol is
that is rapidly metaboliseid vivoand is found circulating alost entirely in conjugated

forms (see 1.3.1.4). So while numerous studies demonstrate that resveratrol impacts
glucose uptake and metabolism, with implications for diabetes, can€®r[Ds, not one

has examined the relevance of the sulfate or glucur@oid@gates to these effects.

1.3.2.6 Berries, anthocyanins and their phenolic sulfate metabolites

Berries are rich in anthocyanins among other (poly)phenols and ingestion results in a
range of plasma metabolites. Human intervention studies have found antidiabetic
benefits to consuming berri@SastreAcosta, LeniharGeels et al. 20)gossibly linked

to these metabolites. Supplementation with blueberries twice daily for 6 weeks was found
to improve insulinsensitivity in obese, insukresistant individualgStull, Cash et al.

2010 and in two studies by Torronetal berries reduced postprandial insulin responses

to ingestion of bread and postprandial glucose responses to sucrose, both in healthy
subjectqTorronen, Sarkkinen et al. 201Dorronen, Kolehmainen et al. 2012\ study

in our lab found that for healthy subjects, consumption of a (poly)pt&molruit purée
containing apple and berries, along with green tea, also helped to attenuate postprandial
gluco® and insulin responsédyambeSilavwe and Williamson 2036Similar effects

were seen for bilberryHoggard, Cruickshank et al. 201a8nd strawberry lowered
postprandial insulin and inflammatory markégslirisinghe, Banaszewski et al. 2011

The (poly)phenols found in cinnamon include caffeic acid and protocatechuic acid
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(Rothwell, Perezlimenez et al. 2013and, consguently, similar metabolites to those
from berries may arise in the plasma following consumption. Several human studies have
demonstrated benefits to eating cinnam@han, Safdar et al. 2003HIebowicz,
Hlebowicz et al. 2009_u, Sheng et al. 20} 2for which phenolic sulfates may, at least

in part, be account#éh Furthermore, as these metabolites have been shown to originate
from chlorogenic acid¢Xie, Lee et al. 2016 the same may apply for the beneficial

effects of dinking coffee.

In vitro investigations suggest the primary mechanisms for the anthocyanin @ffects
vivo are inhibition of carbohydrate digestion and absorption in théAglisakwattana,
Ngamrojanavanich et al. 200MicDougall, Shpiro et al. 20Q03wai, Kim et al. 2006
Akkarachiyasit, Charoenlertkul et al. 2Q1ifle, Marshall et al. 2016and increased
glucose uptake into muscle and adipose. A range of studies established that a major
parent anthocyanin conjugate, cyanidin-Gglucoside, and/or its metabolite,
protocatechuic acid, elevated deoxyglucose uptake in L6 and C2C12 myotubes and in
3T3L1 and human adipocytes via both insuliand AMPK-dependent pathways
(Yamamoto, Ueda et al. 2018cazzocchio, Vari et al. 201Chellan, Muller et 62012

Rojo, Ribnicky et al. 201,5cazzocchio, Vari et al. 205unaVital, Weiss et b 2017).

In the study by Rojcet al the anthocyanin glucoside extract also lowered hepatic
gluconeogenesiéRojo, Ribnicky et al. 201pand LunaVital et al. showed additional
effects of cyanidin 3-glucoside in reducing adipocyte precursor differentiation, fatty
acid synthase activity, inflammatory markers, leptin and R@®8aVital, Weiss et al.

2017. An earlier study generated similar data, as well as showing increased gene
expression for mitchondrial function in muscl@Matsukawa, Inaguma et al. 2Q1&nd

an earlier review highlighted the potential benefits of anthocyanins for hepatic lipid
metadolism (Valenti, Riso et al. 20)3 While protocatechuic acid and cydim 3-O-
glucoside are detected following anthocyanin ingestion, they comprise only a small
percentage of the circulating metabolitds Ferrars, Czank et al. 2Q140 this could be
another example of research focusing on potentially an irrelevant form of a compound

and claimingt could account for antidiabetic effects of foods or extractsvo.

Phase Il metabolites, such as vanillic acid and its sulfates, circulate in much greater
proportions(de Ferrars, Czank et al. 2014idwig, Mena et al. 20)5In another study

by Ho et al, both protocatechuic and vanillic acids, among several other anthocyanins
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and (poly)phenols, incesed glucose uptake but this study has the same drawbacks as
the one scrutinised in section 1.3.2.3 with regard to kaemgtdmlKase et al. 2037

Almost no testswere performed for the phase II metabolites downstream of
anthocyanins, protocatechuic acid and gallic acid absorbed from berries. The Haddad
group took a small step in the right direction, with their two studies on fermented
blueberry juice, which lowetk hepatic gluconeogenesis and triglyceride content in
adipocytes while increasing hepatic glycogen synthase activity and glucose uptake in
muscle and adipose via AMPK/uong, Martineau et al. 200Rlachar, Eid et al. 20}.7
However, in the subsequent experiments to elucidate the compounds responsible, the
authors focused on the parent compounds identified ijutbe, rather than potential

metabolites.

The biological activities of phase Il (poly)phenol metabolites from berries are practically
unknown. Of the limited data available, most concerniaflimmatory effects. Vanillic
acid lowered cyclooxygenageexp essi on and NFaB activity,
interleukin (IL)}-6 and suppressed ulcerative colitis in m(iken, Kim et al. 2010 and
was shown to suppress elevated cytokine leaetsimprove sinusoid organisation in a
murine liver injury mode(ltoh, Isoda et al. 2009Two recent studies by the Kay group
highlighted the potential of antbhganin and flavonoid metabolism to enhance vascular
efficacy(Warner, Zhang et al. 201%/arner, Smith et ak017). The metabolites, but not
the parental compounds, inhibited vascular cellular adhesion molecules (VCAM) and
inflammatory markers in human endothelial cells. Among the compounds tested,
isovanillic acid and its-®-glucuronide metabolite lowered sble VCAM-1 expression
(Warner, Zhang et al. 2016and pretreating endothelial cells with anthocyanin
metabolite signatures, which includé@o)vanillic acids and their glucuronide and
sulfate metabolites, inhibited TNE st i mul at i-loand Ib6f seckétdAsM
(Warner, Smith et al. 20).7Similarly, isovanillic acid and its-®-glucuronide conjugate
have been shown to reduligopolysaccharidénduced TNFU s ecr et i on i n
(di Gesso, Kerr et al. 2018nd a mixture of blueberry anthocyanin metabolites, which
included vanilic acid 40O-sulfate and isovanillic acid -@-sulfate, ameliorated
palmitateinduced cell adhesion and inflammation in endothelial cgllavalcanti,
Begaye et al. 20)5There are no published data for biological activities of other berry
metabolites catechd@-sulfate, 4methylcatechelD-sulfate, pyogallolO-sulfate or 4
methylgallic acid 30-sulfate.
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Complementary to the antidiabetic effects, recent investigations have exhibited
promising results for the consumption of anthocyaith beverages or anthocyanin
extract supplementation to aid skelatalscle performance in athletes. A blackcurrant
extract given to healthy men for 7 days, in a randomised, ddlibk crossover
intervention, lowered blood pressure and muscle oxygen saturation while increasing
cardiac output, femoral artery diameter amihancing muscle activiffCook, Myers et

al. 20179. An acai beverage increased time to exhaustion in athletes running on a
treadmill, while attenuating metabobtress induced by the exerc{&arvalhePeixoto,

Moura et al. 201p Moreover, six weeks of daily supplementation with 100 mg
anthocyanin tablets sigigantly increased V@max in athletes, though no changes in
body composition or muscle damage were obsefYadahmadi, Askari et al. 2014A

recent reviewof several studies that investigated the effects of cherry consumption on
exerciseinduced muscle damage found that typically the cherry juices prevented
soreness and improved muscle recovery, while lowering or unchanging biomarkers of
oxidative stress andhflammation (Coelho Rabello Lima, Oliveira Assumpcao et al.
2015. Further work is required, however, to elucidate specific mechanisms of aalion an
compounds responsible and the anthocyanins do not always produce measureable effects,
for example cherry juice had no effect on water polo players, though this could also
indicate a dependence on the type of exercise involved and habitual diets of the
paticipants(McCormick, Peeling et al. 20)6lt would be interesting to investigate the
physiological effects of anthocyanin metabolites on skeletal mustiiarbeivo andin

vitro.

1.3.2.7 Skeletal muscle cell models for studying glucose uptake and metabolism

The majority ofin vitro analyses of the effects of parent (poly)phenol compounds on
glucose uptake and metabolism have been done on rat or mice cell motdesyme
experiments in primary human cells. Primary cells from biopsies, ideally taken during
the course of a disease, are important because they closely match the genotype of muscle
in vivo, though only for the specific donor. However, this model relethe availability

of samples, there can be substantial variation in cells between cultures, even from the
same donor, and they have a limited lifespan. The advantage of using an immortalised
muscle cell line is that experiments can be easily seededtfocansistent preselected
myoblast densities, multiple treatments across different dishes and allow for numerous

biological (and technical) replicates of reproducible monolayer cultures. Use of an
-41-



immortalised clone enables a pure myogenic culture, foem tontamination of other

cells such as fibroblasts in a® vivoor primary system, which is readily propagated to
provide an unlimited source of cells of the same genetic background. Suitable markers
of muscle differentiation are essential however, bseaproliferating myocytes
eventually lose myogenic characteristics and become fibroblastic, and the degree of

fusion and differentiation can va(iliranda 2014.

While established rodent cell lines such as L6 or C2C12 for skeletal muscle,-bd. 3T3

in the case of adipose tissue, are useful tools for probing the effects of compounds on
glucose uptake ahmetabolism, the mechanisms in play and the extent to which changes
are induced may differ to those in human cells, thus caution should be taking when
interpreting data from such models. a recent study, cultured murine and human
satellite cells were eopared and divergence in the myogenic genetic programming were
highlighted, indicating that the mechanisms regulating differentiation between the
species are not all the same, and there were differences in inflammatory signalling in
response to cytokineistulation (Bareja, Holt et al. 2004 Differences between mouse

and human at the transcriptome level are dependent on the muscle tisgadypang

et al. 2006 Breschi, Gingeras et al. 201 7Expression of myosin heavy chain varies
between muscle type and species (aoyrat and mouse) at the tissue |gibemberg

and Quadrilatero 20)2and glycosylation of proteins at the plasma membrane of
differentiated myotube vitro also varies between mouse and hunflsicMorran

2017. Important to the context of this research project, an earlier review on the GLUT
family highlighted the difference between rat and human glucose transport kinetics in
response to insulim vitro and the variation in GLUT4 expression between a diabetic

mouse model and diabetic humd@®uld and Holman 1993

Taking this information into account, in the present study, the immortatisatan
skeletal muscle cell line, LHGINI2 (human skeletal myoblasts immortalised with-lox
hygrohTERT ("LH") and Cdk4neo ("CN"), welldifferentiating subclone M2(Zhu,

Mouly et al. 2007, is characterised as a model to explore the unknown effects of relevant
(poly)phenol metabolites on glucose uptake and metabolism. Regardless of the pros and
cons of different cell models, this is the first study on the effectsipf(jaoly)phenol

compounds on glucose in immortalised human myotubes.

-42-



1.4 Concluding remarks and project aims

Type 2 diabetes is a global endemic caused primarily by overnutrition and lack of
physical activity. This results in a perturbation in glucose and ipetabolism with
increased systemic oxidative stress and mitochondrial dysfunction, elevated
inflammation, and a loss of insulin sensitivity in liver, adipose tissue and skeletal muscle.
(Poly)phenolrich foods have been linked to the prevention and nenagt of this
disease and information from the literature suggests that this is, in part, via the prevention
of oxidative stress and improvements in postprandial glucose uptake. However, most of

the mechanisms remain to be ascertained or clarified id.detai

Quercetin in particular has shown promise in restoring mitochondrial function and yet
there have been no studies investigating its effects in a high glucose environment.
Furthermore, a greater understanding is required of its pleiotropic mechanisttisrof a

and how its hormetic effects on the mitochondria may affect cellular metabolism in
general, and glucose and lipid metabolism in the liver specifically. To this end, the well
established HepG2 cell line is utilised to investigate the mitochondridirdyson
caused by high glucose and any effects that quercetin may have in ameliorating this. A
combination of ETS activity assays and whole cell respirometry are used, together with
markers for redox status and mitochondrial content and function, prouiditail on

numerous aspects of mitochondrial physiology.

A range of human intervention, animal amad vitro studies demonstrate that
(poly)phenols may improve postprandial glycaemia and specifically uptake into skeletal
muscle, but the effects of relevanetabolites that would be found in the plasmsgivo

are unknown. Berries are one source of (poly)phenols for which trials have demonstrated
the ability to affect postprandial glycaemia, insulinaemia and sensitivity and
inflammation. The consumption ofelries gives rise to a range of diverse plasma
metabolites, but knowledge on the biological activity of specific compounds is unknown,
in particular relating to their potential effects on glucose uptake. As such, the-M2CN
myoblast cell line shall be chacterised and used as a model for human skeletal muscle
to research the effects of glucose, insulin and (poly)phenol metabolites on glucose uptake

and cellular metabolism.
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Here is an outline of the specific aims for this project:

1 Determine novel effectsfdiigh glucose and oxidative stress on mitochondrial
function in HepG2 cells.

1 Explore the acute and chronic effects of quercetin on mitochondrial physiology in
HepG2 cells grown in a physiologically normal or high glucose concentration.

1 Propose the mecham(s) of action for the potential protective role of quercetin

against high glucosmduced mitochondrial dysfunction.

1 Characterise the LHCIM2 cell line and stablish appropriate biomarkdosassess
its use as a model of human skeletal muscle spetyficalmetabolic studies.

1 Investigate the effects of glucose and insulin on cellular metabolism and muscle
characteristics such as myotube differentiation, metabolic phenotype and-insulin
stimulated glucose uptake.

1 Analyse the potential effects of relevgpbly)phenol metabolites, which can be
found in circulationn vivo after the consumption of common parent compounds,
on glucose uptake and metabolism in differentiated myotubes.

1 Elucidate the mechanism(s) of action through which any effects may bedlicit

such as expression of the GLUTs and interaction with insulin signalling.
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Chapter 2

Quercetin preserves electron transfer system efficiency and
redox status and stimulates mitochondrial function in high

glucosestressed HepG2 cells.

2.1 Abstract

Hyperglycaemia rasts in enhanced intracellul®OS leading to mitochondrial damage
and increased risk of developing insulin resistance and type 2 diabetes. Quercetin
accumulates in mitochondria and laffecting various molecular targeis may
beneficially impact cellula metabolism.The aim here was to investigate whether
guercetin could reverse chronic high glucostuced oxidative stress and mitochondrial
dysfunction. HepG2 cells were cultured in normal (5.5 mM) or high (25 mM) glucose
for 4 days and treated with vaus concentrations of quercetin. After culturing in high
glucose, complex | activity in isolated mitochondria was significantly decreased, but this
was concentraticdependently recovered by quercetin treatment. In addition, cellular
ROS generation was l@xed by quercetin in both high and low glucose. Respirometry
data showed that quercetin resedl the detrimental increase in IMifloton leakagén

high glucose Oxidative respiration was also increased by quercetin, owing to elevated
net mitochondrial resgation despite a decrsa in ETScapacity and lower norETS
oxygen consumption. Furthermore, quercettimulated increases in cellular
NAD*/NADH and subsequently in PGCU  m Rriessenger ribonucleic acid)welk
establishedanarker ofmitochondrial biogenesis arfdnction These results suggest that
guercetin may restrict high gluceseluced mitochondrial stress by increasing cellular
NAD*/NADH and activating PGQ Wnediated pathways to increase mitochondrial
oxidative function. The key outcome of this is lowered ROS generation and an
improvement in complex | activity and ETS coupling efficiency after quercetin
treatment, where the oxidativeress generated by high glucose is diminished and

ultimately mitochondrial integrity is enhanced.
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2.2 Introduction

Hyperglycaemia is a typical biomarker of obesity, type 2 diabetes and metabolic
syndrome(Krentz and Hompesch026), since high levels of glucose in the blood lead

to intracellular oxidative stress in tissues involved in glucose metab@isnphy 2009

Yan 2014 Gero, Torregrossa et al. 2016Although mitochondria are a source of
oxidative stress, they are also a principal target of attack by reactive oxygen anchnitroge
species themselvé¢Starkov 2008Kang and Pervaiz 20)2The resulting mitochondrial
dysfunction exacerbes the stress further in a downward spiral linked with a perturbation
in glucose and lipid metabolism, insulin resistance, and ultimately hyperglycaemia, and
the onset of type 2 diabet€Sivitz and Yorek 201Blake and Trounce 2014uo, Li et

al. 2015 Chow, Rahmaret al. 2016 Zaccardi, Webb et al. 201.6The causeffect
relationship between mitochondrial dysfunction and insulin resistance is still debated
(Montgomery and Turner 20)L5but it is likely they both occur as a result of the high

glucose stress.

Quercetin is a #vonoid that accumulates in mitochondffgorani, Guidarelli et al.
2010 and affects their function directly and indirectly through various signalling
pathway, such as those associated with biogenesis, metabolic flux, respiration,
mitochondrial membrane potential and apoptd$igorani, Guidarelli et al. 2010
SandovalAcuna, Ferreira et al. 201de Oliveira, Nabavi et al. 201.6Quercetin and
other flavonoids may have beneficial effects in moduogatglucose digestion and
absorption(Nomura, Takahashi et al. 2Q0&/illiamson 2013 NyambeSilavwe, Villa
Rodriguez et al. 20)5and metabolism, through affecting expression of glycolysis
involved geneqLeiherer, Stoemmer et al. 201énd the aforementioned effects on
mitochondria. In streptozotocinduced diabetic rats, quercetin dalspendently
decreased blood glucose, cholesterol and triglyceride levels, as well as increasing hepatic
glucokinase atvity (Vessal, Hemmati et al. 20pa&nd decreasing hepatic oxidative
stress markergéChis, Muresan et al. 20L6Activities on mitochondrial function and
glucose homeostasis make quercetin a widalgdied compound for its potential uses in
the prevention and management of type 2 dial{étessh, Rehman et al. 2014addad
and Eid 2015 however details of its pleiotropic mechanisms require further elicitation,
not least that studs are lacking in considering these mechanisms in a high glucose
environment.
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The mechanisms of action of quercetin on mitochondria in hepatic, getis/n
chronically in high or normal glucose (to model hyperglycaemia versus
normoglycaemia)were exploredn light of its potential to prevent oxidative stress,
mitochondrial damage and subsequent diabetes pathophysiology at the cellular level. The
majority of previousn vitro studies looking at the effects of quercetin on mitochondria
have often employed ate treatmentgseveral minutes or hourslrectly to isolated
organelles in a kinetic experiment seflyagoa, Graziani et al. 201$andovalAcuna,
LopezAlarcon et al. 2012Waseem and Parvez 2Q16utin the present study it was
assesse@s tohow intracellular mitochondrial function was affected prolonged
guercetin exposur€omplex | of the electron transfer system (EWa}p focussed on, as

it is known to be a major source and target of mitochondrial superoxide genérhtsin

and Roessler 20)@&nd thus is central to high gluceseluced oxidative streg8lake

and Trounce 2014/an 2014, with the hypothesis that quercetin may have an alleviating
role. Surplus glucose and thus NADH can overload complex | and cause excess
superoxide generation and Luo etsaiggested if there was a compound that would allow
complex | to be bypassed in the ETS it would dissipate the ROS gen@rated.i et al.

2019; quercetin may do just that. Lagoa et al. found that quercetin lovaggdgen
peroxide production and inhibited complex | in isolated rat brain mitochondria, with the
latter being reversed by addition of CoQ.agoa, Graziani et a011). SandovalAcuiia

et al. added quercetin to mitochondria isolated from rat duodenum and found it protected
complex | from inhibition by nossteroidal antinflammatory drugs, suggesting a GoQ

like function for the flavonoidSandovalAcuna, LopezAlarcon et al. 201 This could

be a chronic mechanism by which quercetin acts when complex | is faced with high

glucose oxidative stress.

Likewise, theampact of quercetin on cellular and mitochondrial respiration in intact cells
was investigatedand howrespirationmay be controlled via cellular oxidative status,
drawing comparisons between high and normal glutesged cells. There is evidence
of quecetin improving mitochondrial bioenergetics, increasing respiration coupling
efficiency in rat pancreatic cell@CarrascePozo, Tan et al. 20)6and incrasing
respiratory capacity and cell survival in primary cortical neuronal @eithols, Zhang

et al. 201% Quercetin has also been shown to stimulate mitodtha metabolic
signalling pathwayéNichols, Zhang et al. 20)3Rayamajhi et al. and Kim et al. showed

that quercetin increases PACU, -N & B mitochondrial transcription factor A
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(TFAM) mRNA in HepG2 cells and mouse primary hepatocytes respectively
(Rayamajhi, Kim et al. 201&im, Kwon et al. 2015 but this has not yet been tested in

a humanin vitro system with a high glucose stress and chronic quercetin treatment.
Presented here for thiirst time are the dosedependent chroni¢ O 2 effects pf
guercetin on intracellular complex | activity and mitochondrial respiration in cells
stressed by chronic high glucoaad with thisa proposedhechanism by which quercetin

exerts these effects, directly and gene expression amxidative signalling pathways.

2.3 Materials and Methods

2.3.1 Chemical compounds and reagents

All cell culture medium components and all other reagents were purchased from Sigma
Al drich (Gillingham, UK) unl ess 'pwaterer wi se st
suppled by a MilliQ system (Merck Millipore UK, Watford, UK) was used throughout
this work.

2.3.2 Cell culture

HepG2 cells were derived originally from adolescent human hepatocellular carcinoma
and is a welestablished cell lindKnowles 1983 of the American Type Culture
Collection (HB8065 LGC Promochem, Teddington, UK). The cells were maintained in
E a g | midinsum essential medium (MEM) containing 5.5 mM glucose and
supplemented with 10% (v/v) heatactivated foetal bovine serum, 100 U/ml penicillin,
100 mg/ml streptomycin, 2% (v/v) nassential amino acids, and 1% (v/v) sodium
pyruvate, in a humidified atmosphere of 5% A85% air. Medium was changed at least
every two days while subulturing and cells were used for experiments during passages
83-91, for which they were seeded in 75%dtasks, 6well, 24-well or 48well plates (all

from Appleton Woods, Birmingham, UK), or 100 rardishes (Greiner Bi®ne,
Stonehouse, UK) at a density equivalent to 84%cels cnm?. Medium was supplemented
with additional glucose for cells grown in 2BM glucose for experiments but was
otherwiseunchangedCells were monitored anthages acquired using the Leica DM IL

LED (Milton Keynes, UK)inverted microscopd-or experiments, N/n values indicate
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the number oindependenbiological passages (N) arttethumber of technical replicates

(n) from which the data were acquired.

2.3.3 Trypan Blue exclusion cell viability assay

HepG2 cells were seeded into T75 flasks ewedl plates and maintained in MEM
containing 5.5 mM (NG) or 25 mM (HG) glucose for 96 h. Mediwas changed 48 h

after seeding and then again for the final 24 h but FBS was removed and 10 or 20 uM
quercetin(ExtrasyntheseGGenay, France) (or DMSO controls) added. After the 24 h
treatment cells were lifted with 0.25% tryp€tDTA or TrypLE Expres¢Thermo Fisher
Scientific Warrington UK), resuspended in 1 ml medium and an aliquot mixed 1:1 (v/v)
with 0.4% Trypan BluePBS. Resuspended cells were counted and assessed for Trypan
Blue exclusionas done previouslyStrober 200}, but using a TC10 automated cell
counter (BieRad Laboratories, Hercules, CA, USA). Viable cells excluding Trypan Blue

were given as a percentage of totalethunted.

2.3.4 Isolation of mitochondria

An important aspect to this work was optimising the mitochondrial isolation process to
gain viable and intact mitochondridepG2 cells were seeded into T75 flasks and grown
in normal or high glucose medium for 96fbr the final 24 h without FBS but with 2.5,

5, 10 or 20 uM quercetin (or DMSO controls) added. Cells were scraped into 1 ml PBS
supplemented witth% (v/v) protease inhibitor cocktail P8340, centrifuged at 210, 4

for 5 min and snaffrozen in ethanol ovetdry ice. Cell pellets were stored-&FC until
required for mitochondrial isolation. Mitochondria were prepared from thawed cell
pellets by homogenisation and differential centrifugatgme Fig. 2.1)ising thereagents

and Dounce homogeniser from thBtochondria Isolation Kit for Cultured Cells (ab
110171, Abcam, Cambridge, UK)'h e manufacturer dswer@r ot o«
followed, but adaptedwith an extra 1000 g, 5 min centrifugation step added at the end

for a purer preparation
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Figure 2.1: Isolation of mitochondria from HepG2 cells Several homogenisatianc
differential centrifugation steps were used. Mitochondrial fraction was resus;
in 250 mM sucrose/10 mM HEPES/50 mM Tris buffer and spun again to

any remaining debris.

Cell pellets wee thawed then frozethawed twice more and whole cell pellet protein
determined by absorbance at 280 nm onNheoDrop ND1000 (Thermo Scientific,
Wilmington, DE, USA) Cells wee resuspended at 5 mg/ml in tlieRe age nt A0
(containing triethanolamine, &; digitonin, EDTA)provided incubated on ice for 10

min and homogenised in the preoled 2 ml glass Dounce homogeniser, with 30 strokes

of pestle B. The homogenate was centrifuged at 1008Cgfet 10 min (SPIN 1a) and

the supernatant recovered. Thé jeet was resuspended in OReagen
digitonin, EDTA) in the same volume as used of Reagent A, and the incubation,
homogenisation and centrifugation (SPIN 1b) repeated and the supernatant recovered,
this time the pellet was discarded. Thepernatants from SPINs la and 1b were
combined and centrifuged at 12,000 Y; 4or 15 min (SPIN 2) and the pellet collected.

The pellet, crude mitochondrial isolate, was resuspended in 0.5 ml 250md4e/l©

mM HEPES/50mM Triduffer, pH 7.4 and centrfjed once more at 1000 ¢CAfor 5

min (SPIN 3).The final mtochondrial pellets were resuspended in 250 mM sucrose/10

mM HEPES/50 mM Tris, pH 7.4, supplemented vilith (v/v) piotease inhibitor cocktail

P8340, snaffirozen and stored aB80°C until used focomplex | and Western analyses.
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2.3.5 Western blot assessment of mitochondrial isolation process

Aliquots from throughout the mitochondrial isolation process, of the initial cell lysate,
supernatants, resuspended pellets and the final mitochondrial iscdate2.3.4) were
taken and snap frozen and storeeBie’C to analyse by Western blot at a later date. Once
thawed, total protein in each aliquot was determined by absorbance at 280 nm on the
NanoDropand 10ug of each were incubated with 4x Laemmli sampiteib(Bio-Rad
Laboratories, Hemel Hempstead, J&t 37?C for 15 min. Standard sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SD5E) procedures were followed
using aMini-PROTEAN TGX StaiRree Precast GeBio-Rad Laboratories, UK) and
then subsequent transfer to polyvirddine fluoride (PVDF) membraneéster blocking,
membranes were probed with mouse -&HHUFB8 (@b110242, Acam) (subunit of
complex l)primary antibodyollowed by 1:10,000 horseradish peroxidasejugaed (
HRP) secondgrantibody (BieRad Laboratories, UK)mmunoreactive proteins were
visualised usingClarity Western ECL SubstratéBio-Rad Laboratories, UK) luminol

and peroxide (1:1 mix) and then developead &xed onto photographic film (Fig 2.2).

2.3.6 Western analysisof mitochondrial fraction purity

Total protein in aliquots of the initial cell lysate and the isolated mitochondrial fraction
of HepG2 cells was determined by absorbance at 280 nm on the NanoDrop and prepared
for running on the ProteinSimple Wes automatedtera blot system (Bidechne,
ProteinSimple, San Jose, CA, USA) using reagents supplied in the system kit according
to the manuf acSampteewe@enatuged at & for ROnrenand loaded

onto the prefilled assay platat 4.8 mg/ml mitochiedrial protein,with 1:100 primary
mouse antNDUFB8 and the supplied anthouse secondargZhemiluminescence was
detected in high dynamic range (HDR) mode and the peaks seen at 27 kDa cdaverted
traditional Westerike bands This confirmed increased ibochondrial protein
(NDUFBS8) in the mitochondrial isolat@as seen with the traditional Western Blot (Fig.
2.2).
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Figure 2.2: Western blot showing the &pression of mitochondrial protein complex
I subunit NDUFBS8 in aliquots taken throughout mitochondrial isolation
process. Protein samples were subjected to SBXSGE procedures with
subsequent transfer to PVDF membranes. After blocking, membranes were probed
with mouse antNDUFB8 primary antibody followed by HREonjugated
secondary antibody. Immunoreactive proteins were visualissdg luminol and
peroxideanddeveloped and fixed onto photographic filini whole HepG2 cell
lysate; 21 supernatant after first centrifugation;i3supernatant after second
centrifugation; 4i supernatant after third centrifugation, containing little to no
mitochondrial material; & i resuspended mitochondrial isolates following high
speed centrifugation of combined first and second supernatants.

2.3.7 Complex | activity assay

Mitochondria from HepGzells grown in normal or high glucoséor 96 h and tread
with varying concentrationsf quercetin (or DMSO controls) for the final 24 h were
isolated in 250 mM sucrose/10 mM HEPES/50 mM Tris, pH @t assayed for
complex | specific activity spectroptametrically in 96well plates on a PheraSTAR FS
microplate reader (BMG LabTech, Ortenberg, Germany) 4C.3710 pg isolated
mitochondria(as determined by NanoDrop) were mixed with 150 uM NAPAVR,
Lutterworth, UK) and 50 uM coenzyme: QCoQ:, analog 0fCoQ10) and the decrease in

absorbance at 340 nm followed for 60 min, as done previgRsilgan 1987Janssen,
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Trijbels et al. 2007de Wit, Scholte et al. 2008 sta, Kreydiyyeh et al. 200Dliveira,
Kiyomoto et al. 201Band optimised for sample mass and NADH/CoQ1 concentrations
(see 2.3.7.1)Specific activity was calculated by converting rate of absorbance change
into rate of NADH decrease per mg of total protein and then normalised notineal
glucos controls.

2.3.7.1 Optimising the complex | assay

Complex | enzyme activity was assayed spectrophotometrically using the isolated
HepG2 mitochondria with various reaction conditions and protocol variants evaluated.
After initial trials, the assay was tried witlaved mitochondrial preparation amounts
(enzyme concentration) and it was deemed that 10 ug mitochondria was sufficient to give
alinearrate in NADH oxidatiorover 60 minwhile allowing for plenty of material from

each cell pellet. Varying NADH (substegtconcentrations of 150 uM, 500 uM, 750 uM
and 1500 pM were assaye@750 uM gave absorbance measurement€0 and
therefore ould notbe used and while 500 uM and 750 uM gave good rates, the original
150 uM NADH concentration gave the most reproducible and linear latdnermore

>150 pM NADH showed too much nemitochondriaspecific oxidation. Plotting
complex lactivity against NADH concentration gives a linear curve up to 500 uM and

reaches ¥Waxat >500 pM;complex lis saturated with substrate.

Linalool was added to the assay, as done by bisth (Usta, Kreydiyyeh et al. 2009at
concentrations of 5 uM and 20 puM against an ethanol control in the hope of being able
to use linalool as a negative control. However, acses®ral assays it was shown to
inhibit complex lactivity in the initial rate of reaction but then the activity recovered
suggeshg a reversible inhibitionBy the end of the assapmplex lactivity with 20 uM

was actually greater than that of the cohtit may also be that the ethanol in the control

is more detrimental than the linalool, despite the data published in the literature.
Coenzyme @(CoQy) was added to the assay as an analog of coenzyyfeldiguinone),

with and without linalool (1 pbf linalool was added neagjving a final concentration

of 27 mM, which was >1000x greater than previously used so any effect linalool was
havingwould potentially be clearerThe CoQowas tried at 50 pM and 100 pM as has
previously been publishe(Ragan 1987 Usta, Kreydiyyeh et al. 200%nd had a
dramatic effecon the rate of NADH oxidatioriThere was a 500% trease imctivity

when 50 uM CoQ@was present in the assay and900% increase with 100 uM CoQ
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compared to no CoQ(with the volume of Co@ replaced with buffer)Fig 2.3).
Furthermore, the linalool showed an inhibitory effect previously unseen wleétoi)

was preseni@and when the linalol was at lower concentratiaria the absence of CaQ
linalool had no effect on activity compared with the ethanol control, but with 50 pM
CoQ: activity was decreasely 64% (Fig 2.3). CoQ: acts as a final electraacceptor

from the oxidation of NADH by complex | and therefore allows the reaction to progress
at a quicker rate. The fact that inhibition is seen only with Qu@sent indicates that

the linalool has an effect on the mechanism involved in complex Iciregiithe
ubiquinone analog. Linalool could be used in future work as a negative control, however
with such a high concentration requireddomplex linhibition it may have ther unseen

detrimental effects and rotenemibited controls are sufficient fdhe investigations
here.

A y = 1.005x + 13.817 BS 75 - HNo Co,
= 100 4 R#=0.9931 < 60 { O50uM coa,
> h—
S z 45
< 50 - i 30 4
Q e
£ > 15 -
S 0 0
LlJ T T 1 O T 1
0 50 100 + -
| 28yTeY$sS vs [ 2) Linalool

Figure 2.3: NADH oxidase activity of complex | in isolated HepG2 mitochondria
The effect of arying coenzyme Q(CoQy) (A) andof CoQ: on linalool inhibition
(B) on the omplex | activity in10 pg mitochondria, isolated from HepG2 cells
grown for 96 h in 5.5 mM glucose, assessed with NADH (150 uM), corrected for
nortmitochondrial oxidation by blank and rotenengibited (2 M) controls.
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2.3.8 DCFH-DA RQOS assay

HepG2 cells were grown in®ell plates for 96 h in normal or high glucose and treated
for the final 2, 12 or 24 h with 2.5, 5, 10 or 20 uM quercetin (or DMSO controls). The
DCFH-DA assay was used for assessing oxidative stress as pre\Maslyg and Joseph
1999, but with modifications described as follows. Cells were washed with PBS,
incubated with 10 uM DCFHDA in PBS, 37C, 20 min in darkness, washed again and
fluorescence of DCF was measuredaoRheraSTAR FS (ExX/Em = 485/530 nm). Cells
were then scraped into and lysed in CellLytic M supplemented witl{vi%p P8340
protease inhibitor cocktail and total protein measured using the Bradford(B&sag
Coomassie (Bradford) Protein Assay Kit #282Z0hermo Fisher Scientific) as described
previously(Bradford 1976 Ernst and Zor 2010 DCF fluorescence &s corrected for
protein and data normalised to a relative total ROS percentage of the controls.

2.3.9 MitoOrangefluorescence and confocal microscopy

The cyt Bip@ranged abi76881Abcam) was used to probe for mitochondria

in live HepG2 cells grown o#8-well plates in normal or high glucose or galactose. The
manufacturerdés protocol was foll owed; t h
mM HEPES in Hankds Balanced Salt buffer &
for 30 min in the incubator.ie MitoOrangecontaining buffer/medium was aspirated,

the cells washed with the buffer and medium only added. The labelled cells were
subsequently viewed under tBeiss LSM 70@onfocal laser scanning microscqjpég.

2.4) as well as assayed for fluoresce intensity (Ex/Em 540/590) on tRderaSTAR

FS plae reader. When the cells were treated with quercetin, it was found that the
flavonoid interfered with the uptake of the MitoOrange antibody and thus this was not
pursued further; the citrate synthasdivdty assay provided a more accurate, and

guantitative, measurement of mitochondrial content.
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Figure 2.4: Confocal micrograph of HepG2 cellsHepG2 cells grown for 96 h in 5.5
mM glucose were stained with mitochondrial kearMitoOrange (red) and DAPI
(nuclei, blue) and image acquired using the Zeiss LSM 700 confocal microscope,

magnification 20X.

2.3.10Citrate synthase activity assay

Cells were grown in T75 flasks mormal or high glucoséor 96 h, with 10 or 20 uM
quercetin (o DMSO controls) for the final 24 h. Cell pellets, prepared as for when
isolating mitochondria, were lysaa CellLytic and assayed for citrate synthase activity,
a recognised marker for total mitochondrial contgatrsen, Nielsen et al. 20}, 21sing
reagents fronthe Citrate Synthase Assay Kit (CS0720, Sighhdrich) and following
the manufacturerds i nstr ucthior2oitrabenzeBacid ef | y, t he
colorimetricreaction product was measured on the PheraSTAR B$2 nm, 38C for
5 min and again following addition of oxaloacetic acid. Citrate synthase activity was
calculated by correcting for the first reaction rate, a baseline of endogenous
thiol/deacetylase levels, and for total protein, as measured optically at 280 nm
(NanoDrop) prior to the assay.
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2.3.11High-resolution respirometry

HepG2 cells, treated as for the citrate synthase assay, were washed in PBS and lifted
from T75 flasks using TrypLEXxpress and resuspended in sefuoee medium at 1.5 x

10 cells/ml (after counting on the TC10 cell countéin)s cell density was optimised for
based on adequate material to provide distinguishable oxygen flux measurements in the
various states and foixggen in the sealed chamber to sustain the whole experiment
Oxygen concentration and flux was continuously measured as 2 ml of the cell
suspensions were added to each chamber dDxygraph2k (Oroboros Instruments,
Innsbruck, Austria), maintained at°®7 and a phosphorylation control protocol followed
(Gnaiger 2011 Routinerespiration was recorded firdteak was measurd following

the addition o250 nM oligomyin; ETS capacity was titrated by several addition§ of

UM FCCP (carbonyl cyanidé-(trifluoromethoxy) phenylhydrazone)and 1.25 pM
rotenone and 2.5 uM antimycin Were bothaddedat the end of the experiment to
measureresidual oxygen consumptiorRQX) (see Fig. 2.p These inhibitor and

uncoupler concentrations were also optimised in preliminary experiments.

The advantage of the O2k system is the precise measurement of oxygen flux in each
respiratory state, but the disadvantage is the low throughputcameol and one
treatment per respirometer. Each experiment took 96 h cell growth plus ~6 h experiment
time to allow for 5.5. mM glucose versus 5.5. mM glucose + quercetin in one
respirometer, 5.5 mM glucose versus 25 mM glucose in another, and 25 mddegluc
versus 25 mM glucose + quercetin in a thaxperiment; the output from such an
experiment is just four data points for each respiratory stateextensive amount of

time was spent optimising the protocol to account for cell density; too low and
differences in flux owing to cell treatments are smaller, too high and the oxygen in the
chamber is exhausted. HepG2 cells were very sensitive to oligomycin; adding too much
resulted in the collapse of the ETS and effective cell daathagain adding too liél
resulted in Leak not being achievdéurthermore, the amount of FCCP required to
uncouple ETS varied marginally in each experiment, hence the titration approach, and
thus all of this combined lead to the need for a lot of experimental replicates to gain

enough data for a realistic biological insight.

-57-



Intermembrane

Inner Mt
Membrane

Matrix

ATP

Space

Inner Mt
Membrane

Matrix

Space

Inner Mt
Membrane

Matrix

NADH 0, .

D

Intermembrane Rotenone Antimycin A

Space +J_+ . s s
00

e [ cytoc | llllulmlmmnmumﬂ‘I
Inner Mt

Membrane

Matrix

-58-



Figure 2.5: The electron transfer system and respirometry protocolNADH is
oxidised by complex | at the matrix side of the IMM and the donated electrons are
transferred in tur through the redox complex to CaQQH. and Q), complex I,
cytochromec (cyto c), complex IV and the final acceptor; Qvhite arrows).
Simultaneously, protons are transferred to the IMS by the complexes (solid black
arrowsy), contributing to the proton gradient that couples the ETS to OXPHOS of
ADP to produce ATP at ATP synthase (solid black arfoat complex V). Some
electrons leak back from the IMS to the matrix through the IMM (dashed black
arrows?). This is known astate 3 respiration and is measured in the respirometer
during Routine (A). When oligomycin is added to the respirometer, ATP synthase
is inhibited and ETS may only continue by dissipating the proton gradient via the
natural electron leak back across theMMhe Leak measurement indicates how
0l eakyd the I MM is and is indicative
uncouples the ETS completely by picking up protons in the IMS, diffusing across
the IMM and releasing them in the matrix; effectively themitkd reverse of the
ETS complexes and thus electrons may flow without thdirateng step of proton
transfer, providing the ETS maximal capacity measurement (C). Finally when
rotenone and antimycin A, inhibitors of complexes | and Il respectivel\E 1%
is completely inhibited and only ndBTS-specific residual oxygen consumption
(ROX) occurs (D).

Additional experiments were conducted whereby quercetiflQDOuM) was titrated
directly into the respirometer chamber containing a HepG2 cell suspgiamiowed by

an FCCP positive control, to assess if quercetin was acting as a direct ETS uncoupler. As
a control for the effect of quercetin reacting directly with oxygen, quercetiBqQuM)

was also titrated into ceffee medium.
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2.3.12Cellular NAD */NADH assay

Cells were grown in 24vell plates and treated as for the DGBA assay. Cells were

washed in PBS, lysed and collected, and NIAIADH measured using the NAD/NADH

Assay Kit (Fluorometric) (ab 176723, Abcam), in which enzymes specifically recognise

NAD* or NADH in an enzyme recycling reaction. The manufaeturé s i nstructi ons
followed; lysateswere incubated with either a NADH or NABxtraction solution at RT

for 15 min ina black, cleabottomed 96well plate (Greiner BigdOne) then the opposite

solution added and, after a final incubation at RT for 60 thimsignalsvereread on

the PheraSTAR F$late reade(Ex/Em = 540/590 nm)Each of the signals from the

NAD*-specific wells were divided by each signal of the NABp&cific wells to give

theratio.

2.3.13RNA isolation and cDNA synthesis

HepG2 cells were grown imrmalor HG in 100 mradishes for 60 hAt 60 hcells were

treated with mediumt FBSfor 12 h (72 h after seeding) before treatment with 20 uM

guercetin (or DMSO controls) for up to 24 larfples were collected after 1, 3, 6, 12 and

24 h, with additional samples taken at 6G-12(h) and 72 h (time 0) in order to assess

whether the FBS had an effect on mMRNA expresdiotal RNA was isolated usirthe

Aurum Total RNA Mini Kit (#7326820,Bio-Rad Laboratories, UKand following the
manufactureros instructions. RNA content was
nm (NanoDrop) and cDNA was synthesid®dreverse transcriptiofom 1 pg RNA

usingthe High Capacity RNAto-cDNA master mix kit(Applied Biosystems, Thermo

Fisher Scientific), again folowng t he manuf acturerés -protocol,

20°C for later polymerase chain reaction (PCR) analyses.

2.3.14Droplet digital PCR analysis

The QX100 Droplet Digital PCR system (BiRad Laborairies, USA) was used to

quantify changes in gene expressiohPGG1 U and TBP (housekeeping
previously describeTumova, Kerimi et al. 2006FAM-labeled FPARGC-1 $pecific

Tagmanprimer (Hs01016719 mjlwas mixed withVIC-labelled TBP Tagman primer
(Hs00427620_m1) and each 20 pl assay contained 1 pl of each primer, 16dEH®R
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Supermix and 9 pl of cDNA diluted with MilliQ water corresponding to 19hmRNA,
assuming 1:1 reverse transcription efficiency. The mixtures were dispersed into oil
droplets using the QX100 Droplet generator and then transferred to a C1000 Touch
thermal cycler (BieRad Laboratories, USA). Droplebntaining mixtures were
incubated for 10 min at 9&, followed by 40 cycles 080 secat 94C and 1 min at
57.8C, and therfinished with 10 mirincubationat 98C. Products were maintained at
12°C before analysis on the QX100 Droplet Reader. The QuantaSoft software (Kosiche,
Slovaki) was used to analyse the data and determine concentrations of the target DNA
in copies per pl from the fraction of positive reactions using Poisson distribution analysis.
All reactions were performed in duplex mode with data collected independenticfor e
target(PGEL U and TBP) doiddhamme of comtrol tremtthena s

2.3.15Statistical analyses

Data are expressed as means +* standard error of the mean. The significance of differences
between groupsf quercetin treatments was analysed byaag ANOVA and post hoc
Tukeyds (for unequal sample sizes), Dunne
control) or twetailedt-t e st s accordingly, with varianc
with Bonferroni correctiorwhere multiple treatments were cpared, using SPSS 24

and presenting the data in Origin 20¥6.< 0.05 was considered as statistically

significant.
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2.4 Results

Figure 2.6: HepG2 cells in culture. Cells were maintained in Eadles ME M
supplemented with 10% FB8nages weracquired using theeica DM IL LED
inverted microscope at 10X magnificatid@ h (A) and 96 I{B) afterseeding, at

which point cells were confluent.

2.4.1 Mitochondrial isolation and complex | activity assay were optimised

The isolation process wagtimisedbefore preparing nwchondria for complex | assays

on HepG2 cells grown in normal or high glucose and treated with quercetin. Initially, the
resuspension of cells and pelletsas improved an extracentrifugationstep was
introduced at the ena timprove mibchondrial purity and remove remainiogllular
debrisfrom the resuspended mitochondrial pedatd the whole procedure streamlined

by removing an unnecessaryofein assay step after SPIN la, instead keeping the
volumes of reagent A and B rsistent(see 2.3.4)Further optimisation was carried out

by investigating the effect of variables in the protocol on the complex | activity
mitochondrial protein yield/quality through protein assay and Western analysis. This
included varying the numbef bomogenisation strokes, SPIN 2 speeds and the number
of SPIN 2 centrifugations (trying three spins versus the one); reagent incubation times
before both homogenisation steps, the speed of the final centrifugation, and checking the
effect of freezeghaw g/cles on the mitochondrial isolate. The finalised protocol yielded
the highest and purest yield i.e. highest complex | activity and cleanest peak signal on
the PoteinSimple Wes system (Fig. A) It was clear that the isolation process had to

be strictlyadhered to for the lysate of each treatment to avoid unnecessary variation and

risk masking minor changes in complex | activity.
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Various conditions for the complex | activity assay were evaluated. 10 pg mitochondria
was sufficient to give a steady rateNADH oxidation over the 60 min assay and allowed
for plenty of material from each cell pellet. Varying NARBIncentrationsvere assayed

(see 2.3.7.1) antl50 pM gave data with the highest reproducibility and linea@tQu

was added to the assay at 50 |a8l previously been publishéBagan 1987Usta,
Kreydiyyeh et al. 2008and had a dramatic effect on the ratd&NADH oxidation, with

a 500% increase in activityLinalool was tested during preliminary assays, as
investigated by Ustat al. (Usta, Kreydiyyeh et al. 20091t inhibited complex | as
expected, with a 64% decrease against an ethanol control, confirming the assay was valid
and responsive to stimulation/inhibition. Linalool only showed an inhibitory effect in the
presence o€oQ, with the higher basal activit{¢oQ: accepts electrons from complex

I as ubiquinone does vivoand therefore was necessary to allow the reaction to gogre
with high linearity(see 2.3.71 an#igs. 2.3 and2.7B). Blanks (no mitochondria) and
controls for noAamitochondrial oxidation byotenone inhibition were assayed alongside

mitochondria from treated cells.

2.4.2 Quercetin recovers complex | activity lostwith chronic high glucose

The canplex | activityassay was put to use for assessing mitochondria in HepG2 cells
grown under dferent caditions and with quercetin treatments. Complex | activity
decreased with high glucose treatment by 1f% 0.001) after 24 h and by 19% €

0.001) after 96 h. Both hydrogen peroxide and serum removal also lowered the activity,
whereas growing in galade increased it (Fi®.7 C-D). In normal glucose, quercetin
treatment caused a small decrease in complex | activity. However, in high glucose,
quercetin up to 10 uM dosgependently attenuated the higlucose induced damage,

up to 94% with 10 uMg < 0.001), although at 20 uM the effect was less pronounced
(Fig. 2.7E).
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Figure 2.7: Quercetin dosedependentlyrecoveredcomplex | activity decreasedoy
high glucosein HepG2 cells Purity of isolated mitochondrial fractionntt).
Protein expression of complex | subunit NDUFB8 increased when compared to the
whole cell lysate (WCL), assessed by ProteinSimple automated Western, with
traditional Western blot and pherogram vig$. Complex | activity in 10 pg imt
assessed with ADH (150 uM) in the presence of coenzyme (B0 uM), and
corrected for nommitochondrial oxidation by blank and rotenenéibited (2 uM)
controls. Lines of best fit for mean activity + SEB]). Complex | activity in cells
grown in normal glucose (NG) meeain supplemented with 10% serum for 72 h
and then treated for 24 h with high glucose (HG), 0.5 mM hydrogen peroxide
(H202) or serurAfree medium. Complex | activity was normalised to the NG
control (13.7 £ 0.8 nmol/min/mg) and data are expressed as mezsmnages +
SEM (N/n = 3/9). ***p < 0.001vs NG control (C). Complex | activity in cells
grown for 96 h in NG, HG or 10 mM galactose (Gal); data are expressed as mean
percentages of NG + SEM (NG = 8.9 + 0.9 nmol ting?') (N/n = 5/15). p <
0.05, *** p < 0.001vsNG control(D). Complex | activity in cells grown for 96 h
in NG or HG and treated for the final 24 h (in the absence of serum) with various
concentrations of quercetin (or DMSO controls). Data are mean percentages of the
NG control £ SEM (NG = & = 0.3 nmol/min/mg) (N/n = 6/18) p*< 0.05, ***p <
0.001vsNG control;*p < 0.05,%#< 0.001vsHG control(E).

-65-



-
*x 1001
110+
90
100+ 80- ***
90 70
80+ 60+ ***
70; 50:
0- 0
Ctrl 2.5 5 10 20
[Quercetin] (uM) for 2 h
I NG

100- IIII**G

90
80+
70
60+ I

0- 0_
Ctrl 2.5 5 10 20 Ctl 25 5 10 20
[Quercetin] (uM) for 12 h [Quercetin] (uM) for 24 h

1001
90
80
704
60+

50-

Relative DCF fluorescence (%) €9  Relative DCF fluorescence (%) B>
Relative DCF fluorescence (%) U Relative DCF fluorescence (%) w

Figure 2.8: Quercetin decreased the relativd®CF fluorescencein normal and high
glucose cellsCells were gown for 96 h imnormal (NG)or high (HG) glucosend
thenincubated with 10 puM DCFHDA for 20 min and DCF fluorescence measured
and corrected for total prote{A). Cells grown in NG or HG for 96 h were treated
with quercetin (or DMSO control), in the age of serum, for the final 2 h (B),
12 h (C) or 24 h (Dand DCF fluorescence measured in the same Mlagata are
mean values expressed as (%) of the NG or HG carateabrdingly £+ SEMN/n
=4/12). *p < 0.01, **p < 0.001vsNG controls?p < 0.05,p < 0.01,% < 0.001

vsHG controls; NS = not significant.
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2.4.3 Quercetin lowers ROS in HepG2 cells in normal and high glucose

DCF fluorescence, as an indicator of intracellular ROS, was increased by X094(1)

when cells were grown in high glucos® B6 h (Fig. 28A). This increase in ROS was
attenuated dosdependently in both normal and high glucose following quercetin
treatment at all time points up to 24 h (Fig8 B-D). The effect of quercetin was most
pronounced at earlier time points, witilative ROS lowest in normal glucose (53956,

< 0.001) and high glucose (57%< 0.001) after treatment with 20 uM quercetin for 2

h (Fig. 28B). Quercetin was less effective in high glucose, notably after 12 and 24 h
(Fig. 28 C-D).

2.4.4 Quercetin decreases niochondria while increasing cell viability

Growing cells in normal or high glucose did not affect citrate synthase activity, a
mitochondrial matrix marker, whereas quercetin significantly lowered citrate synthase
activity after 24 h in normal glucose, aimdhigh glucose with 20 uM, by-3% @ <

0.05) (Fig.2.9A). Cell viability, assessed by Trypan Blue exclusion, was also not affected
by glucose but concentratiatependently increased with quercetin, by up to 5% in high
glucose p < 0.001) (Fig.2.9B).

2.4.5 Quercetin lowers high glucoseinduced IMM proton leak and

increases oxidative respiration

| MM proton O6Leakd, as assessed by respi
treatment by 21%p(<0. 05) , but with no significant
respirdion, the nocoupl ed OETSO6 c &pS®ROX6y ( RDB).. t Bel
Quercetin treatment concentratidependently almost entirely reversede t high
glucoseinduced protondak p < 0.01). In high glucose, treatment with 10 uM quercetin

also increasedxidative respiration; both the cellular Routine and net ETS respiration
(calculated from (Routinkeak)/ETS) were elevate@ € 0.01), though not with 20 uM

(Fig. 2.1®). Respiration in normal glucose was unaffected by quercetin, but again Leak
was lowerd dosedependently f < 0.01) (Fig.2.10C). In general with quercetin
treatments ETS capacity was unchanged or lowered and ROX waslefmsedently
decreased (Fi@.10C-D).
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Figure 2.9: Quercetin decreased mitochondrial cotent and increased cell viability.
Mitochondrialcontent(citrate synthase activityn cells grown for 96 h imormal
(NG) or high (HG) glucosand treated for the final 24 h with 10 or 20 uM guercetin
(or DMSO control). All data are mean values expresse(?o) of the NG + SEM
(NG =43.8 + 0.5 nmol mibtmg?) (n = 6 for 10 uM; 9 for 20 pM; 15 for controls).
*p < 0.05vs NG control;#p < 0.05vs HG control(A). Cellstreated in the same
waywere assessed for plasma membrane integrity using the Trypaexglusion
test. Data are mean values of cells that excluded Trypan Blue expressed as (%) of
total cells + SEM (N = 6 for 10 pM; 13 for 20 pM; 19 for controfs)p < 0.01 vs
NG control;*p < 0.01 vsHG contro| ##p < 0.001vsHG control(B).
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Figure 2.10: Quercetin decreaseshigh glucoseinduced IMM proton leak and
increasesoxidative respiration. Typical oxygen flux tracen the OROBOROS
02k highresolution respirometer (grey line[Oz]; black linei O flux). Intact
HepG2 cells were added to the respiromatag in turn, the following states were
measured:6 Rout i ne 6 aftereegugibratianl IMMn pr ot on &6 Leal
addition of oligomycin (250 nM); electron transfer system capacity (ETS) in the
noncoupled statenduced by FCCP (5 uM) titration; and n&TS residual oxygen
consumption (O6ROX06) with the addition
(2.5 uM). Routine, Leak and ETS were all R&XrrectedA). Respirometry data
for cells grown innormal(NG) or high HG) glucosdor 96 h. Net R/E is the net
routine flux control ratio, calculated as ((Routibeak)/ETS). Data shown are
mean values and expressed as (%) of the NG control + SEM=(BI16). *p <
0.01vsNG (B). Cells grown in NG (C) or HG (D) for 96 h wetreated with 10 or
20 pM quercetin (Q) (or DO control) for the final 24 Dataare mean values
and expressed as (%) of the NG or HG control accordingly £+ SENM=N/8 for
10 uM; 9/9 for 20 uM; 1417 for controls).*p < 0.05, *p < 0.01, ***p < 0.001vs

respective controlsSee Tabl.1 for control values.
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Table 2.1: Control values for resgrometry . O flux values (pmol 3 10° cells)+ SEM.

NG 1 normal glucose; HG® high glucose.

Routine

Leak

ETS Net R/E ROX

Fig. 2.10B (NG Citrl)
Fig. 2.10C (NG Citrl)
Fig. 2.1 (HG Ctrl)

329+12 8.1+0.6

95.3+6.5 0.25+0.02 4.9+ 0.9

28.2+15 10.3+0.4 97.3+4.2 0.19+0.02 4.6+0.6

29.8+15 11.2+0.6 93.1+6.4 0.21+0.02 4.9+0.6
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Fig 2.11: Quercetin reacts with oxygen and is rapidly taken up by HepG2 cells
without uncoupling ETS.OXx y g e n
guercetin (1200 uM final) in the OROBOROS OZR). Intact HepG2 cells were added
to the repirometer and quercetin (AM0 uM) was titrated in, followed by a single
addition of FCCP (5 uM) as a positive control. Grey linN®z]; black linei Oz flux; Q
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2.4.6 Quercetin is rapidly taken up by HepG2 cellswithout uncoupling

mitochondrial respiration

When added directly to cefitee medium in the respirometer, quercetin ddspendently
reacted with oxygen (Fi@.11A). When added to HepG2 cells already in suspension and
equilibraed in the respirometer chamber, the increase in oxygen consumption was no
longer evident, indicating the quercetin was rapidly taken up by the cells quicker than it
could react with oxygen in the medium. Quercetin did not act as a dir8cticoupler,

unlike FCCP (Fig. 2.1R).

2.4.7 Quercetin reversesincreasedNADH in high glucosecells within 2 h

High glucose increased cellular NADH € 0.001) (Fig. 2.12A), but this effect had
diminished at later timgoints. Quercetin dosgependently increased NAINADH in

high glucose after 2 hp(< 0.01), but not in normal glucose, to reverse the increased
NADH (Fig. 2.12A). NAD/NADH was elevated after 12 h with 10 uM quercetin in both
normal and high glucose < 0.001) (Fig. 2.12B) and this effect was maintained in
normal glucose up to 24 Ip& 0.001) (Fig. 2.12C). In high glucose, an effect was evident
with 20 uM quercetin at 24 Ip 0.05) (Fig. 2.12C).

2.4.8 Quercetin increasesPGEL U mRNA i n nor mal and hi

Without serumPGG1 Wene expression was increased under both normal and high
glucose conditions. FollowintR hin serumfree medium (t0OPGG1 lhcreased by 1:7

fold (p < 0.001) andemained stdb for 12 h in normal glucose; in the presence of high
glucose a further increase was evident at 6-fol( p < 0.001). At 24 h mRNA levels
were significany lower than in control cellgFig. 2.13A, C). Treatment with 20 uM
quercetin increasedGG1 dene expression withi@ hin normal glucos@nd within 6

hin high glucosgbothp < 0.001). A maximal effect was reached 6 hin both (Fig.
2.13E, G).TBP (housekeeping reference) was mildly affected by the absence of serum
and high glucosbut tresechanges diaot affect thePGG1 Uheasured gene expression
(Fig. 213B, D, F, H) The ddIPCR determines the absolute numbenBNA molecules

in the reactionso theuse ofa stably expressed reference gene is not essential but was

used to account for variations in the sample ppar
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Figure 2.12 Quercetin reverses the high glucosecreased NADH HepG2 ells
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2.5 Discussion

Type 2 diabetes and metabolic syndrome are manifested by high giodosed
oxidative stress that leads to mitochondrial dysfunction, insulin resistance and continued
hyperglycaemia’Yang, Jin et al. 2001 Quercetin is known for its potential health
benefits, particularly in relation to mitochondrial dysfunction and metabolic diseases
(Eid, Martineau et al. 201&Kim, Kwon et al. 2015Chis, Muresan et al. 201@e
Oliveira, Nabavi et al. 2016Haddad and Eid 20)6 Numerous studies have
demonstrated that quercetin protects against oxidative stress in mitochondria, either
through restriction of ROS gendin locally or enhancement of oxidative defence
mechanismgMoskaug, Carlsen et al. 2008argas and Burd 2®M, Lagoa, Graziani et

al. 2011 Ji, Sheng et al. 2013imenez, Lopefepulveda et al. 20).9t may also impact
metabolism through interacting with proteins, regulating genes that control metabolic
pathways and promoting mitochondrial biogenesis or mitophH&andovalAcuna,
Ferreira et al. 2014de Oliveira, Nabavi et al. 201L.6Mechanisms by which quercetin
affects mitochondrial function were reviewed by de Oliveira gidal.Oliveira, Nabavi

et al. 2018, but there is still a lack of understanding when it comes to the specifics
involved with lowering mitochondrial dysfunction caused by oxidasitress, especially

in cells grown in a high glucose environment. In the present study the latter was
investigated against a normal glucose control. Beneficial effects were seen in HepG2
cells when exposed to quercetin in the low micromolar range, negehe high glucose
induced stress in a desependent manner, and higher concentrations of quercetin were

used to probe the mechanisms of action further.

ETS complex | activity was lowered by28. incubation oremoval of serum, as means
of inducing oxidtive stres§Takeda, Akao et al. 2008iang, Yu et al. 2004 and was
increased when growing the cells iralactose, known for increasing oxidative
phosphorylation fuelled by glutamine and fatty adrdsitro (Reitzer, Wice et al. 1979
Robinson, PetrovBenedict et al. 1992Marroquin, Hynes et al. 200Andrzejewski,
Gravel et al. 2014 The decreasd complex | activity in high glucose was likely a result
of oxidative stress, supported by the increased DCF fluorescence; free radicals attack the
ETS protein complexes, particularly prone as the principal sites of generation, and
mitochondrial DNA, leaihg to additional defects in the compleX8sarkov 2008Kang
and Pervaiz 201Z5uo, Sun et al. 2018lirst and Roessler 2016
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Figure 2.13: Quercetin induced PGC-1 Uranscription in normal and high glucose.
Cells were seeded in® or HG media and after 60 hLR h) the medium was
changed to medium serum (FH with FBS).Cells were treatedgainat 72 h { =
0) tFBS andsamples were collected at 6, 12 &#dh (A-D). Cells were treated
with 20 uM quercetin (Q) at 72 h (T=0) (or D3O controls) and sam@eavere
collected at 1, 3, 6, 12 arzd h(E-H). RNA was extracted, cDNA synthesised and
expression quantified by droplet digital PCR analyBiata are mean values of
fold-change of PGA U o r (holisBkBeping: SEM (n/N = 18/6). p < 0.05,
**n <0.01, ** p < 0.001vscontrol accordingly. See Appendix 1 forPAQJ dat a

normalised to TBP housekeeping gene.

The diminishedcomplex | activity in high glucoseias dosedependetty recovered by
quercetin to the level in the normal glucose mitochondria when also treated with
guercetin. Cells grown in normal glucose had universally lowered complex | activity
when treated with all concentrations of quercetin, suggesting quercstengaentially
detrimental effect on complex | when not already faced with the stress of chronic high
glucose, but a beneficial effect against when it is. Conversely, relative ROS levels were
dosedependently lowered in both normal and high glucose bycqtie, as seen
previously(Bali, Ergin et al. 201% suggesting the lower complex | activity in normal
glucose cells was not a result of increased oxidative stjasscetin can itself act as a
pro-oxidant depending on the environment, but usually at higher concentrations
(Laughton, Halliwell et al. 1983le Oliveira, Nabavi et al. 20L6Previous studies on
complex | suggest that quercetin may competitively inhibit the complex at the CoQ
binding site, preventing inhibition by other age(@arrascePozo, Mizgier et al. 2032
and/or act as a CoQ mimic, allowing electron transfer to continue from NADH to
complex Ill (Hodnick, Bohmont et al. 1981.agoa, Graziani et al. 2015andoval
Acuna, LopezAlarcon et al. 202), two possible reasons as to why this phenomenon was
seen. A third possibility is that quercetin oxidised NADH it¢€lan, Galati et al. 1999
Buss, Constantin et al. 200%ncreasing the NADNADH ratio. This decreased pool of
NADH led to consequently lower complex | activityiklas, Nonnenmacher et al. 2012
Santidrian, Matsun&ragi et al. 201Bin the normal glucose cells wherein the pool of

reducing substrates will have been lower than in high glucose.
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DCFfluorescence was generally lowered more in normal glucose as there were less ROS
in those cells to begin with and the high glucose cells had more NADH to be oxidised by
guercetin. Furthermore, these data show that the effect of quercetin in (directly and/o
indirectly) lowering the relative ROS levels wore off with time during 24 h, an indication
that the quercetin is consumed and/or metabolised, and more so in high glucose.
Hashimoto et al. studied the effect of hyperglycaemia on quercetin metabolisouadd f

that quercetin was almost fully metabolised within 4 h of treatment and that phase Il
metabolism was attenuated by high glucose in HepG2 cells, with less quercetin aglycone
and metabolites combined in the cells and médashimoto, Blumberg et al. 20116

This may help explain the tirdependence of the DCFBA data, but also the differing
effects of quercetin in cells grown in normal or high glucose dudst differing
metabolism. Likewise, previous work on HepG2 cells in our lab showed that 5 pM
guercetin lowered glucose metabolism and uptake overK&rimi, Jailani et al. 201p

(only tested in normal glucose) so quercetin may have lowered cellular NADH and
lessened the high glucose burden in this manhiee. DCF data are indicative that
guercetin may push metabolism in a certaireation with the shift inredox balance
producing lesser RQ3Svhich will have little relevance physiologically from one dose of
guercetin, but continued chronic exposure, say even over a lifetime, may help maintain
the redox shift.

Citrate synthase activity, a marker of mitochoablgontent(Lanza and Nair 20Q9
Larsen, Nielsen et al. 20}, 2vas lowered in the normal glucose cells a&ithe complex
| activity, but in high glucose too, a sign that the mitochondria that are present following
guercetin treatment are more functional and their oxidative output more efficient. The
Trypan Blue data suggest cells are more viable overall 2#ehaafding quercetin, with
improved plasma membrane integriGhanges in citrate synthase activity and plasma
membrane integrity were small and not as physiologically relevant as the changes
observed in the respirometry data for exam@ther studies hassuggested a role for
guercetin in membrane integrifModriansky and Gabrielova 2009largina, Gradinar
et al. 2013Sanver, Murray et al. 20)&nd as sucthe quercetirattenuated proton Leak
across the IMM was caused by an improvement in the IMM directly, as well as indirectly
by the lowered oxidate stress. The lower Leak in high glucose cells further enhanced
mitochondrial respiration by improving coupling efficiency, shown by the increased
Routine respiration and net respiration/ETS flux control ratio (net R/E). The latter was
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due to a combinatio of lowered Leak but also lowered ETS, in line with the citrate
synthase activity. The increase in net R/E was only present in the cells treated with 10
MM quercetin; at 20 uM there was a decrease in routine respiration adding to the notion
that at 20 pMcomplex | may have been inhibited. Previous studies have shown quercetin
improves mitochondrial bioenergetif¥ichols, Zhang et al. 201®&arrascePozo, Tan

et al. 201% and thiswas shown heréor the first time in an intact HepG2 systeamd

notably that these improvements are enhanced when in high glucose.

Another key finding from the respirometry datvas in the no&ETS residual oxygen
consumption (ROX) measurements. This was diegeendently decreased by quercetin
and is indicative of a lower dependence on glycolysis, NADH oxidation by quercetin and
inhibition of ATPase enzymes such as those invoingécnsplasma membrane electron
transport (tPMET); ROX is the amalgamated effect of oxygenase redox enBraed

and Nicholls 2011Banh, lorio et al. 201,6<erimi and Williamson 201@and cell surface
oxygen consumption via tPMETHerst and Berridge 200.7 The dependence on
glycolysis is lowered because ATP is generated instead by quezobtmced
mitochondrial respiration and this includes substrates via glutamate and fatty acid
metabolism(Gnaiger 2011 Furthermore, quercetin was shown previously to inhibit
glucose6-phosphatase in insuhiresistant HepG2 cells, effectively helping to reverse the
effects of insulin resistancand allow glycolysis to continue towards pyruvéieng,

Chen et al. 2016 Direct NADH oxidation by querceti(Chan, Galati eal. 1999 Buss,
Constantin et al. 200Niklas, Nonnenmacher et al. 2Q1&lso allows glycolysis to
continue without the need for tPMEMerst and Berridge 200,7and quercetin has long
been known to inhibit ATPas€kangand Racker 1974/Davis, Middleton et al. 1983
Racker 1986Gasparin, SalgueirBagadigorria eal. 2003.

Previous studies suggested that guercet.i
phosphorylation while inhibiting mitochondrial respiration in mitochondria isolated from

rat kidney or liver(Dorta, Pigoso et al. 200®rtega and Garcia 20p9Quercetin also

caused partial uncoupling in the low nanomolar range in rat heart mitochondria
(Trumbeckaite, Bernatoniene et al. 2D0Bhis was tested in intact cells, ¢éOrat
cardiomyocytes, whereby quercetin increased Leak and partially protected complex |
regiration, but only following hypoxia. Shoitierm incubation with quercetin (< 50 uM)

did not induce uncoupling however, demonstrating that the effects seen in isolated
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mitochondria are attenuated in whole céWs Zholobenko, Mouithysviickalad et al.

2017). Supporting evidence for this providedhere as querceti G0 pM @id not act

as an uncoupler in intact HepG2 cells. Quercetin reacted with oxygen when cells were
not present, as shown previougMorales, Gunther et al. 20, 2but it was taken up
rapidly into the cells, also seen previously in Jurkat ¢Eltsrani, Guidarelli et al. 2030

and oxyen consumption was not increased.

NADH oxidation by quercetin was also demonstrated by the general increases in
NAD*/NADH. Elevated NADH in high glucose cells is an indication of the reductive
stress that leads to oxidative strééan 2014. There was a decrease in this NADH pool
following addition of quercetin, lasting up to 24 h in when treated 20 uM. The increase
in NAD*/NADH was seen too in cells grown in normal glucose but not when treated with
20 UM quercetin, nor for the dosesponse at 2 h; further evidence of complex |
inhibition, which was overridden by the high glucasduced excess NADH. The
increased NADYNADH for 24 h is an effect that is temporally beyond direct oxidation
alone and thus the lasting effect was due to the increased mitochondrial respiration in an
environment wih less oxidative stress resulting from the pleiotropic effects of quercetin
combined. In accordance with this, Niklas et al. postulated that improved channelling of
pyruvate into the mitochondria could result from a querdetiniced increase in
NAD*/NADH ratio (Niklas, Nonnenmacher et al. 2Q&hd other studies have suggested
that quercetin affectthis (Buss, Constantin et al. 200Borta, Pigoso et al. 2008le
Oliveira, Nabavi et al. 2016

An increased pool otellular NAD" activates NAD-dependent deacetylase sirtuins

involved in the signalling network that governs central metabolism. The ABIIRK-

PGG1 U axi s I n particul ar regul ates mi t ochon
mitochondrial biogenesis or ultimayelead to cell deatlfCanto, GerharHines et al.

2009 Austin and StPierre 2012Tang 2018. Quercetin has been shown previously to

activate these pathwayahn, Lee et al. 2008 hung, Yao et al. 201&im, Kwon et al.

2015 Haddad and Eid 201&eiherer, Stoemmer et &016 Liu, Mei et al. 201%and

may be primarily via NADH oxidation (directly and/or indirectly). PGGJ t r anscr i pti on
was measureds a biomarker of mitochondrial biogenesis and oxidative fun@hostin

and StPierre 2012 Sugden and Holness 2012PGCG1 U mRNA was i ncreased

response to transient starvatiwhen FBS was removed from the me(Radgers, Lerin
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et al. 2005Sen, Satija et al. 201Austin and StPierre 2012Sugden and Holness 2012

Serum was removed 12 h earlier so any changes instigated by quercetin specifically were
detectable. PG@ U mR N Aot depesdent on glucose concentration, however when
quercetin was added to the serstarved cellsPGA U expr essi on was i
and in doing so may promote increased mitochondrial functionality. An increase in
mitochondrial biogenesis was noeseaccording to the citrate synthase biomarker after

24 h, which is consistent with other reports on biogenesis; it is dependent upon cell type
and quercetin concentratigNichols, Zhang et al. 2018e Oliveira, Nabavi et al. 2016
However the increased PGCU mRNA and activation wildl
the intrinsic oxidative nature of the cells, further boosting oxidative respirgiiastin

and StPierre 2012Rayamajhi, Kim et al. 20)3Autophagy is also induced by this and

other signalling pathways regulated by quercetin (see 1.3.2.2) and thus damaged
mitochondria may be disposed and replaced with regenerated mitochondria more
oxidative in function, enhancing the overall efficiency per mitochondtimreases in

PGG1U mMRNA | evels corr ob otirceleteatedwithhOpMh e i
quercetin; NAD-dependent SIRT1 activates PGQU , which in turn p
transcription(Nelson, Valentine et al. 2013ugden and Holness 2017 he effects of
guercetin are similar to those seen by metfor(Bimgden and Holness 201and it has

been shown previously that quercetin enhances oxidative metabolism via heme
oxygenasel in obese micgKim, Kwon et al. 201k Increased PGA U al so hel j
manage ROS(Baldelli, Aquilano et al. 2014 and suppresses glycolytic gene
transcription(Rodgers,Lerin et al. 200§) shifting metabolic dependence towards the

mitochondria.

Quercetin lowers local ROS generation and promotes antioxidant cellular defences to
lower oxidative stress. It has been suggested that the principal mechanisms involve
modulationof proteins and genes, such as those of the mitochondrial electron transfer
system and involved in metabolic signalling pathways, as well as lipid membrane
integrity, maintaining membrarsound protein function and proton gradients. In the
present studyhe data suggest thaeveral such mechanisms are involved and have
particular beneficial effects on reversing the high gluéndaced mitochondrial
dysfunction in HepG2 cells (Fig@.14). Cellular ROS levelsverelowered by quercetin
as expected and thvgas both a cause and effect of other findings propose that
quercetin forms a dimer quinone structure (which can bexidant and toxic itself at
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higher concentrations) within the cell and mitochondr{bfetodiewa, Jaiswal et al.

1999 Buss, Constantin et al. 200Boots, Li et al. 200,/Lagoa, Graziani et al. 2011
CarrascePozo, Mizgier et al. 201BandovalAcuna, Ferreira et al. 20),4accumulating

in the latter(Fiorani, Guidarelli et al. 20)0Here it competitively inhibits complex | at

the CoQbinding site, but simultaneously oxidisBADH and transfers electrons to
complex Il (SandovalAcuna, LopezAlarcon et al. 201Rat the Qjunction, as well as

those from FADH and the electrotransfer flavoproteirfRosca, Vazquez et al. 2012
Gnaiger 2014 allowingOXPHOSto continue, while superade generation at complex

| is impeded. Global oxidation of NADH lowers the substrate pool available to complex

| and this adds to the overall effect on complex | and lowered ROS. Thé/NADH

ratio rises and leads to promotion of NABependent enzymesn@ associated
mitochondrial signalling pathways, seen by a transient increase iflPGC t r anscr i pti on
to promote mitochondrial respiraticend reprogrammed cellular metabolismthe

longer term. Through direct incorporation of quercetin and/or indiregeriag of
oxidative stress, the integrities of the inner mitochondrial and plasma membranes are
enhanced and the heightened proton leak across the IMM in high glucose is attenuated,
maintaining the proton gradient and efficient coupling, and mitochor@sairation is
increased. NOiETS respiration is lowered through NADH oxidation in the cytosol and
mitochondria and is indicative of a lesser dependence on glycolysis. The ultimate
outcome of these effects is lowered oxidative stress induced by chrdmiglinogse and
improved mitochondrial functionality, resulting in a net increase in complex | activity

and respiration 24 h after a single dose of quercetin.

The positive effects of quercetin on mitochondrial bioenergetics in cells grown in high
glucose hag not been demonstrated previously and existing studies on the effects and
mechanisms of quercetin on mitochondrial function have often employed an acute kinetic
experiment setup on isolated mitochondria, but here the outcome following a chronic
treatmento the celldas been presentaedhereby the effectsf a single dose of quercetin
on metabolism, redox signalling and gene expressmmo 24 hours later have been
demonstratedoncurrently The differences between normal and high glucose helped to
elucidate the specific mechanisms of action (Rid4). If quercetin is consumed on a
daily basis, longer lasting pools may accumulate in the hepatic mitochondria and lead to
a chronic effecto alleviate the stresses of hyperglycaemia and help to prevehhinsu
resistancén vivo. Proteomics studies have revealed that complex | is lowered in diabetic
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patientgPeinado, DiaiRuiz et al. 201} thus a greater understanding of these quercetin
mechanisms of action in mitochondria and on cellular metabolism in a high glucose
environment gives hope to the potential for nutraceuticalith the use of nanro
technology and optimised concentratiorfde Oliveira, Nabavi et al. 2016

pharmaceutical applications to help absolve metabolidreynes.
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Figure 2.14: Mechanisms of action of quercetin in mitochondria in HepG2 cells
chronically exposed to high glucosezlevated glucose leads to elevated NADH
and overproduction of superoxidez@at complex | of thelectron transfer system
(A). Quercetin inhibits complex | at the coenzymegRinding site (CoQ),
suppressing superoxide generation while oxidising NADH and allowing electron
transfer to continue to cqtex lll, and attenuates the high glucaséuced préon
leak across the inner mitochondrial membrane. This results in more efficient
coupling with ATP synthesisThe NAD/NADH is increasedin parallel with
induction of PGEL U gene expression by quercet.
promoted and metabolic ftushifted to mitochondrial respiration, leading to lower
oxidative stress and attenuation of high glueoskiced mitochondrial
dysfunction, with increased net respiration and recovered complex | activity. PDH
I pyruvate dehydrogenase, TCA cytléricarboylic cycle, Acetyl CoAi acetyl

coenzyme A.
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Chapter 3

(Poly)phenol metabolites increase glucose uptake in human
skeletal muscle: gut microbiome metabolite isovanillic acid-3

O-sulfate upregulates GLUTs and activates insulin signalling.

3.1 Abstract

Epidemiological animal and human intervention studies have revealed that consumption
of (poly)phenolssuch as quercetin, ferulic acid and resverdisdantidiabetic effects

and this may be via increased postprandial glucose uptake in the skeletal muscle. Some
in vitro studies have shown aglycone compounds can stimulate GLUT4 translocation,
however these are limited to rat or mouse cells models and relevant (poly)phenol
metabolites that are in circulatiamvivoare yet to be tested. The immortalisecoivligst

line, LHCN-M2, was characterisg as ahuman skeletal muscle model comprising
myotubes differentiated in normal or hilgvels of glucose and insulifthis model was

used to investigate the effects of a rangesufated and glucuronidated (pgtyienol
conjugateson glucose uptake and metabolis@ompounds were selected and grouped
based on the known metabolite profiles following the consumption of parent compounds
and (poly)phenatich foods. Derivatives of ferulic acid, resveratrol and anthocyanins
increased glucoseptake and metabolism, notably in high glucose and insrdated
myotubes, as evidenced by increased steor intracellular transpodf 2-[1-14C(U)]-
deoxyD-glucoseand decreased longtrm D-[**C(U)]-glucoseuptake respectively,
assessed Miguid sdntillation counting.When tested individuallysovanillic acid 30-
sulfate (IVAS), a colonic microbiome tzdmwlite of cyanidin 30-glucoside, stimulated
dosedependentincrease in2-[1-1*C(U)]-deoxyD-glucosetransport and involved a
PI3K-dependent mémanism, as confirmed by wortmannin and indinavir inhibition.
Western analyseshowed thatlVAS upregulatedsLUT1, GLUT4 and B3K  p 8afdJ ,
increaseghosphorylagd Akt. This is the first timesuchmetaboliteshave been shown

to improve glucose uptake muman skeletal oscle with promising effects on insulin
signalling andSLUT expressionnotably in myotubes exposedabigh glucoséinsulin

stress.
-84-



3.2 Introduction

Skeletal muscle accounts for at least 40% of the human body mass and is the primary
site of postprandial glucose dispogd@remblay, Dubois et al. 20Q03.auritzen and
Schertzer 2010 Glucose uptake is facilitated by glucose transporters encoded by the
SLC2 genes, with tisstgpecific expression of different isoforr{Sura and Carruthers

2012 Mueckler and Thorens 20L3GLUT1 and GLUT4 are the major glucose
transporters in sketal muscle tissue and the latter is dominantly expressed in mature
musclein vivo and activated by translocation from internal vesicles to the plasma
membrane, in response to insulldiuang and Czech 200Tura and Carruthers 2012
Mueckler and Thorens 20)13In insulinresistant tissues, insutstimulated GUT4
glucose uptake is compromis¢ldahn, Rosen et al. 199&altiel and Kahn 20Q1
Deshmukh 2016 |Insulin resistance therapies, including exercise, #nutra
/pharmaceuticals and distlated change&Collier, Bruce et b 2006 Oberg, Yassin et

al. 2011 Stanford and Goodyear 2014lvim, Cheuhen et al. 201%ouzi, Yang et al.

2015 Cheng, Villani et al. 201,7Wu, Horowitz et al. 2017 lower postprandial
glycaemiaby restoring skeletal muscle uptake and enhancing metabolism. Glucose
homeostasis is maintained without causing oxidative stress (Chapter 2), as glucose is
converted to glycogen for stora¢®altiel and Kahn 20Q1 or some glucose may be
metabolised aerobically through transduction of AMRKdiated pathway$Jager,
Handschin et al. 200 anto, GerharHines et al. 2009rimmers, Konings et al. 201
Conserving insulin sensitivity in skeletal muscle is imperative to reducing chronic

hypergly@aemia and preventing or reversing the diabetic phenotype.

Diets high in (poly)phenols have been correlated with a lower incidence of type 2
diabeteqKim, Keogh et al2016 and as such this has led to investigationgivo and
in vitro into how these compounds may help regulate glucose homeostasis. Mechanisms
studied include the inhibition of carbohydrate digestion and absorption in the gut
(Williamson 2013, stimulation of glucose uptake into muscle and adipose, improvement
in pancreatic function and hepatic glucose metabolism, as well as lowering obesity
induced inflanmation and oxidative strefidanhineva, Torronen et al. 2Q18abu, Liu
et al. 2013 Williamson 2013 Kim, Keogh et al. 2016(see 1.3.2). (Poly)phenols, or
(poly)phenaolrich extracts or foods, have been shown to affect the expression and activity
of the GLUIs. A cinnamon (poly)phenol extract was shown to increase GLUT1
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expression in murine macrophages to help enhance their immune fui@aionUrban

et al. 2008, while phloretin, commonly found in apples, inhibits GLUT2 and induces
cell cycle arrest in colorectal tumour ceflsn, Tu et al. 2015 Recently, data were
publishedfrom our lab that demonstrated green and chamomile teas inhibit GLUTZ2 in
Caco2 cells andXenopusoocytes, and chamomile also inhibits GLUT9illa-
Rodriguez, Aydin et al. 20)7There are reports of (poly)phenols enhancing GLUT4
mediated transport into mele via increased GLUT4 expression and/or via the insulin

or AMPK-mediated pathways. Citrus flavonoids hesperidin and naringin upregulated
GLUT4 expression in the adipose of diabetic mice, as well as improving hepatic glucose
metabolism, systemic lipid nebolism and lowering hyperlipidaem{dung, Lee et al.
2006. Grape seed procyanidin extract lowered hyperglycaemia in streptozotocin
induced diabetic rats andiraulated glucose uptake in L6 myotubes and -BI3
adipocytes via increased GLUT4 translocation dependent on the insulin signalling
pathwaysPinent, Blay et al. 2004 The same effects wesedicited by an anthocyanin

rich bilberry extract in diabetic mice, but via stimulation of AMPIKakikawa, Inoue et

al. 2010Q.

However, the literature is lacking vitro studies testing (poly)phenol metabolites that
can be found in circulatiomn vivo. In the animal studies described, the effects on
glycaemia and lipidaemia may have been caused by conjugates and catabolites of the
(poly)phenols that were administered. More attention should be given to matching the
compounds and their doses to the tissue in question i.e. guincelN® are exposed to
relatively higher concentrations of the compounds in their aglycone and plant metabolite
forms, while hepatic, adipose and muscle cells will see mostly conjugates in the
nanomolar to low micromolar rangd®el Rio, RodriguezaMateos et al. 20138ohn,
McDougall et al. 2016 Notably, there is less information on how catabolites of the
colonic microbiome may playmle and yet the majority of (poly)phenols in circulation

are metabolised in this way before absorp{iGardona, Andretacueva et al. 2013
Williamson and Clifford 201} Colonic metabolites are of particular interest because
they can be present in the blood at high concentrations, similar to thoseriesteal

and remain so for long periods of timeciieasing their bioavailabilitpVilliamson and
Clifford 2010.
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Studies using combinations of metabolites would bésaseful in mimicking tha vivo
situation, because it is unlikely for tissues to be exposed to single compounds, and it has
been shown previously that (poly)phenols may affect the metabolism and biological
activity of others; several flavonoids are ko to inhibit SULT for example and
therefore will in turn affect the conjugation of other compougidisang, Chen et al.

2009. Even after taking a single supplement, ingestion of phytochemical(s) can yield
tens of circulating metabodis; de Ferrarst al reported the pharmacokinetic profiles of

17 metabolites in plasma, 31 in urine and 28 in faeces following ingestion of a single
13C-labelled anthocyanifide Ferrars, Czank et al. 2014 recent study showed that
resveratrol 30-sulfate inhibited colon canceell proliferation, which was more so than
unconjugated resveratrol, and its activity was synergistically increased when in
combination with resveratrol glucuronide conjugates despite they themselves exerting no
effects. Moreover, the resveratrol metaies, individually and in combination,
synergised with chemotherapeutic drugs to induce cell dgatbs, Limagne et al.

2013. Further in vitro studies demonstiag the synergistic effects of natural
compounds, including quercetin, and chemotherapeutics on cancer cells were reviewed
recently(Aung, Qu et al. 2017

Anotherchallenge is the choice of model. There are scarcely any reported studies on
(poly)phenols and glucose uptake in human skeletal muscle cells, either primary or
immortalised. One recent study investigating the effects of epigallocateédalhate in
increasing insulin sensitivity used both murine and primary human myotubes
(Pournourmohammadi, Grimaldi et al. 20And a recent review lookedratman studies

with resveratrol intervention anglibsequent muscle biopsy analyéem, Yung et al.

2015. However, the rat L6 or murine C2C12 immortalised cell lines are favoured for
their ease of culture, diffentiation potential, accessibilifCheng, ElAbd et al. 2013

and likely the abundant existing documentation to support new research, but it is
important to acknowledge that mechanisms that occurdant muscle cells may not be

the same as those in human. Such differences include the myogenic programming that
regulates differentiatio(Bareja, Holt et al. 2004 glucose transport kinetics in response

to insulin and GLUT4 expressiq@ould and Holman 1993

The aim of this part of the project was to determine the LHM@Nmyoblast line as a

suitable human skeletal muscle cell model to study the effects of (poly)phenol
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metabolites on glucose uptake and metabolism. A normal and dtambeticking
(hyperglycaemic and hyperinsulinaemic) model was established to compare metabolite
activities betweerhe two contexts. A recent study examining the effects of quercetin on
glucose disposal in mice and C2C12 myotubes found that quercetin suppressed insulin
mediated glucose uptake under normal conditions, but rescued the impaired uptake under
inflammatory caoditions (Liu, Mei et al. 2013 Before testing the metabolites in the
present study, the degree of differentiation, respiratory status, GLUT expression and
insulin responses were characterised to confirm the muscle phenotype and evaluate the
effects of differentiating the myoblasts in normal and high glucose/insulin.
Hyperglycaemia and hyperinsulinaemia deessic biomarkers of diabet@¥ilcox 2005

Krentz and Hompesch 20)Lénd the effects of glucose and insulin on muscle glucose
transport have been studied previouslyiauman primary cell¢Ciaraldi, Abrams et al.

1995, providing a reference for the model here.

(Poly)phenol metabolites were chosen based on their origins in fregaendymed
(poly)phenolrich foods that have previously shown promise in regulatingaglygain

vivo and/orassociated compounds or extracts have affected muscular glucoseinptake
vitro (Table 3.1). Based on achievable plasma concentrahoviso, ascertained from
CmaxValues in pharmacokinetic studies, a dose of 2 uM was chosen fonmatabolite
compounds. This was slightly higher than that detected previously for dihydroferulic acid
(DHFA) and its sulfate conjugate, and for the flavonol conjugates, but these values were
recorded after a single dose, such as one cup of coffee oti@enpairfried onions for
example, so it is plausible that plasma concentrations could reach several micromolar
from habitual consumption and following several meals in a day. The combination of
phenolic sulfates was chosen on the back of a pharmacolstedic done previously in

our lab, with the identification (and subsequent synthesis) of these metabolites circulating
in plasma following the consumptiarf a mixed berrypurée(Pimpao, Ventura et al.
2015. Higher doses of 5 uM were chosen for these metabolites because they are mostly
colonic microbiome catabolites with higher plasma concentrations achieved (Table 3.1)
and generally have longer circulation tim@&ble 1.1) This is the first study to
investigate the effects of such conjugates on glucose uptake and metabolism in human
skeletal muscle, and with comparisons between myotubes differentiated in a normal or

high glucose/insulin environment.
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Table 3.1: (Poly)phenol metaboliteselected forthe present studywith reference to articlesvidenang antidiabetic effects for parent/precursor

compounds, or associated extracts or fqousre detail in 3.5)

(Poly)phenolMetabolite Food Sources
Profile (Metabolite$

[Plasma] Achieved in

pharmacokinetic studies

Antidiabetic in vivo studies?

Antidiabetic in vitro studies?

Ferulic Acid Coffee, wheat,
Ferulic acid 40-sulfate  dark chocolate,
(FA4S) dates, herbs,
Dihydroferulic acid 40-  olive, berries,
sulfate(DHFA-4S) cinnamon

Dihydroferulic acid

FA4S > 4.9 uM(Feliciano,

Mills et al. 2017

DHFA-4S > 0.9 pM(Lang,

Dieminger et al. 201)3
DHFA > 1.2 uM(Guy,
Renouf et al. 2009

(Johnston, Clifford et al. 2003
Khan, Safdar et al. 2003hom
2007, Andersen, Koehler et al.
2008 Hlebowicz, Hlebowicz et al.
2009 van Dijk, Olthof et al. 2009
Lu, Sheng et al. 201 Bozzetto,

(Roffey, Atwd et al. 2006
Prabhakar and Doble 2009
Prabhakar and Doble 2011
Chellan, Muller et al. @12,
Tsuda, Egawa et al. 20,12
Bhattacharya, Christensen et

(DHFA) Annuzzi et al. 201p al. 2013 Gogoi, Chatterjee et
al. 2014 Ho, Kase et al. 2037
Flavonols Capers, onion, Q3S > 0.7 uMMullen, (Johnston, Clifford et al. 2002 (Fang, Gao et al. 2008
Quercetin3ND-sulfate apple,tea, Edwards et al. 2006 Bozzetto, Annuzzi et al. 2015 Zanatta, Rosso et al. 20(8d,
(Q3S) elderberry, Q3G O (Cialell® M NyambeSilavwe and Williamson Martineau et al. 2010
Quercetin 30-b-D- endive, wine, Kam, Nieman et al. 20)3 2016 Kawabata, Sawada et al. 201
glucuronide(Q3G) beanspropolis K3G > 0.4 uM(Kerimi, Bhatacharya, Christensen et
Kaempferol 30-b-D- Jailani et al. 201b6 al. 2013 Ueda, Hayashibara e
glucuronide(K3G) al. 2013 Xu, Hu et al. 2014

Eid, Nachar et al.@15, Liu,
Mei et al. 2016Ho0, Kase et al.
2017
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Resveratrol
trans-Resveratrol 8p-b-
D-glucuonide (R4G)
trans-Resveratrol 30-
sulfate(R3S)
trans-Resveatrol 3:0-b-
D-glucuronide(R3G)

Wine, grape
seedand various
berries

R4G > 10.2 uM(Brown,
Patel et al. 2000
R3S > 18.3 uMBrown,
Patel et al. 2000
R3G > 17.1 uM(Brown,
Patel et al. 2010

(Brasnyo, Molnar et al. 2011

Timmers, Konings et al. 2011

Bhatt, Thomas et al. 2012
Crandall, Oram et al. 2012
Movahed, Nabipour et al. 20,13
Goh, Lee et al. 201Zare Javid,
Hormoznejad et al. 20}7

(Park, Kim et al. 200Breen,
Sanli et al2008 Deng, Hsieh
et al. 2008Minakawa,
Kawano et al. 2011

Phenolic sulfates
CatecholO-sulfate(CS)
4-MethylcatecholO-
sulfate(MCS)
PyrogallotO-sulfate
(PGS)

4-Methylgallic 3-O-
sulfate(MGS)

Vanillic acid4-O-sulfate
(VAS)

Isovanillicacid 3-O-
sulfate(IVAS)

Berries, cherry,
olive, plum,
coffee,
cinnamon black
soybeans

CS > 24.6 puM(Feliciano,
Boeres et al. 2016

MCS > 5.0 uM(Feliciano,
Mills et al. 2017

PGS > 12 uMPimpao,
Ventura et al. 201>
MGS > 2 uM(Pimpao,
Ventura et al. 2015

VAS > 1.6 pM(Feliciano,
Mills et al. 2017

IVAST n/a

(PCA® > 2.4 uM(Czank,
Cassidy et al2013)

(Johnston, Clifford et al. 2003
Khan, Safdar et al. 2003hom

2007, Hlebowicz, Hlebowicz et al.
2009 van Dijk, Olthof et al. 2009

Stull, Cash et al. 2010 orronen,

Sarkkinen et al. 201 &dirisinghe,

Banaszewski et al. 201u, Sheng
et al. 2012Hoggard, Cruickshank
et al. 2013Torronen, Kolehmainer
et al. 2013Giacco, Costabile et al.

2014 Bozzetto, Annuzzi et al.
2015 NyambeSilavwe and
Williamson 2016

(Roffey, Atwal et al. 2006
Vuong, Martineau et al. 2007
Yamamoto, Ueda et al. 2010
Scazzocchio, Vari et al. 2011
Chellan, Muller et al. 2012
Rojo, Rbnicky et al. 2012
Tsuda, Egawa et al. 20,12
Matsukawa, Inaguma et al.
2015 ScazzocchipVari et al.
2015 Boue, Daigle et al. 2016
Ho, Kase et al. 201 Ho, Kase
et al. 2017LunaVital, Weiss
et al. 2017Nachar, Eid et al.
2017
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! from Phenol Explore(Rothwell, Peredimenez et al. 20)3foods not listed in any
particular order

2 where glycaemia was lowered, or similar antidiabetic effects exerted, in humans

3 where glucose uptake in muscle, or adipocytes, was stimulated

4 all resver#&rol metabolite Gax values measured after 29 dajsadaily 5 g supplement

5 two isoforms of pyrogalleD-sulfate combined

8 PCAT protocatechuic acid, included as the precursor of)giaaillic acid sulfates
IVAS is the methylated and sulfated mmaéte of PCA

Note lists are examples oélevantfooddstudies and are not exhaustive

3.3 Materials and Methods

3.3.1 Chemical compounds and reagents

All reagents were purchased from SigAdrich (Merck) (Gillingham, UK) unless
otherwise stated. High purity (8. Mq ) water supplied by a MilliQ system (Merck
Millipore UK, Watford, UK) was used throughout

3.3.2 Cell culture

LHCN-M2 myoblasts, kindly provided by Vincent Mouly, are a cell line derived from a
selected myogenic clone of the immortalised populatioruofdn satellite cells derived
originally from the pectoralis major muscle of aydar old Caucasian hedransplant

donor (Zhu, Mouly et al. 200y Myoblastswere maintained inDul becco6s Moo
Eagle Medium (DMEM) (1196825, Gibco (Life Technologies, Thermo Fisher),
Paisley, UK) supplemented with 5.5 mM glucose, 10% (v/v)-hneattivated betal

bovine serum10% (v/v) heainactivaed newborn calf serum (Gibgo).01 pg mi*?
animalfree recombinant human epidermal growthtdagPeproTech, London, UK), 1

ng mlt animatorigin free recombinant human basic fibroblast growth factor (Gibco) and
0.4 pg mlt dexamethasone and then stefileered. The composition ofhe growth
medium was optimised in preliminary experiments (data not shown). Cells were
passaged before reaching confluence to avoid terminal differentiation, at least every four

days. For experiments, myoblastspon reaching ~890% confluence, were
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differentiated to myotubes for 96 h after replacing growth medium with differentiation
medium; DMEM supplemented with 5.5 or 25 mM glucose, 10 or 50 nM recombinant
human insulin fronBaccharomyces cerevisiaad 2% horse serum (Gibco) (myotubes
differentiatedin various concentrations of glucose and insulin were charactériseel
Results) and this was changed every day. Cells wererkagtumidified atmosphere of

5% CQ/95% air at 37C andusedfor experimentsduring passage$29-135. Sub
culturing was donén 75 cnf or 175 cmi flasks (Appleton Woods, Birmingham, UK)

and for experiments cells were seeded eme plates (Appleton Woods), 100 mm
dishes or 150 mm dishes (Greiner CELLSTAR, Stonehouse, UK) at a density equivalent
to ~1.8 x 18 cells cn. For experiments, N/n values indicate the numbendependent
biological passages (N) and the number of technical replicates (n) from which the data

were acquired.

HepG2 (American Type Culture Collection HE®65, LGC Promachem, Teddington,
UK), Cacae2/TC7 (kirdly provided by Dr. MniqueRousset, Institut national de la santé
et de la recherche médicaRaris, France) and Human Umbilical Vein Endothelial Cells
(HUVEC) (C2517A, Lonza, Visp, Switzerland) cells were cultured as done previously
in our lab (HepG2 see 2.3.2; Caec/TC71 (Villa-Rodriguez, Aydin et al. 2037
HUVEC T (Tumova, Kerimi et al. 20)% and their whole cell lysates used in the

validation of the GLU4 antibody for Western analyses.

3.3.3 Microscopy and cell viability checks

Viability was assessed when seeding LH®I® myoblasts for experiments using the
Trypan Blue exclusion assay as done previo(Styober 200L Cells were lifted with

0.05% trypsiREDTA, resuspended in medium and an aliquot mixed 1:1 (v/v) with 0.4%
Trypan BluePBSand counted on a haemocytometer usihgica MD IL LED inverted
microscope viable cellswere thoseexcluding Trypan BlueDuring experiments nen

viable cells would actually detach from the plate, due to cell death cddferentiation

causing autecontractions in the myotubes. If this was extensive #pemment was
abandoned and repeated with a new passage of viable myoblasts, and if any detached
during experiments then only viable cells were collected for analyses at the end anyway.
Differentiation progress was monitored ddily observing the formatioof elongated

and multinucleated myotubemd imagesvereacquired withthe same microscope
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3.3.4 Cell treatments with (poly)phenol conjugates

LHCN-M2 myotubesdifferentiated for 96 h in 5.5 mM glucose and 10 nM insulin or in
25 mM glucose and 50 nM insu)iwere starved of glucose and serum in the presence of
(poly)phenol metabolitein combination, an individual compouwd DMSO control for

4 h before subsequent experiments for protein analyses or -dgloxcpse uptake.
Compounds were all reconstituted dluted in DMSO. Comprising the ferulic acid
metabolite profile werderulic acid4-O-sulfate (FA4S), dihydroferulic acidlO-sulfate
(DHFA-4S) (both synthesised by Dr. Nicolai Kraut in our lab previously; data
unpublished but presented in his PhD thea®l5) and dihydroferulic acidDHFA)
(purchased fronAlfa Aesar, Thermo Fisher Scientific, Warrington, Uil at 2 uM
when in combination or 6 puM individually. In the flavonol metabolite profile were:
guercetin3Np-sulfate (Q3S) (synthesised by Dr. DesriWong in our lab previously
(Wong, Botting et al. 201}, quercetin3-O-b-D-glucuronide(Q3G) and kaempferd@-
O-b-D-glucuronide(K3G) (both purchased from Sigrasddrich), all at 2 uMwhen in
combination or 6 uM individuayl. Resveratrol metabolites comprisé@ns-resveratrol
4Np-b-D-glucuonide (R4G)transresveratrol 30-sulfate(R3S) andransresveratrol
3-O-b-D-glucuronide (R3G) (all purchased from Bertin Pharma, Montidgey
Bretonneux, France), again at 2 uM in dormation or 6 uM individually.The berry
metabolite profile included the following phenolic sulfatestecholO-sulfate(CS), 4-
methylcatecheD-sulfate (MCS), pyrogallotO-sulfate (PGS) 4-methylgallic 3-O-
sulfate (MGS) vanillic acid4-O-sulfate(VAS) and isovanillic acid3-O-sulfate(IVAS)

(all chemically/enzymically synthesised and characterised in our lab by Dr Rusid®imp
as described previous(Pimpao, Dew tal. 2014 Pimpao, Ventura et al. 2005all at

5 pM in combination or 30 puM individuallylVAS was also tested further at various
concentrations, always with the equivalent final DMSO (v/v). Isdiaricid (Sigma
Aldrich) (IVA) was tested individually at 30 uM to compare to the effects of IVAS.
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3.3.5 Protein extraction and BCA total protein assay

LHCN-M2 myotubes were differentiated for 96 h in 5.5 mM25 mM glucosavith or
without various concentriains ofinsulinand protein extracted at 96 h or at 0, 24, 48 and
72 h timepoints during differentiation. Alternativelynyotubeswere differentiatedor

96 hin 5.5 mM glucose and 10 nM insulin or in 25 mM glucose and 50 nM it&ibne
beingstarved 6glucose and serum in the presence of a (poly)phenol metaalfike,
individual compounar DMSO control for 4 land then protein extracted. For analysis

of Akt activation after incubation with IVAS, myotubes were incubated for a further 15
min with IVAS, insulin, IVAS and insulin together, insulin and 5 pvbrtmannin
(inhibitor of PI3K of the insulin signalling pathwafClarke, Young et al. 1994
Elmendorf, DamratAbney et al. 1995Roffey, Atwal et al. 2006 or DMSO control.
Following treatment, protein was extracted by washing cells twice in PE®jrsginto
Bicine/CHAPS lysis buffer (ProteinSimple, Biechne, San Jose, CA, USA)
supplemented with 1% (v/v) protease inhibitor cocktail (P8340) and phosphatase
inhibitor cocktail (one tablet PhosSTOP/10 ml) (#04 906 845, Roche, S\pinah),
centrifugng at 500 g, 4C for 5 min, removing PBS and then sffegezing in a dry
ice/ethanol bath before storing pellets-&°C. Total protein in thawed pellets was
assayed using the colorimetric detection of bicinchoninic acid (BCA) as done previously
(Smith, Krohn et al. 1985 with quantification on &heraSTARFS microplate reader
(BMG LabTech Ortenberg, Germany). Whole cell lysates for HepG2, @4€€7 and
HUVEC cells, used as negative controls in the GLUT4 analysis, were prepared and
protein measured in the same way. A positive control for GLUT4, human $keletele

whole tissue lysate (#NB828D253, Novus, BioTechne) was diluted in Bicine/CHAPS

and protein measured in the same way.

3.3.6 Western protein analyses

Whole cell lysates were prepared for running on RmeteinSimpleWesautomated

Western systen(ProteirSimple, BioTechne) using reagents supplied in slystemkit

according to the manu tematured at 0 far 30 minbefodee | i nes an
being added to the piffidled assay plate along withripmary antibodes accordingly.

Primary antibodies @sl were: mouse antioponin T (cardiac) (CT3, Developmental

Studies Hybridoma Bank, University of lowa, lowa City, 1A, USA) as a marker of

differentiated muscléGardner, Anguiano et al. 20t2nouse antGLUT4 (1F8, Cell
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Signalling Technology, Beverley, MA, USA); rabbit a®LUT1 (ab115730, Abcam,
Cambridge, UK); mouse afi| 3K (subunit p85U) (MAB2998,
marker of the insulin signalling pathway protef@$arke, Young et al. 1994rabbit anti

Akt (#9272, Cell Signalling Technology) and rabbit guttiospheAkt (Sef’®) ((D9E)

XP #4060, Cell Signalling Technology) to determine ph&kt/Akt ratio, a marker of

insulin signalling pathway activatiofKohn, Barthel et al. 1998 and these were
duplexed with mouse anftiactinin 1 (MAB8279, Novus, BioTechne) or rabbit alti

actinin ((D6F6) XP #6487, Cell Signalling Technology) (which recognises total

e n d o g e-actinin protdihs) accordingly as loading controls, and run wilhraause

or antirabbit secondary antibodies accordingly (supplied invttesskit). Lysate preps

were loaded onto théVes system at specific final protein concentrations, and
chemiluminescence was detected after specific exposure times (or in the highadyna

range mode (HDR)), determined as optimal for each antibody combination: 0.4 mg/ml
for tropotmimi M/ and aft er -acthinkandabter 512 mg/ n
s for the former and i n HDR-adtimmrandiatirdé | at t
s; 0.4 mg/ ml -aétioir1 aRdlaeK16 g; ®.% tid/nd for)pA k-actinih

and after 512 s for the former and in HDR for the latter. See Figs. 3.2, 3.6, 3.7, 3.13, 3.14
for full setup and validation of antibodigghemiluminescenteak aeas were converted

into ratios of the target protein/loading control.

3.3.7 Uptake assays with radiolabelled 2leoxy-D-glucoseand glucose

LHCN-M2 myotubes were differentiated and treated as described previously for protein
extraction. Following the 4 h starvati/incubation with the (poly)phenol metabolites or
DMSO control, or insulin (for uptake experiments only), myotubes were further
incubated with variousnsulin concentrations(poly)phenol metabolites or DMSO
controlsand 0.0% pCi/ml 2[1-1C(U)]-deoxyD-glucose(PerkinElmer, Beaconsfield,
UK) in 0.55 mM 2deoxyD-glucosein DMEM for 30 min or 0.1uCi/ml D-[*C(U)]-
glucosg(PerkinElmer)in 0.55 mM Dglucosen DMEM for 4 h Cells were thewashed
twice in the starvation medium (without glucose and seruysed in 1M NaOH,
neutralised with 1M HChnd measured by liquid scintillation countugjng aTri-Carb
1900 TRLiquid Scintillation Analyzer (Canberra Packard, Harwell, Oxford, UK).
Counts per minute wereorrected for total protejrmeasured in aliquotsf the lysates

using the Bradford assay (Pierce Coomassie (Bradford) Protein Assay Kit #23200,
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Thermo Fisher Scientific) as described previoBlsadford 1976Ernst and Zor 2010

and extrapolated to totaldoxyD-glucose and glucose uptake. Uptake of both in
response to insulin in myoblasts (at the point of confluence where medium would be
changed for diffeentiation) was also investigated in this way. Later experiments with
IVAS on the myotubes also used 5 pM wortmannin and 20 pM indinavir, a known
inhibitor of GLUT4 (Rudich, Konrad et al. 2008reen, Sanli et al. 2008

3.3.8 High-resolution respirometry

LHCN-M2 myotubes differentiated for 96 h in 5.5 mM glucesewashed in PBS and

lifted from 150 mm dishe#n serumfree DMEM. Oxygen concentration and flux was
continuously measured as 2 ml of the cell suspessizere added to eachamberof

the Oxygraph2k (O2k)(OROBOROS Instruments, Innsbruck, Austriajaintained at

37°C, and a phosphorylation control prodbéollowed (see 2.3.10Brand and Nicholls

2011, Gnaiger 2013 Routiné basal respiration was recorded firsthen 250 nM
oligomycinadded o measur e | MBUMIFCOPWas titratédlindcarieasyre

el ectron tr an sdpacity asiy25 pMeratendnértt P.S V) antimycin
Abothaddedfornomi t ochondri al residual whhtlpen consum
previous measurements were corrected. Cell suspensions were collected after the
respirometry experiment was complete, spun down and pellets lysed in Bicine/CHAPS
and measured for total protein using the BCA assay as done for the Western lysates;
respiration values were then corrected for total protein. To compare respiration in LHCN
M2 muscle cells to that in HepG2 hepatic cells, as part of the muscle model
characterisation, the flux control ratios, which account for ETS capacity to enable
compaison between cell types, were calculated from these respirometry values and
compared to data collected for Chapter 2 (see 2.3.10 and 2ld5ydrtrol ratiosvere
calculated from the measured oxygen fluxes as a factor of &'/E3 RoutindETS, L/E

T Leak/ETS, Net R/E (RoutineLeak)/ETS, and ROXINj ROX/nonROX-corrected

ETS.

3.3.9 DCFH-DA RQOS Assay

LHCN-M2 myotubes differentiated inwell plates for 96 hin 5.5 mM or 25 mM glucose
with 10 or 50 nM insulin or DMSO controls were assessed for relativeRQ8l levels

using the DCFFDA assay as done for the HepG2 cells (see 2.3.7) and elsewhere
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previously(Wang and Joseph 199®riefly, cells were washed with PBSycubated

with 10 uM DCFHDA in PBS at 37C for 20 min in darkness, washed again and DCF
fluorescence measured on tPleeraSTAR F$late reader (Ex/Em = 485/530 nm). Cells
were then scraped into and lysed in CellLytic supplemented wWigh(\ilv) P8340
proteae inhibitor cocktail and total protein measured using the Bradford assay. DCF
fluorescence, in relative fluorescence units, was corrected for protein and normalised

relative to total ROS in the 5.5 mM glucose control.

3.3.10Statistical analyses

Data are express as means +* standard error of the mean. The significance of differences
between groupsef treatments was analysed by emay ANOVA and posthod u k ey 6 s
(for unequal sample sizes), Dunnettods (cc
or twotailledt-t est s accordingl vy, with varwthnce ¢
Bonferroni correctiorwhere multiple treatments were compared, using SPSS 24 and

presenting the data in Origin 20fA6< 0.05was considered as statisticadlignificant.
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Cells fusing Multinucleated, elongated,

Mononucleated,
: G , together fused myotubes
fibroblastic single cells .. fluent cells Elongation l

yoblasts 8h 72 h | 96 h
| Growth || Differentiation > Myotubes |

Figure 3.1: LHCN -M2 myoblasts differentiate to myotubes in 96 hMyoblasts were grown in medium containing 5.5 mM glucose, 20% serum,
dexamethasone and growth factors until confluent, at which point this was replaced with mediimmgdntamM glucose and 2% serum only

and the myoblastifferentiated fol96 h. Images were taken daily using a Leica MD IL LED inverted microscope at 10X maitirific
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3.4 Results

3.4.1 Characterising the human skeletal muscle cell model
3.4.1.1 Differentiation from myoblasts tomyotubes

LHCN-M2 myoblasts were differentiated to myotubes, identified by multinucleated
fibres formed by fused myoblasts, for 96 h in differentiation medium (Fig. 3.1). Protein
anal ysi s r-aciing deVels demdinedacbnstant, making it a suitable loading
control for subsequent protein analyses, but troponin T increased by an average of 50%
every 24 h (Fig. 3.3). As expected, myotubes were responsive to insulin and respired
aerobically (Fig. 3.4). Insulin dostependently increased ac@¢1-“C(U)]-deoxyD-
glucoseg(2-[1-14C(U)]-DG) uptake, up by 30% with 200 nM € 0.001), and F**C(U)]-
glucose D-[“C(U)]-Glc) (or “C in other metabolic forms downstream of glucose)
retained in the cells after 4 h, up by 65% with 50 p 0.001) (Figs. 3.4A, B). Insin

did not stimulat@-[ 1-1*C(U)]-DG uptake in myoblasts (0 h differentiation) but increased
1C in the cells after longgerm uptake with E*4C(U)]-Glc at the precursor stage (Fig.
3.4C). Oxidative respiration was greater in myotubes than in hepatapyes in

similar conditions, particularly net mitochondrial output by 7@ 0.001) (Fig. 3.4D).

3.4.1.2 Effects of glucose and insulin on myotube phenotype

Morphological differences in myotube differentiation caused by glucose or insulin could
not be determirgtby eye, as seen in the micrographs in Fig. 3.5E, however respiration
and differentiation were affected (Figs. 3-B). Differentiating in high glucose
increased IMM proton leak by 45% & 0.05) (Fig. 3.5A) and relative ROS levels in
myotubes; 10 nM indin reversed th latterbut 50 nM insulin increased it further (Fig.
3.5B). The greatest difference in ROS was between 5.5 mM glucose with 10 nM insulin
and 25 mM glucose with 50 nM insulip & 0.001). In normal glucose insulin dese
dependently increasdatie degree of differentiation after 96 n € 0.05), but in high
glucose this was lowered with50np@€0. 05) (Fig. 3.5C).-1nt e
actinin was the same in myotubes differentiated in 5.5 mM glucose with 10 nM insulin
and 25 mM glucoswith 50 nM insulin (Fig. 3.5C) and this was the case throughout the
96 h (Fig. 3.5D).
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The glucose and insulin concentration of the differentiation medium also affefted
14C(U)]-DG and DB[*C(U)]-Glc uptake in myotubes. Acu2[1-“C(U)]-DG uptake
wasgreater in normal glucose myotubes (Fig. 3.8A) but high glucose myotubes were
more responsive to insulin (Fig. 3.8B). This was the saméGaiaken up and remaining

in the myotubes after 4 h (Figs. 3.8C, D), and differentiating the cells in the predence
insulin generally lowered this uptake too (Figs. 3.8C, E). Increasing the differentiation
medium insulin from 10 nM to 50 nM lowered baBa]**C(U)]-Glc uptake/retainetfC

in the normal glucose cell (< 0.05) but did not affect the high glucose sellhe
greatest difference in4}*C(U)]-Glc uptake was observed between the 5.5 mM glucose
with 10 nM insulin myotubes and the 25 mM glucose with 50 nM insulin myotgbes (
0.05 at each dose of insulin) (Fig. 3.8E). The insulin response, however, wifenent
between these two conditions and was instead heightened with increased insulin,
particularly in the normal glucose celfs € 0.001 across the curve for 5.5 mM glucose
with 50 nM insulin). Adding 10 nM insulin to the cells differentiating inthgjucose

actually diminished the insulin dosesponse (NS across the curve) (Fig. 3.8F).

Protein analyses for myotubes differentiated in 5.5 mM glucose with 10 nM insulin or
25 mM glucose with 50 nM insulin revealed that total GLUT4 was not differeweleet

the two (Fig. 3.8G), but GLUT1 was higher in the fornpex(0.001) (Fig. 3.8H). As the
cells differentiated, GLUT4 protein increased (Fig. 3.8G), while GLUT1 decreased.
GLUT1 was lower in the myotubes differentiaiacs.5 mM glucosevith 10 nM insuin

after 48 h(p < 0.05), but higher after 96 b € 0.01) (Fig. 3.8H). Subsequent experiments

were performed on cells differentiated in one of these two conditions to compare a

o6normal 6 glucose/insulin environmemthoé(5. 5

glucose/insulin. For ease, these shal/l

Gl 6 myotubes.
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Figure 3.2: Antibody validation for Westernanal ysi s of tactiorploni n
Vairioustotal protein conagtrations of differentiated LHCMI2 whole cell lysate
wereanal ysed wi t h -attinirolpanmtibédiesindrun anntre sathe
capillary on the ProteinSimpleWes automated Western systeto establish
standard curvesyith electropherogram view (A) argklstyle lane view (B)for
detectiorafter al6 s exposure. The peak areas taken from the pherogram were used

to establish a standard curve for each antibody wpiexed(C).
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Figure 3.3: Troponin T is upregulated during myocyte differentiation. LHCN-M2
Myoblasts were growand differentiated to myotubes over 96 h, as described in
Fig.3.1.Pr ot ein anal ysi sactioif 1 was megooned on thE an d
ProteinSimple Weautomated Western capillary system (Beg 3.2for antibody
validation and linear range of detection) using total cell lysates extracted each day
during differentiatbn and loaded at 0.4 mg/nChemiluminescence peaks after a
16 s exposure can be seen in the electropherogkdmnd gel image viesv(B).
The areas under these peaks were plotted and@&tpgre shown as mean + BE

(N = 3). Letters above bars Ydenotewherep < 0.05 between timoints.
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Figure 3.4: LHCN -M2 myotubes areinsulin-responsive and more oxidative than
hepatocytes. Acute uptake of #1-“C(U)]-deoxyD-glucose (2-DG) (A) and
longerterm D[*C(U)]-glucoseuptake (or retention of*C metabolites) (B) in
response to insulin in myotubes differentiated for 96 h was mea<ietsl were
starved ofglucose and serunfor 4 h then incubated with viaus insulin
concentrations and 0.15 pCi/mi[¥C(U)]-DG in 0.55mM 2-DG for 30 min (A)
or 0.2 uCi/ml B[**C(U)]-glucose in 0.55 mM Rylucose for 4 h (B), then washed,
lysed and measured by liquid scintillation counting and corrected for total protein.
The same was measured in myoblasts alongside myotubes for 30 mi2[dAt
1C(U)]-deoxyD-glucose (DG) + 100 nM insulin or for 4 h with-B*C(U)]-
glucose + 25 nM insulin (C). Mitochondrial respiration was measured in myotubes
and in HepG2 cells, grown in 5.5 mM glucdse 96 h, using the OROBOROS
O2k respirometer anduk control ratios calculated as a factorEfS (see Fig
2.10A, 3.5A); R/IE 7 Routine /ETS, L/Ei Leak/ETS, Net R/Ei (Routine
Leak)/ETS, and ROX/Hj ROX as a factor of noiROX-corrected ETS. All data
aremean £ SEM (n/N= 12/4 (A); 24/5 (B); 12/4 (C); 25/17 (HepG2) and 5/5
(LHCN-M2) (D)). Letters denotp < 0.05 between doses{B). *p < 0.05 and *p

< 0.01vs0 nM insulin controls (C). **p < 0.00L vsHepG2 (D).
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Figure 3.5: Glucose and insulin affect LHCNM2 differentiation and myotube
metabolism. Myotubesdifferentiatedfor 96 h in media containing 5.5 mM or 25
mM glucose and oxygen fluxes measured using @ROBORC O2k high
resolution respirometer (A). Intact cells were added to the respirometeat and
phosphorylation control protoctidllowed as for the HepG2 cells in Chapter 2 (see
2.3.10). Data were corrected for total protein and are expressed as mean
percentage of the 5.5 mM glucose controls £ SEM (N = 5) (A). Relative ROS
levels were assayed, by incubating with 10 uM DG@PA in PBS for 20 min and
measuring DCF fluorescence, in myotubes differentiated in mediavaitbus
glucose and insulin concentrations alada expressed as mean ROS relative to the
5.5 mM glucose + 0 nM insulin control + SEM (n/N = 18/3) (B). Tropchifr U
actinin 1 protein in total cell lysates of myotubes differentiated in media with
various glucose (Glc) and insulirflns) concentrations was measured on the
ProteinSimple Weautomated Western capillary system (5égs. 3.2, 3.Band
data are shown asean + SEM (N = 3) (). Images of myotubes differentiated
in various conditions were taken using thesca MD IL LED inverted microscope
at 10X magnification and an example of myotubes in 5.5 mM and 25 mM glucose
is shown (E). p < 0.05vs5.5 mM glucosd€A). Letters above bars dengie< 0.05
(B). *** p < 0.001 for the biggest difference between two groups (B)x 0.05,

**p < 0.01, **p < 0.001vs 5.5 mM glucose + 0 nM insulin control (C).p#<
0.05vs5.5 mM glucose + 50 nM insulin (C). Letters abtaes denote whene<
0.05 between timoints (D).
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Figure 3.6: Antibody validation for Westernanal ysi s of -a&hnlT4 and
Varioustotal protein concentrations of differentiated LHGMA whole cell lysate
wereanaly® d wi t h G-hdiiind angibodiearidrun in the same capillary
on the ProteinSimple Wes automated Western sysiestablish standard curves,
with electropherogram view (A) and gelt y | e | a n eactinin lewas ( B) ; U

detected in high dynamic ramgnode while GLUT4 (boxed) was detected after a

512 s exposure. The peak areas taken from the pherograms were used to establish
a standard curve for each antibody wheplexedC). With relatively small peaks

for GLUT4 and some notarget/norspecificnoise the specificity of the peak at

~47 kDa was supported by running the LHOM lysate alongside a human
skeletal muscle whole cell lysate (HuSkM WCL) as a positive control and HepG2,

Cace2/TC7 and HUVEC total cell lysate negative controls (D).
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Figure 3.7: Antibody validation for Westem anal ysi s o factithl UT 1
Vairioustotal protein concentrations of differentiated LHGMA whole cell lysate
wereanal ysed wi tdctiniGdntibddies vehendun id the same dapjl
on the ProteinSimple Wesitomated Western systemestablish standard curves,
with electropherogram view (A) and eggtlylelaneview (B) for detection after 46
s exposure. The peak areas taken from the pherogram were used to establish a

standard arve for each antibody whetuplexed(C).
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Figure 3.8. Glucose and insulin affect (deoxyglucose uptake and metabolism,
insulin sensitivtyand GLUT expression in LHCN-M2 myotubes.Acute uptake
of 2-[1-*C(U)]-deoxyD-glucose (A-B) and longetterm D['*C(U)]-glucose
uptake (or retention of downstreafiC metabolites) (€D) in response to insulin
in myotubes differentiated for 96 h in 5.5 mM or 25 mM glucose was measured.
Cells were starved of glucose and serum for 4 h thembated with various
concentrations of insulin and 0.15 pCi/m]*2C(U)]-deoxyD-glucose in 0.55 mM
2-deoxyD-glucose for 30 min (A) or 0.2 puCi/ml B[**C(U)]glucose in 0.55 mM
D-glucose for 4 h (D), then washed, lysed and measured by liquid scintitiati
counting and corrected for total protein. In order to compare responses to insulin
the data in A and C were normalised to the 0 nM insulin controls for both 5.5 and
25 mM glucose (B and D). Glucose (metabolised) in cells after 4 h was measured
in the sane way but in myotubes differentiated in 5.5 or 25 mM glucose with 10 or
50 nM insulin (E) and normalised to each 0 nM insulin control (F). Total GLUT4
(G) and GLUT1 (H) protein levels in whole cell lysates of myotubes differentiated
in 5.5 mM glucose andil0 nM insulin or 25 mM glucose and 50 nM insulin were
measured on th@roteinSimple Weswutomated Western capillary system and
c or r e c taetdin ($eerigs. 36 and 3.7espectively for antibody validation
and linear range of detection). Lysates were extracted atptimés during
differentiation and then for GLUT4 analysis loaded &t idg/ml and detected in
hi gh dynami ¢ -aciningd end afedac12fs exposide for GLUT 4
(G) and for GLUT1 anal ysi sctiinaid Gogrdi ml w
detected after a 16 s exposure. All data are shown as mean + SEM (n/N(A-12/4
B); 16/4 (GD); 9/3 (EF); 3/3 (GH)). *p < 0.05, **p < 0.01, ***p < 0.001 for
differences between differentiation conditions at each incubation concentration or

time-point.
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3.4.2 (Poly)phenol metabolites increase glucose uptake and metabolism
3.4.2.1 Effects of metabolite profiles

2-[1-1%C(U)]-DG uptake in LHCNM2 myotubes was stimulated by a range of
(poly)phenol metabolites, including the ferulic acid conjugates, resveratrol conjugates
and berry phenolic sulfates. The feruficid derived combination increasagptake,
independent of insulin, in the high GI myotubes by 38% 0.05) to match basal uptake

in the normal, but had no effect on the latter. Insatimulated uptake was slightly
inhibited when the metabolites were also present (NSysA + insulin) (Fig. 3.9A)

(p < 0.05vsIns). This metabolite profile lowered tHé&C taken into/retained in the cells
after a 4 h B*C(U)]-Glc incubation, again only in the high Gl myotubes and
independent of insulin (down 12% < 0.05vscontrol) (Fig. 3.10A).

Theflavonols had no effect on2-1“C(U)]-DG uptake, although uptake in the high GI
myotubes was no longer significantly different to that in the normal control (Fig. 3.9B).
In the high Gl myotubes the flavonols completely blunted the longer term effect of

insulin (Fig. 3.10B), but otherwise again had no effects on basal uptake.

The combination of the resveratrol glucuronide conjugates and sulfate incredsed 2
14C(U)]-DG uptake in both normal and high GI myotubes, by almost 50% in the former
(p < 0.05) andestored uptake in the latter to a similar level in the normal control (NS)
(Fig. 3.9C). As with the ferulic acid derivatives, uptake was increased no further than
that with insulin alone, nor was it increased further when incubated with both (Figs. 3.9A,
C). The resveratrol metabolites lowered ba&@luptake/retention in the cells after 4 h

in both normal and high GI, by as much as 25% in the Igtter §.001), as well as
blunting the insulin effect in these cells too (Fig. 3.10C).

The phenolic sulfatemcreased basal-[A-1“C(U)]-DG uptake in the same manner in
both normal and high GI myotubes, up by 60% in norpat 0.05) and nearly 50% in
high (p < 0.01), and in the latter increased it further when incubated with insulin too, by
65% (@ < 0.001) (Fg. 3.9D). They had no effects on the 4 HC(U)]-Glc uptake
however (Fig. 3.10D).
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Figure 3.9: (Poly)phenol metaboliteprofiles stimulate 2-[1-14C(U)]-deoxy-D-glucose
uptake in LHCN-M2 myotubes. Myotubes,differentiated ér 96 h in 5.5 mM
glucose and 10M insulin( 6 No r ana I2% mM glucose and 50 nM insulin
( 6 HiIi g h ,wlecstarved sf plucose and serum in the presenasatcted
combination ofpoly)phenol metabolitg(lor DMSO contrg) for 4 h then incubated
with a DMSO control, 100 nM insulin, the same metabslitebothmetabolites
and insulinand 0.15 pCi/ml Z**C(U)]-deoxyD-glucose in 0.55 mM-2leoxy-D-
glucose for 30 min, then washed, lysed and measured by liquid scintillation
counting and corrected fdotal protein. In order to compare responses to the
various treatments and differentiation conditions the data were normalised to the
DMSO controls forthe Normalcells and shown as mean + SEM (n/N = 12/4).
Ferulic acid (FA)derivativesi FA4S, DHFA4S am DHFA, all at 2 uM (A);
flavonol conjugates Q3S, Q3G and K3Gall at 2 uM (B); resveratrol (Res)
conjugates R4G, R3S and R3@ll at 2 uM (C); berry phenolic sulfates (Sulf)

CS MCS, PS, MGS, VAS and IVA&l at 5 uM (D).2-DG1 2-deoxyD-glucose;

Ins - insulin. Letters above bars indicgpe< 0.05 between groups.
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Figure 3.10: (Poly)phenol metabolite profiles stimulate glucose metabolisn(less
intracellular 4C after 4 h)in LHCN -M2 myotubes Myotubesdifferentiatedfor
96 hin5.5mMglucoseand®OM i nsul in (6Normal 6) or
nNM insul i n (werklstagvhd ofglucoselamdsgrum in the presence of
a selected combination (goly)phenol metabolite(or DMSO contro) for 4 h then
incubatedwith a DMSO control, 25"M insulin, the same metabokt®r both
metabolites and insulignd0.2 uCi/ml D[**C(U)]glucose in 0.55 mM Bylucose
for 4 h then washed, lysed and measured by liquid scintillation counting and
corrected for total protein. Inrder to compare responses to the various treatments
and differentiation conditions the data were normalised to the DMSO controls for
the Normalcells and shown as mean + SEM (n/N = 12Hgrulic acid (FA)
derivativesi FA4S, DHFA4S and DHFAaIl at 2 uM(A); flavonol conjugate$
Q3S, Q3G and K3@&ll at 2 uM (B);resveratrol (Restonjugates R4G, R3S and
R3G all at 2 uM (C); berry phenolic sulfates (SulfICS, MCS, PS, MGS, VAS
and IVAS,all at 5 uM (D).Glc i glucose; Ins insulin. Letters above bya indicate

p < 0.05 between groups.
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3.4.2.2 Individual metabolites

Individual metabolites were tested on high Gl myotubes, where the greatest or most
promising effects were seen, and with or without insulin according to whether previous
effects were deemed inguidependent or not. The increases-i124C(U)]-DG uptake

were primarily due to sulfated conjugates. FA4S and DHBAIncreased uptake by
around 15%f < 0.05) (Fig. 3.11A) and R3S by 24% € 0.001) (Fig. 3.11C), but IVAS

was most effective, with andnease of 41%p( < 0.001). This was the only phenolic
sulfate in the berry profile to have an effect (Fig. 3.11D) and the effect was on top of an
insulin-stimulated increase. The only glucuronide conjugate to exert an effect was R4G,
with a 23% increasep(< 0.01). Despite having no significant effects ofl2*C(U)]-

DG uptake when in combination, the flavonols were tested individually because the
combined data looked as though there may be potential for one or two of the individual
compounds to increas@take, but this was not the case.

For the 4 h “C(U)]-Glc uptake the effects of the ferulaxid derived metabolite
profile were exclusive to the high @Ghyotubes(Fig. 3.10A) and the effects of the
resveratrol conjugates were most promising also osetleells (Fig. 3.10C), so these
individual metabolites were only tested on high Gl. Resveratrol conjugates were tested
with and without insulin because effects were seen for both when the conjugates were
combined (Fig. 3.10C). The insulblunting effect éthe flavonol profile was explored

for the individual compounds in normal and high GI myotubes because, although the
insulin-blunting was only significant in the high, again the data looked as though there
may have been differences between the two witlividual conjugates. Originally the
phenolic sulfates had shown no effect on 4-p3(U)]-Glc uptake, but following the
promising effects of IVAS alone on the[2-}*C(U)]-DG uptake, this was tested in

normal and high GI myotubes with and without insulin

DHFA-4S and R4G were responsible for decrea¥i@agiptake/retention in the cells after
4 h by 27% f§ < 0.001) and 11%p( < 0.05) respectively, and both independently of
insulin (Figs. 3.11E, G). Despite having no effects da-2C(U)]-DG transport (F.
3.11B), Q3G lowered thé*C after 4 h incubation with {“*C(U)]-Glc in normal
myotubes by 22%(< 0.01), and K3G did so in both normal and high GI, by 1p% (
0.01) and 25%p( < 0.05) respectively (Fig. 3.11F). With theg 2-1*C(U)]-DG uptake
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resultfor IVAS, it also lowered basal intracellufdC after 4 h by around 17% & 0.05)
in both normal and high Gl myotubes, and mildly inhibited the effect of insulin but only

in the normal myotubep € 0.08 insulinvsIVAS + insulin; NSvsControl) (Fig. 311H).

3.4.3 Establishing a mechanism of action for isovanillic acid-®-sulfate
3.4.3.1 IVAS dosedependently increases -2leoxy-D-glucose uptake

For its superior capacity to increas§12'*C(U)]-DG uptake in myotubes, notably in
high Gl (Fig. 3.9D), and synergisticalivith insulin (Fig. 3.11D), the effects of IVAS
were probed further to establish a mechanism of action. IVAS-diesendently
increased J1-1“C(U)]-DG uptake in the low micromolar range; with 2.5 uM the
transport was increased by 15% in nornpak(0.01)and by 29% in high Gl myotubes

(p < 0.001) (Figs. 3.12A, B). Uptake plateaued with higher concentrations, likely that
the cells were taking up-[2-1“C(U)]-DG at maximal rate; insulin had the same effect
(Figs. 3.4A, 4A, B). Whilst actual uptake was higirethe normal myotubes, the high

GI myotubes were more responsive to the IVAS than the nopwad(05 at 10 uM and

p <0.05 at 30 uM) (Fig. 3.12B), again in the same manner as with insulin (Fig. 4B) and
thus suggestive of a similar mechanism of ac®efi-1“C(U)]-DG uptake was increased
dosedependently synergistically when myotubes were treated with both insulin and
isovanillic acid sulfate (Fig. 31D). The increase in-pL-1*C(U)]-DG uptake was not
reliant on the sulfate group of the metabolitesaese isovanillic acid increased it to the
same extent in normal amigh GlmyotubeslfothNSvsIVA) (Fig. 3.12C).

3.4.3.2 IVAS Increases GLUT Expression and Activates Insulin Signalling

To test the insulinomimetic hypothesis, myotubes were incubated with iasagliivVAS

in the presence of wortmannin, PI3K inhibitor, and indinavir, GLUT4 inhibitor. Both
prevented insulinand IVASstimulated 2[1-*C(U)]-DG uptake (bottp < 0.001vs
insulin, bothp < 0.01vsIVAS), but neither had an effect on basal uptake (ig2D).
Furthermore, the acute effect (30 min incubation only) was tested and IVAS sitill
increased 41-1C(U)]-DG uptake, though to a lesser extent than with the chronic effect
(4.5 h total incubation) (19%s41%,p < 0.05) (Fig. 3.12E). This suggesteath acute

and chronic effects were in play and protein analyses revealed this to be true.
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The degree of differentiation was unaffected by the 4 h treatment with IVAS (Fig.
3.15A), but GLUT4 expression was increased in both normal and high Gl myotubes by
amean of 57%{ < 0.001) (Fig. 3.15B) and GLUT1 was increased by 23% in high Gl
(p < 0.05), to the same level as in the normal; in normal it was unchanged (Fig. 3.15C).
PI3K was upregulated in both myotube models, but more so in the high (38% in normal,
p < 0.05; 64% in high Glp < 0.001) (Fig. 3.15D). It is also worth noting that PI3K was
16% higher in the high GI control than in the nornpak(0.05) and 37% higher when
comparing the two with IVAS treatment € 0.01). Incubation with IVAS for 15 min
increased Akt phosphorylation by 54%< 0.05) in normal and high GI myotubes (Fig.
3.15E). As expected, Akt was phosphorylated with insulin and inhibited by wortmannin,

and was synergistically activated more so with both insulin and IVAS (Fig. 3.15E).
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