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Abstract

Background: In the past 60 years, the median age of the entire world population has increased and
ageing and chronic diseases are now the main medical concerns in the developed world. The
identification of early signs of disease pathogenesis is vital for prevention and targeting populations
at risk in order to reduce morbidity and mortality. Glycation is well-established as an index of
control, or otherwise, and a predictor of end-organ damage, for people with type 2 diabetes. At the
beginning of the work for this thesis (2010), evidence was beginning to be raised to suggest that
since glycation levels vary considerably, in normoglycaemic, non-diabetic individuals, glycation
cannot be solely related to glucose levels and early reports allowed for speculations about a
relationship between early glycation and oxidative stress. The aim of this thesis was to establish the
relationship between early glycation and oxidative stress in normoglycaemia using techniques from

the full breadth of Human Nutrition Research.

Methods: In study 1, existing epidemiological data were used to identify relationships between
proxies for redox status and early glycation in non-diabetic individuals. One-way ANOVA, Chi-
squared and multivariate linear regressions, adjusted for all known confounders were used to
explore associations of HbAlc with self-reported smoking status and fruit & vegetables
consumptions in the Scottish Health Surveys 2003-2010, among individuals without known diabetes

and HbA1c<6.5%.

In studies 2 and 3, the associations from epidemiology were explored in mechanistic laboratory
studies with high physiological relevance (using physiological concentrations and conditions) to
better characterise the effect of oxidative stress and antioxidants on early glycation. In study 2,
bovine serum albumin (BSA), reduced BSA (mercaptalbumin) (both 40g/L), and human plasma were
incubated with glucose concentrations 0-30 mM for 4 weeks at 37°C. All were tested pre-oxidized for
8 hours prior to glycation with 10nM H,0, or continuously exposed to 10nM H,0, throughout the
incubation period. Fructosamine was measured (nitroblue tetrazolium method) at two and four
weeks. In study 3, Bovine Serum Albumin (BSA) was pre-treated prior to in vitro glycation: either no
treatment (native), pre-oxidised (incubated with 10nM H,0, for 8 hours) or incubated with a
mixture of phenolic acids at physiologically relevant concentrations, for 8 hours). In-vitro glycation
was carried out in presence of i) glucose only (0, 5 or 10mM), ii) glucose (0, 5 or 10mM) plus H,0,
(10nM), or iii) glucose (0, 5 or 10mM) plus phenolic acids (10-160nM). Fructosamine was again

measured using the nitroblue tetrazolium method. Prior to the experimental study we carried out a



systematic literature review of dietary interventions reporting plasma concentrations polyphenol

metabolites, to inform the design of a physiologically relevant in-vitro study.

In study 4, clinical trial data and biological samples were analysed from a randomised controlled
dietary advice trial in obese pregnant women, a group at risk from higher glycation and oxidative
stress. Samples and data from the UPBEAT study trial (n=117) were analysed. Plasma fructosamine,
plasma sRAGE, urinary Ferric Reducing Ability of Plasma (FRAP), urinary Total Phenol (TP) and urinary
Advanced Oxidised Protein Products (AOPPs) were measured at 16-18" and 27-28"° weeks gestation.
Dietary recalls were used to calculate fruit and vegetable and polyphenol intake at the same
timepoints. Data were analysed to identify associations between dietary variables and biochemical
markers, as well as their relationships with diagnosis of complications. Associations between

maternal variables and neonatal anthropometry were also investigated.

Results: In study 1, HbAlc was higher in smokers by 0.25 SDs (0.08%), and 0.38 SDs higher (0.14%) in
heavy smokers (>20cigarettes/day) than non-smokers (p<0.001 both). Smokers were twice as likely
to have HbAlc in the ‘pre-diabetic’ range (5.7-6.4%) (p<0.001, adj.model). Pre-diabetes and low
grade inflammation did not affect the associations. For every extra 80g vegetable portion consumed,
HbA1c was 0.03 SDs (0.01%) lower (p=0.02), but fruit consumption did not impact on HbA1c, within

the low range of consumptions in this population.

In study 2, oxidized BSA (both pre-oxidised and continuously exposed to H,0,) was more readily
glycated than native BSA at all glucose concentrations (p=0.03). Moreover, only oxidized BSA was
glycated at physiological glucose concentration (5mM) compared to glucose-free control (glycation
increased by 35% compared to native albumin p<0.05). Both 5mM and 10mM glucose led to higher
glycation when mercaptalbumin was oxidised than un-oxidised (p<0.05). Fructosamine
concentration in human plasma was also significantly higher when oxidized and exposed to 5mM
glucose, compared to non-oxidised plasma (p=0.03). The interaction between glucose concentration

and oxidation was found to be significant in all protein models (p<0.05).

In study 3, the presence of six phenolic acids with BSA during in-vitro glycation did not lower
fructosamine formation. However, when BSA was pre-incubated with phenolic acids, significantly
lower concentration of fructosamine was detected under glycoxidative conditions (glucose 5 or

10mM plus H,0, 10nM) (p<0.001 vs. native BSA).

In study 4, women in the lowest quartile of total polyphenol intake had 8% greater fructosamine
levels compared to those in the top quartile. Total polyphenol intake was negatively correlated with

SRAGE levels. Diagnosis of severe preeclampsia was associated with elevated AOPPs. Maternal



polyphenol intake was positively correlated with birth weight, while maternal glycoxidation showed

the opposite relationship.

Conclusions:

Study 1 added evidence to relate smoking (an oxidative stress proxy) to protein glycation in
normoglycaemic subjects. This association has implications for individuals exposed to ROS and for

epidemiological interpretation of HbAlc and its clinical usefulness.

Study 2 offered a mechanistic background to the previously shown epidemiological association. This
study demonstrated for the first time albumin glycation in-vitro, using physiological concentrations
of albumin, glucose and hydrogen peroxide. These results identified low-grade oxidative stress as a
key element early in the glycation process, especially in glucose concentrations relative to
normoglycaemia. Furthering those findings, study 3 showed that protein-phenolic acid interactions
are important regulators of protein glycation. Together those studies highlighted that protein pre-
treatment, either with oxidants or phenolic acids, is an important regulator of subsequent glycation
in a physiologically relevant system. An important outcome of those studies is that high quality in-
vitro studies under conditions closer to physiology are feasible and should be employed more

frequently.

Finally, study 4 demonstrated an association between polyphenol intake and glycation during
pregnancy, with an impact on neonatal outcome measures. Maternal glycoxidation is a promising
marker of pre-eclampsia and neonatal anthropometry and could be modulated by maternal lifestyle

and dietary habits.

Overall, the results of this thesis implicate that drivers of redox status have the capacity to modulate
protein glycation in normoglycaemia. These results challenge the assumption that glycation levels
are solely dependent on circulating glucose levels and suggest a useful application of glycation

outside the field of diabetes.
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Chapter 1: Introduction

This chapter is presented as published in the Proceedings of the Nutrition Society
Winner of Postgraduate Competition,

Nutrition Society Summer Meeting 2013, University of Newcastle



1.1 General Introduction

In the modern world non-communicable diseases (NCD) are the greatest public health concern. In
2008, 63% of global deaths, 36 million deaths in numbers, were caused by one of the four major
NCDs; diabetes, cardiovascular disease, cancer and chronic respiratory diseases (WHO, 2011).
Even though at the moment in most places in the world, NCD mortality is higher than that of
maternal, neonatal, perinatal, communicable and nutritional condition mortality combined, it is
far from reaching a plateau. It is estimated that by 2020, NCD deaths will have increased globally
by 15%, with low-to-middle income countries seeing the greatest increase (over 20%) and the

European region remaining generally unaffected (WHO, 2010).

The burden of NCD deaths is disproportionately affecting different parts of the world. The
majority (80%) of NCD deaths caused by diabetes or cardiovascular disease occur in low-to-middle
income countries, while at the same time 29% of total NCD deaths in those countries are likely to
happen before the age of 60 (WHO, 2011). In developed countries, on the other hand, more and
more people are living daily with NCD risk factors, as the population group of over 60 is the
fastest growing population group in the developed world and early NCD deaths are only 13% of

the total (WHO, 2014).

NCDs have been causally linked to four major risk factors: alcohol overuse, tobacco smoking,
unhealthy diet and inactivity. These behaviours lead to four common (metabolic) conditions: high
blood pressure, overweight/obesity, hyperglycaemia and raised cholesterol, all identified as
common underlying causes of NCDs. Raised blood pressure has been attributed 13% of global
deaths, while tobacco smoke and overweight/obesity are responsible for 9% and 5% of global
deaths, respectively. As far as unhealthy diet is concerned 1.7 million deaths worldwide (~3%) are
attributable to low fruit and vegetable consumption (WHO, 2011). Data from the European
Investigation in Cancer and Nutrition (EPIC) showed that consuming =5 portions of fruit and
vegetable per day was associated with a nearly 10% lower risk of diabetes (Cooper et al., 2012).
Similarly an investigation into three of the largest US prospective studies the Nurse’s Health
Study, Nurse’s Health Study Il and the Health Professional’s Follow-up study showed that every 3-
portion increment in the consumption of blueberries, grapes and apples was associated with 26%,
12% and 7% lower diabetes hazard ratio respectively (Muraki et al., 2013). Other prospective
studies have also shown apples to be associated with a 28% reduction in the risk of diabetes from
consumptions as little as 1-apple a day (Song et al., 2005). More interestingly a recent report
calculated, using existing data, that consuming one apple daily is associated with lower vascular

mortality of those aged over 50 years, with a net gain of 8500 lives annually (Briggs et al., 2013).



Interventions aiming to reduce the prevalence of NCD risk factors and the development of
screening to identify people at risk of NCDs early in the lifecourse have been proposed by the

WHO as cost-effective solutions to a growing public concern (WHO, 2011).

Inflammation is a common trait for all the NCD risk factors. Large scale cross-sectional
investigations, like the MONICA (Multinational MONItoring of trends and determinants
in CArdiovascular disease) Survey have showed a significant positive correlation between smoking
and inflammation markers like C-Reactive Protein (CRP), white blood cell count and fibrinogen in
men (Frohlich et al., 2003). Increased levels of CRP, smoking and features of metabolic syndrome
have all been independently associated with increased risk of hypertension (Niskanen et al., 2004)
and having IL-6 in the highest tertile was associated with a 60% increase in the risk of developing
diabetes as a non-smoker compared to those in the lowest tertile (Duncan et al., 2003). Similarly
obesity and especially central adiposity, both NCDs risk factors, have been strongly associated
with CRP levels (Festa et al., 2001, Forouhi et al.,, 2001, Yudkin et al., 1999). Visceral and
subcutaneous adipose tissue as measured with tomography were also significantly associated
with CRP and IL-6 levels in the Framingham study, which indicated a positive correlation with
oxidative stress as well (Pou et al., 2007). Other groups have also found a positive correlation
between oxidative stress levels and NCDs risk factors like smoking, obesity and low fruit and
vegetable intake, showcasing its importance as another potential common trait in NCDs
pathogenesis (Isik et al., 2007, Marangon et al., 1998, Keaney et al., 2003, Holt et al., 2009, Block
et al., 2002, Mayne, 2003, Sies et al., 2005).

Oxidative stress has been identified as a unifying mechanism leading to disease pathogenesis. In
the healthy state, Reactive Oxygen Species (ROS) are formed constantly through cell respiration,
immune mechanisms and metabolic pathways, but their levels are tightly control by endogenous
antioxidant systems, like glutathione peroxidase (Rizzo et al., 2010). In the process, though, of
disease pathogenesis there is increased production of ROS which overwhelms the endogenous
antioxidant systems (Juranek and Bezek, 2005). The imbalance between antioxidant defences and
ROS production is called oxidative stress. Inflammation, obesity, tissue hypoxia and lifestyle
parameters like smoking and low physical activity have all been associated with higher oxidative
stress (Hulsmans and Holvoet, 2010, Bondia-Pons et al.,, 2012, Peng et al., 2003, Lavie, 2009,
Wood et al., 2009). At the stage where endogenous antioxidant systems are overwhelmed dietary
intake of antioxidant compounds, like vitamins, minerals and (poly)phenols may be of importance
in maintaining a better regulated redox status (Pham-Huy et al.,, 2008, Rodrigo et al., 2011,
Serafini and Del Rio, 2004, Sies et al., 2005).

As most NCDs are diseases related with the ageing process, glycation and the Maillard reactions

have attracted a fair amount of attention as a pathogenic mechanism of NCDs (Lyons, 1993,
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Geroldi et al., 2005, Zieman et al., 2007). Glycation is a process central to ageing and strongly
related with oxidative stress and inflammation (Wolff et al.,, 1991, Ramasamy et al., 2005).
Biopsies from liver, fat and muscle tissues have shown accumulation of glycation products in
obesity and during weight gain (Gaens et al., 2012, de la Maza et al., 2008). Also experimental
data on adipocytes, suggest that glycation products are deposed intra-cellularly as part of the
adipogenesis process and this deposition is associated with increased oxidative stress and
inflammation (Gaens et al., 2013, Chen et al., 2012). Early reports also suggest that smoking is
associated with higher levels of glycation and that diet may also be playing a role in the levels of
circulating glycation products (Nicholl and Bucala, 1998, Harding et al., 2004, Sebekova et al.,
2001). Western type diets, high in fried and processed foods, are a good source of Advanced
Glycation Endproducts (AGEs) produced during heat-treatment of food items (Uribarri et al.,
2010, Goldberg et al., 2004). These dietary/exogenous AGEs contribute towards the circulating
AGEs pool and have been shown to increase systemic inflammation and oxidative stress (Uribarri
et al., 2005, Sebekova and Somoza, 2007), but there insufficient evidence so far to support any

health benefit following a low-AGE diet (Kellow and Savige, 2013).

1.2 The glycation reaction - historical background

Glycation, also called non-enzymatic browning or the Maillard reactions, has attracted scientific
interest for nearly a century. Initiated by the non-enzymatic condensation of a reducing sugar
(like glucose) with a protein, glycation is one of the most important forms of protein damage,
relevant to both medicine and food science. Not be confused with enzymatic glycosylation, a
tightly regulated process that attaches carbohydrates to specific sites on the protein molecule
(Darnell et al., 2000, Moharir et al., 2013, Spiro, 2002), glycation is a form of protein damage
reducing functionality (Hunter et al., 2003) while glycosylation is an essential post-translational
modification required for the molecule to function (Darnell et al., 2000, Moharir et al., 2013,

Spiro, 2002).

Named after the pioneer in the field, the Maillard reactions were described in 1912 (Maillard,
1912). The exact chemical transformations taking place as part of the Maillard reactions are
complex and, despite years of research, still poorly understood. The early work of Louis Camille
Maillard described the theoretical background for the reactions, which attracted interest from
food scientists, as relevant to aroma and flavour development during cooking, as well as a cause
of protein loss during storage and cooking. The reactions were not properly described until John
E. Hodge proposed a mechanism of action in three stages: 1) the carbonyl group of a sugar reacts

with the amino group of a protein/amino acid to produce an unstable Schiff base, 2) the Schiff



base undergoes Amadori rearrangements to produce the first stable product, a ketoamine
(Amadori, 1931, Hodge, 1955) and 3) the ketoamine, undergoes further rearrangements,
polymerization and condensations leading to the production of a broad range of compounds ,
collectively termed AGEs (Hodge, 1953). In the same step, AGEs undergo further degradation,
polymerisation and oxidation to produce high molecular weight polymers called melanoidins,
which are still poorly characterised and understood (Ledl and Schleicher, 1990, Wang et al., 2011)
(Figure 1.1).

The concept of in-vivo protein glycation was later discovered in 1977, when HbAlc, a fraction of
haemoglobin shown to migrate slower during electrophoresis, was identified as a ketoamine,
specifically a fructosamine (Koenig et al., 1977). Upon its discovery, HbAlc was proposed as a
useful biomarker for diabetes monitoring (Koenig et al., 1976a, Koenig et al., 1976b), and
endogenously produced AGEs attracted further scientific attention, beyond food chemistry, from
fields including medical biochemistry and pathology. At this point it is important to highlight that
there are two sources of AGEs: the endogenously produced AGEs, a product of the reaction
between proteins and sugars in the circulation, and exogenous AGEs, produced during cooking

and absorbed in the small intestine (~10% bioavailability).



Figure 1.1. Brief overview of the Maillard reactions
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The figure describes the main pathways of glycoxidative AGEs production. In pathway 1, a sugar
reacts with the amino group of a protein to form a Schiff base, which will then undergo Amadori
rearrangement to produce the first stable product, a ketoamine (in the case of glucose being the
reducing, a fructoseamine). This represents stages 1 and 2 in the model proposed by Hodge
(1953). In pathway 2, the ketoamine undergoes oxidative fragmentation and forms the two main
AGEs, carboxymethyllysine and Pentosidine. Then the AGEs enter another final step of reactions
to produce a class of poorly understood compounds, melanoidins. Pathway 2 and the melanoidin
production step represent the third stage of the Maillard reactions according to Hodge. Pathway
3, depicts the glucose autoxidation or Wolff pathway(Wolff and Dean, 1987). In that, glucose is
autoxidised in the presence of free radical to produce a-oxoaldehydes. These a-oxoaldehydes can
then react further with proteins to produce AGEs. a-oxoaldehydes can also be produced from

ketoamine degradation and lipid peroxidation (not shown in the figure).



1.3 The importance of glycation for health

1.3.1 Glycation and the AGE-RAGE axis

The study of the role played by glycation in disease pathogenesis originally relied on measuring
fructosamine levels in biological fluids combined with the characterisation of endogenous AGEs in
the circulation and tissues (Schmidt et al., 1994, Sell and Monnier, 1989a). The discovery that
AGEs can bind on cellular receptors and alter intracellular events was a breakthrough (Schmidt et
al., 1992), linking glycation to signalling. These receptors include AGE-R1, AGE-R2, AGE-R3, MSRII,
CD36, LOX-1 and the Receptor for AGEs (RAGE), the most characterised receptor (Vlassara et al.,
1995, Maillard-Lefebvre et al., 2009). RAGE is a multi-ligand cell-surface immunoglobulin, with the
ability to initiate injury-like intracellular events, mainly expression of genes related with
inflammation and oxidative stress (Schmidt et al., 1995, Hofmann et al., 1999, Kislinger et al.,
1999). Together, accumulation of AGEs in tissues and their interaction with cell surface receptors

are the main mechanisms that explain glycation-related pathophysiology to date.

These discoveries were accompanied by the study of systems in place to reduce glycation-related
damage, further contributing to the understanding of pathophysiological mechanisms. One such
system is the glyoxalase system that neutralises a-oxoaldehydes, oxidatively produced AGEs
precursors, and inhibits oxidative stress related glycation (Thornalley, 2003b). Similarly,
fructosamine-3-kinase, which removes ketoamine moieties from proteins, is able to reverse the
second stage of the Maillard reactions (Delpierre et al., 2000). Finally, SRAGE, the soluble form of
RAGE, can bind on AGEs and may act as a decoy, preventing AGEs from interacting with RAGE
(Raucci et al., 2008, Lindsey et al., 2009, Koyama et al., 2007, Maillard-Lefebvre et al., 2009, Selvin
et al., 2013).

Accumulation of AGEs in tissues and AGE-RAGE interactions are the two main pathways of
glycation involvement in disease pathogenesis. These two pathways are often acting
simultaneously and their individual effects are hard to distinguish; hence they are commonly
presented in the same context when discussing glycation related pathophysiology (Takeuchi and
Yamagishi, 2008, Munch et al., 2012, Brownlee et al., 1988, Zhang et al., 2009, Stitt, 2001, Creager
et al., 2003).

In hyperglycaemia (post-prandially or in non-controlled diabetes) and to a lesser extent in
normoglycaemia, both circulatory proteins and proteins of the endothelium are exposed to
(excess) glucose, leading to the slow formation of AGEs (Monami et al., 2006, Landgraf, 2004,

Ahmed et al., 2005, Beisswenger et al., 2001). Long-lived proteins, such as collagen and elastin,
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are the molecules most affected by glycation. In the presence of glucose, glycation adducts are
created on the collagen molecule, as a function of glucose levels. Those adducts promote
excessive cross-linking among collagen molecules, inhibiting the formation of an ordered and
functional polymeric complex. These changes lead to the formation of a thick vascular wall with i)
reduced elasticity (or increased intermolecular pore size of the basement membrane in kidneys)
and ii) a high affinity of collagen for other circulating proteins like IgG, albumin and lipoproteins
like Low Density Lipoprotein (LDL) (Brownlee et al., 1988, Lepape et al., 1981, Sensi et al., 1986,
Vlassara, 1996, Sell and Monnier, 1989b, Monnier, 1989, Bobbink et al., 1997, Kent et al., 1985,
Tanaka et al., 1988, Sensi et al., 1989). The immobilisation of proteins onto the vascular wall
creates a vicious cycle where these proteins are becoming more susceptible to glycation (reduced
removal by enzymes-increased half-life) and to further crosslinking. Once glycated, these proteins
act as chemo-attractors for macrophages and monocytes, promoting inflammation and ‘foam’ cell
formation in the endothelium (Klein et al., 1995, lwashima et al., 2000, Basta et al., 2004).
Glycated molecules like LDL and insulin also display lower affinity to their receptor, with a
reduced ability to initiate receptor mediated events, like glucose uptake (Abdel-Wahab et al.,

1997, Monnier, 1989, Berrou et al., 2009, Duran-Jimenez et al., 2009).

RAGE mediated events are also central to the role of glycation in pathophysiology. Upon
activation of RAGE, intracellular ROS levels are increased through the NAD(P)H oxidase. This in
turns leads to the activation of the Ras-MAP kinase pathway, ultimately upregulating NFkB and
the production of inflammatory molecules (including TNF-a, VCAM-1, I-CAM1 and IL-1B). The
upregulation of NFkB also initiates a positive feedback loop that sensitises the cell (and hence the

tissue) to AGEs by promoting RAGE production (Basta et al., 2004).

1.3.2 Glycation and health throughout the lifecycle

Glycation is relevant to all stages in the lifecycle, including conception and early gestation. The
reproductive tract is a known target of AGEs accumulation both in men (Mallidis et al., 2009) and
women (Diamanti-Kandarakis et al., 2007). AGEs accumulation is followed by changes in the
distribution of RAGE in reproductive tissues (Mallidis et al., 2007), and sRAGE in seminal/follicular
fluid (Karimi et al., 2012, Bonetti et al., 2013), which may lead to lower sperm quality (Karimi et
al.,, 2012), lower likelihood of success following assisted reproduction (Malickova et al., 2010,
Jinno et al., 2011) and reduced embryonal quality and development (Jinno et al., 2011, Bonetti et
al., 2013, Hao et al., 2008). During the course of pregnancy, activation of the AGE-RAGE axis may
be involved in the pathogenesis of preeclampsia (Oliver et al., 2011, Naruse et al., 2012, Cooke et

al., 2003).



So far evidence on the involvement of AGEs and/or RAGE in fetal development are limited and
based on animal studies. For example a study on transgenic mice showed that overexpression of
RAGE was associated with impairements of alveolar morphogenesis. The degree of RAGE
overexpression was related to the magnitude of the abnormality with homozygous mice having
histological changes similar to human bronchopulmonary dysplasia. The study also found that this
early life changes could lead to increased risk of ‘destructive’ emphysema (Fineschi et al., 2013).
In humans the leading hypothesis is linking glucose/fructose related damage during diabetic
pregnancies with diabetic embryopathy. In this hypothesis, glycation of proteins, lipids and DNA
of the developing offspring could be one potential mechanism linking the high prevalence of
malformations in babies of diabetic mothers to the high maternal blood glucose levels (Chugh et

al., 2003, Vlassara and Palace, 2002).

While the role of glycation in human fetal development still needs to be documented, the child is
exposed to external sources of AGEs early in life. Dietary AGEs have the potential to act as
allergens or increase the immune response to known allergens. In particular, the glycated form of
casein, peanut proteins and ovalbumin have been shown to increase the immunological and
inflammatory responses involved in allergies (llchmann et al., 2010, Deo et al., 2009, Mueller et
al.,, 2013). Glycation is a feature of juvenile idiopathic arthritis (JIA), a disease occurring in
adolescence. Increased glycation, AGE accumulation through the lifecycle, and its relationship
with arthritis and the disease activity, may be potentiated by early activation of RAGE in younger

patients suffering from JIA (Myles et al., 2011).

Glycation has been proposed as a mechanism of ageing (Gul et al., 2009, Gkogkolou and Bohm,
2012). Evidence from animal models suggest that a diet low in AGEs (50% reduction in AGEs
intake) was associated with amelioration of insulin resistance, lower AGEs accumulation (both
indications of the ageing process) and ultimately increased lifespan compared to the controls (Cai
et al., 2007). Similarly, mice on caloric restriction, a popular model of lifespan expansion in animal
models, have lower levels of collagen cross-linking and lower levels of lens cataract, suggesting
lower AGEs accumulation in the vitreous and the extracellular matrix (Taylor et al., 1995, Reiser,
1994) as well as in the brain (Mouton et al., 2009). In fact, mice fed high AGEs diets while on
caloric restriction did not show any increase in their lifespan and the authors of the report
suggested that lower AGEs intake may be one of the mechanisms behind the caloric restriction
model (Cai et al., 2008, Cai et al., 2007). These findings seem to be universal among species and
have been replicate in non-human primates, highlighting the central role of glycation in the ageing

process at least in mammals (Sell et al., 2003).

Within the concept that ageing and apoptosis are timed by ‘a master biological clock’, AGEs

accumulation has been proposed as the mechanism that sensitises this ‘clock’ and programmes
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ageing and cellular death (Severin et al., 2013). On a cellular level, longevity is associated with
decreased oxidative stress, more effective signal transaction, improved insulin sensitisation and
decreased level of mutations (Sinclair, 2005). AGEs through their receptor RAGE, have the
capacity to regulate NFkB activation (Nedic et al., 2013). Upregulation of NFkB has a pro-oxidant
effect as it increases ROS production. It also increases the production of TNF-a, IL-6, IL-1B and
there is evidence to suggest that this pathway is responsible for vascular ageing (Wautier and
Schmidt, 2004, Sousa et al., 2000, Schmidt et al., 2001). DNA glycation has been shown to take
place intracellularly and leads to increased number of mutations (Baynes, 2002). Finally, the
glycation of intracellular proteins, like insulin, has the capacity to substantially reduce signal
transaction and in this case also reduce insulin sensitivity (Abdel-Wahab et al., 1997, O'Harte et
al., 1996, Oliveira et al., 2011, Hunter et al., 2003). An interesting observation linking the effect of
AGEs in ageing and as early in life as in conception comes from a study showing the active
involvement of AGEs accumulation in ovarian ageing and ovarian function in human subjects

(Stensen et al., 2014).

1.3.3 HbA1c and risk of chronic diseases

Even though the exact mechanisms of disease pathogenesis remain elusive, extensive evidence is
available to associate glycation with disease risk. Glycation has a particular relevance for age-
related diseases, including Alzheimer’s disease (Smith et al., 1995, Srikanth et al., 2011), skin
ageing (Gkogkolou and Bohm, 2012) and cataract (Gul et al., 2009). These conditions are
characterised by increased, possibly lifelong, deposition of AGEs in the affected tissue (Vitek et al.,
1994, Bailey et al., 1993, Nicholl et al., 1998). The AGEs are mainly produced locally and often
increased concentrations in tissue are not reflected in increased plasma levels, like in the case of
Alzheimer’s disease (Thome et al., 1996). Similar deposition of AGEs in the cartilage and/or
increased circulating levels of AGEs is also found in rheumatoid arthritis and osteoarthritis
(DeGroot, 2004, Matsumoto et al., 2007, Vos et al., 2010); collagen glycation has been proposed
to be a contributor to stiffening of the micro and macro-vasculature, with implications for chronic
kidney disease (Nakamura et al., 2009) and loss of kidney function in both diabetic and non-

diabetic nephropathy (Tanji et al., 2000).

As in-vivo glycation is believed to be mainly driven by plasma glucose concentrations, the most
established relationship is between glycation and diabetes. HbAlc is the gold standard method
for diabetes diagnosis and monitoring (American Diabetes et al., 2007). According to the
American Diabetes Association, individuals with HbA1lc levels between 5.7-6.5 % are considered at
high risk of developing diabetes. Those with HbA1c>6.5% are classified as having diabetes

(American Diabetes, 2011). Among patients with diabetes, higher HbAlc levels are associated
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with increased risk of retinopathy (Porta et al., 2001, Klein et al., 1994, Klein et al., 1998, 1995,
McCarter et al.,, 2004), neuropathy (El-Salem et al., 2007) and nephropathy (McCarter et al.,
2004). These associations led to an expert position statement describing the benefits of glycaemic
control, measured as HbAlc levels, in reducing the risk for micro and macrovascular diabetic
complications (Skyler et al., 2009). Similar results were reported by the UKPDS documented a 21%
reduction in the risk of any diabetes related endpoint for every 1% reduction in mean HbAlc
(Stratton et al.,, 2000). Even though HbAlc levels are traditionally associated with disease
pathogenesis in diabetes, glycation has recently attracted attention as a risk factor for

normoglycaemic individuals.

For the purpose of this thesis, we conducted a systematic literature search to identify studies
documenting the association between glycation and the risk of non-communicable chronic
diseases in normoglycaemic subjects. We identified 15 reports from 8 studies (European
Prospective Investigation into Cancer and Nutrition-EPIC (Khaw et al., 2004a, Khaw et al., 2004b),
Atherosclerosis Risk in Communities study-ARIC (Selvin et al., 2010, Selvin et al., 2005, Matsushita
et al., 2010, Selvin et al., 2014), Australian Diabetes, Obesity and Lifestlyle study-AusDiab (Barr et
al., 2009), the Hoorn Study (de Vegt et al., 1999, van't Riet et al., 2012), Framingham Offspring
(Meigs et al., 2002), Rancho Bernardo (Park et al., 1996), Women’s Health Study-WHS (Pradhan et
al., 2007, Lin et al., 2006, Blake et al., 2004) and National Survey of Cardiovascular Disorders 1990-
NIPPON DATA90 (Sakurai et al., 2013)) analysing data from a total of over 63,000 participants,
followed-up for 4-15 years. The outcomes of interest were diabetes risk, cardiovascular disease
(CVD), ischemic heart disease, stroke, coronary heart disease (CHD) and all-cause and CVD
mortality. Two reports focused on the association between glycation and cancer risk, especially

colorectal (Khaw et al., 2004b) and breast cancer (Lin et al., 2006).

Data from the ARIC and EPIC studies suggested a positive association between HbAlc levels and
CVD. Higher HbA1c levels (by 1%) were associated with a nearly 40% higher risk of heart failure
(Matsushita et al., 2010). Similarly there was almost a 23% higher risk for stroke between
individuals in the highest HbAlc tertile compared to those in the lowest tertile in non-diabetic
subjects (Selvin et al., 2005, Selvin et al., 2010). In the total population of the ARIC study, each 1%
increase in HbAlc was associated with a 55% higher risk of stroke (Selvin et al., 2010). Although
increased HbA1c is quite consistently shown to be related with higher risk for all-cause mortality
the relationship is not necessarily linear as proposed by the analysis of the EPIC-Norfolk data
(Khaw et al., 2004a). An analysis of the ARIC study data showed that having HbA1lc levels lower
than 5% may also be related to increased all-cause mortality suggesting a J-shaped relationship
(Selvin et al., 2010). Overall the EPIC, ARIC and AusDiab studies suggested a 18-26% higher all-

cause mortality among for every 1% higher HbAlc levels (Barr et al., 2009, Khaw et al., 2004a,
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Selvin et al., 2010) while HbAlc levels higher by 1% were associated with 32-50% higher risk CVD
death in the AusDiab and NIPPON90 investigations (Barr et al., 2009, Sakurai et al., 2013). On the
contrary, the Hoorn study in elderly individuals did not show any association between HbAlc and
all-cause mortality or CVD mortality, but reported a positive association between HbAlc and non-
fatal CVD risk (de Vegt et al., 1999, van't Riet et al., 2012). Both reports and the results from WHS
suggested that HbA1c is associated with increased risk of CVD/all-cause mortality in non-diabetic
women and older participants, but this association is largely explained by the correlation between
HbA1lc and traditional CVD risk factors (Blake et al., 2004, de Vegt et al., 1999, Pradhan et al.,
2007, van't Riet et al., 2012). Selvin et al (Selvin et al., 2010) found that the increase in CHD and
all-cause mortality associated with higher HbAlc levels was not related to fasting glucose levels

(Selvin et al., 2010).

As far as cancer incidence is concerned the results are still inconclusive. Data from the EPIC cohort
suggest a 33% higher incidence of colorectal cancer per every 1% higher HbAlc (Khaw et al.,,
2004b), but an analysis of the WHS data did not find any association between HbAlc and breast
cancer risk (Lin et al., 2006). As the two cancer types differ significantly in aetiology, colorectal
cancer has a strong dietary link (Edwards et al., 2010) while breast cancer is mainly of genetic
aetiology (McPherson et al., 2000); more research is needed before any conclusion is reached. It is
important at this stage to highlight that the epidemiological associations between HbAlc levels
and morbidity/mortality in both diabetics and non-diabetics may be pointing towards a direct
mechanism of action, but it could also be the case that HbAlc serves a proxy marker for poorer

general health.

1.4 Oxidative stress and glycation

As observed by Selvin et al (2010), fasting glucose may fail to explain the positive relationship
between HbAlc and CVD and/or mortality. Correction for classical risk factors (including smoking,
dyslipidaemia, inflammation) explain the relationship better (van't Riet et al., 2012, de Vegt et al.,
1999, Pradhan et al., 2007, Blake et al., 2004), suggesting that a shared mechanism may drive the

increase in HbA1lc levels.

In the glycation pathway, oxidative stress can increase glycation in two ways, by promoting
glucose autoxidation or by fructosamine oxidation leading to increased AGEs production (mainly
CML). The first mechanism, the Wolff pathway, suggests that in the presence of oxidative stress,
especially transition metal ions, glucose can get ‘autoxidised’ and produce a-oxoaldehydes (like

methylglyoxal). The oxoaldehyde can react with the protein and contribute to AGEs formation;
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the hydroxyl radicals can induce further oxidative damage to both the protein and the sugar
molecule (Wolff et al., 1991, Harding and Beswick, 1988, Wolff and Dean, 1987, Thornalley et al.,
1984, Hunt and Wolff, 1991). The second pathway is not completely independent from the first,
as in this, the Amadori product (fructosamine) reacts with oxidative agents, like hydroxyl radicals,
and undergoes modifications that lead to the formation of carboxymethyllysine (CML), one of the
main AGEs (Ahmed et al.,, 1986, Booth et al.,, 1997, Thorpe and Baynes, 2003). The hydroxyl
radicals can be produced either by transition metal-catalysed oxidation or by glucose autoxidation
(Hunt and Wolff, 1991). This close interaction between glycation and oxidation leads to the
development of the term glycoxidation, which describes the fact that AGEs are produced mostly

from the interaction of these two processes (Baynes, 1991) (Figure 1.1).

Although indications and potential mechanisms are in place to suggest an active involvement of
oxidative stress in protein glycation in normoglycaemia and hence the increase in the risk of

chronic diseases, so far little evidence is available to support such a hypothesis.

1.5 Antiglycative capacity of antioxidants and polyphenols

In the search for compounds that can inhibit or slow the glycation reaction, antioxidants have
attracted attention. The first AGE blocker identified is aminoguanidine (Brownlee et al., 1986); a
dicarbonyl scavenging agent that reduces AGE production by removing the oxidatively produced
precursors, like a-oxoaldehydes (Ahmed and Thornalley, 2002, Thornalley, 2003c).
Aminoguanidine, like other glycation inhibiting compounds aspirin and ibuprofen, has the capacity
to scavenge free radicals and improve redox status, which may contribute to their antiglycative

capacity (Urios et al., 2007, Menzel and Reihsner, 1996, Thornalley, 2003c).

Lifestyle and diet can have a significant impact on glycation levels in normoglycaemia. Higher
intake of vitamins C and E, and higher vegetable intake, have all been associated with lower levels
of HbAlc in normoglycaemic subjects (Bates et al., 2004, Samaha et al., 2003, Sargeant et al.,
2000, Vlassopoulos et al., 2013a, Boeing et al., 2000). Similarly polyphenol supplementation may
lead to a reduction in HbAlc levels but the evidence is still inconclusive. Conversely, higher
saturated fat intake and smoking have been related with higher HbAlc levels (Harding et al.,
2001, Vlassopoulos et al., 2013a, Clair et al., 2011), while intakes of carbohydrates, protein, fibre

and lower physical have no effect on glycation levels (Boeing et al., 2000, Sahyoun et al., 2005).

The antiglycative capacity of antioxidant vitamins and polyphenols has also been investigated,

with in-vitro studies showing some polyphenols and phenolic acids to be even more effective than
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aminoguanidine in inhibiting glycation (Wu et al., 2009, Choi et al., 2008, Kiho et al., 2004). Herb
extracts and commonly consumed herbal preparations have been shown to inhibit glycation of
albumin in experimental settings. Red wine, green tea, maté tea (llex paraguariensis) (Gugliucci et
al.,, 2009, Bixby et al., 2005), cinnamon, garlic(Ahmad et al.,, 2007) and other herbs used to
prepare hot drinks or added during cooking are rich in a variety of micronutrients with anti-
glycative effects (Xi et al., 2008, Stote and Baer, 2008). A recent review of the literature by Xie et
al. (2013) analysed results from 19 in-vitro trials and 11 animal studies and concluded that
antiglycative capacity of polyphenols is linked to ring hydroxylation patterns. In this context,
molecules with hydroxyl groups in the A and B rings (i.e. apigenin < luteolin, fisetin < quercetin,
daidzein < genistein) those with multiple hydroxyl groups especially in the ortho- and meta-
structure (i.e. sieboldin > phloridzin), the proanthocyanidin di/trimmers and the ellagitannins all
showed increased antiglycative capacity. On the other hand, hydrogenation of the C2-C3 bond
(i.e. eriodictyol < luteolin), methylation (i.e. diosmetin < luteolin) and the addition of rutinosides

all decreased the antiglycative capacity (Xie and Chen, 2013).

The results of in-vitro studies were still heterogeneous and a thorough review of the glycation
models and assays used would help to understand why translation of the findings to a
physiological setting has not been forthcoming. Some of the reasons include use of high glucose
or fructose concentrations, supraphysiological concentrations of polyphenols/phenolic acids and
variability in the incubation period/temperature. Doses tested in vitro are, most of the times,
supra-physiological, beyond concentration that could be reached via habitual consumption of
phenolic-rich foodstuff. Most polyphenols are metabolised extensively by the gut microflora after
ingestion due to their low bioavailability (Crozier et al., 2009, Del Rio et al., 2010), so studies
focusing on the systemic effects of the parent compounds are likely to have low translational
values. Phenolic acids, such as 3-hydroxyphenylacetic acid, 3,4-dihydroxyphenylacetic acid and
caffeic acid on the other hand have a higher bioavailability than larger polyphenols and are more

likely to exert systemic effects (Crozier et al., 2009, Del Rio et al., 2010).

Despite the extensive mechanistic evidence, epidemiological data on polyphenol consumptions
are scarce. The main reasons include the difficulties and the biases associated with deriving
polyphenol intake data from dietary records. The process involves the use of databases, such as
PhenolExplorer (Rothwell et al., 2012) documenting the polyphenol content of foods (Rothwell et
al., 2012, Bhagwat, 2013) and/or the analysis of Food Frequency Questionnaires (FFQ) to identify
patterns of higher intake of polyphenol-rich foods. So far, there are no reports addressing the
relationship between polyphenol intake and glycation levels. The reports associating polyphenol
intake with diabetes risk have reached contradictory conclusions (Nettleton et al., 2006, Wedick

et al., 2012, Song et al., 2005).
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We performed a systematic review of the literature to identify all studies reporting findings
relating antioxidant intake with protein glycation in normoglycaemia (Table 1). The literature
research was carried out on PubMed and ISI Web of Knowledge. The search was inclusive of all
years up to February 2014. The following search terms were used to identify relevant studies:
phenol*, polyphenol*, elligitan, catechin, flavan*, flavon*, fruit*, vegetable*, spice*, tea*, cocoa
or juice*, oil*, wine*, coffee, paired with treatment, intervention, consumption or

“uxn

supplementation. The wild-card term was used to improve the sensitivity of the search by
increasing the number of matches. The references of all relevant studies and reviews were hand-
searched for additional studies. The review was limited to studies focusing on non-diabetic

subjects.

Human trials with polyphenol rich supplements and foods are also limited and characterised by
high heterogeneity and small sample sizes. In the past 20 years, only 14 trials used polyphenols as
a means to reduce glycation in non-diabetic individuals, out of which two did not have any control
group (Basu et al., 2013, Celec et al., 2013). Taken together, the results of these studies suggest
that polyphenol supplementation fails to improve glycation markers in non-diabetic individuals. In
populations with already established IGT, increased intake of polyphenols might be promising in
reducing protein glycation (Cho et al., 2012, Fukino et al., 2008), but no hard conclusions can be
made. Sample sizes ranged between 19-95 participants with different prevalence of
overweight/obesity, hypertension, glucose abnormalities (metabolic syndrome, IGT) and age
groups (Fukino et al., 2005, Banini et al., 2006, Fukino et al., 2008, Brown et al., 2009, Shiina et al.,
2009, Aoki et al., 2012, Barth et al., 2012, Cho et al., 2012, Evans M., 2012, Vinson et al., 2012,
Basu et al., 2013, Celec et al., 2013, Dallas et al., 2013, Miyazaki et al., 2013, Ogawa et al., 2013).

The bioactive molecules tested are also diverse, with flavonoids and catechins being the most
common, but with dose administered ranging from 500mg to 2g daily. The main glycation marker
measured is HbAlc but with study duration ranging from 2 to 12 weeks, it is questionable
whether negative results are due to the limited duration (haemoglobin has a half-life of 12 weeks)
or the supplement itself. Moreover, for the majority of studies, glycation was a secondary
outcome and not the primary focus meaning that statistical power could be substantially affected.
Furthermore, although the working hypothesis is that polyphenols will reduce glycation via
improvements in the antioxidant capacity, there are no measurements to support that the
interventions did anything towards improving the antioxidant status (beyond the post-prandial

period).



Table 1.1 Supplementation trials
compounds/ antioxidant rich foods
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reporting changes in glycation markers using antioxidant

Author Study Population Design Treatment Duration Results
Davie et al. Non-diabetics Parallel Vitamin C (100mg) vs 12 wks 1.13% decrease in
(1992) (n=12) placebo GHb
33% decrease
glycated albumin
16% increase in
HbA1lc with
electrophoresis
Weykamp et  Non-diabetic Parallel Vitamin C (0,750, 12 wks No difference
al. (1995) (n=30) 1500mg/d)
Fukino et al. Borderline diabetes  Parallel GTE capsule (458mg 8 wks No difference
(2005) (n=66) catechins; 106 mg
caffeine) vs control
Cheng et al. Healthy Parallel 1000ug Cr vs placebo 24 wks No changes reported
(2004) (n=23)
Banini et al. Non-diabetic Parallel Muscadine grape 4 wks No effect on HbAlc
(2006) (n=23) juice (150mL) vs
control
Camargo et Healthy non Parallel Vitamin C 1g/d or 16 wks No effect on HbAlc
al. (2006) diabetic (n=28) Vitamin E 400mg/d
vs control
Fukino et al. Borderline diabetes  Cross-over GTE beverage 8 wks Reduction in HbAlc
(2008) (n=64) (456mg catechins) vs
control
Brown et al. Overweight/obese Parallel DGTE capsule (800mg 8 wks No effect
(2009) (n=88) EGCG)
Shiina et al. Healthy men Cross-over Flavonoid-rich 2 wks No effect on HbAlc
(2009) (n=39) chocolate (550mg/d
catechin,epicatechin
and procyanidin) vs
white chocolate
Aoki et al. Erectile dysfunction  Parallel 10mg Pycnogenol, 8 wks Moderate decrease in
(2012) patients 115 mg L-arginine & HbA1c (data not
(n=23) 92mg aspartic acid/d shown)
vs placebo
Barth et al. Obese non diabetic  Parallel Cloudy Apple juice vs 4 wks No changes reported
(2012) (n=68) placebo
750mL/day (803 mg
total phenol)
Cho et al. IGT Parallel Sajabalssuk extract 9 wks HbA1c reduction
(2012) (n=99) 3000mg/d vs placebo

vs 1140mg/d pinitol
(positive control)
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Evans M.
(2012)

Vinson et al.

(2012)

Basu et al.
(2013)

Celec et al.
(2013)

Dallas et al.
(2013)

Ogawa et al.

(2013)

Miyazaki et
al. (2013)

Overweight/obese
(n=19)

Hypertensive
overweight
(n=18)

Healthy
WC<88/102cm
(n=9)

Young healthy
(n=88)

Overweight healthy
(n=95)

IGT
(n=34)

Older healthy
(n=52)

Parallel

Cross-over

No wash-out

Uncontrolled

Uncontrolled

Parallel

Parallel multi-
centre

Parallel

Diabetinol
1050mg/d (dried
fruit and orange
peel supplement)
vs placebo

6-8 Purple majesty
potatoes daily vs
normal potatoes

POMx capsules
(1506mg/d
polyphenols)

2g/kg soybeans
daily

900mg citrus fruit
extract capsules
(Sinetrol-XPur) vs
placebo

1000mg Acacia
polyphenol daily vs
placebo

631 mg Green Tea
Catechins vs
control 88.7 mg

12 wks

4 wks

4 wks

1wk

12 wks

8 wks

14 wks

No difference

No difference

No reduction

No effect on
fructosamine/AGE
fluorescence

HbAlc increased in
both groups,

significantly smaller
increase in Sinetrol

group
No effect on HbAlc

No effect on HbA1lc
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1.6 Hypothesis and research questions to be tested in this thesis

This thesis will be focused in studying the interactions of oxidative stress and molecules with
antioxidant properties, particularly polyphenols and phenolic acids, with protein glycation. It was
hypothesised that in normoglycaemic conditions, oxidative stress will be an important driver of
the glycation process and that phenolic acids and polyphenols will exhibit an antiglycative
capacity, both in an in-vitro physiologically relevant system and in an in-vivo system of increased

oxidative stress.

So far experimental evidence support the active involvement of oxidative in the glycation process
and epidemiological studies hint that glucose levels may not be the only driver of the process.
When focusing in non-diabetic individuals conditions and lifestyle factors associated with

increased oxidative stress can explain the variations in Hbalc levels.
RQ1: Is redox status associated with glycation in normoglycaemic individuals?

Given that glucose is tightly controlled, both in the fasting and post-prandial state, in individuals
free of diabetes or impaired glucose tolerance there are still a gap in research to explain what
drives the formation of fructosamine (HbAlc or glycated protein). Mechanistic studies so far have
focused on the involvement of oxidative stress in the production of AGEs, either by fructosamine
degradation or a-oxoaldehyde production. Little is known, though, on the impact of oxidative
stress in the early step of the Maillard reactions. If so, should oxidative stress and glucose act

synergistically or can prior oxidation of the protein molecule lead to increased glycation?

RQ2: Could oxidation promote fructosamine production in the presence of physiological glucose

concentrations?
RQ2a: Are oxidised proteins more prone to glycation than the native forms?

As reviewed above, the plethora of studies employed to study the antiglycative capacity of
polyphenols and phenolic acids are of low physiological values due to the study design. Even
though this evidence is providing details on potential mechanisms of action and structures
required for polyphenols to exhibit glycation protection there is a need to test their relevance in

conditions simulating physiology.
RQ3: Can phenolic acids reduce glycation in a physiologically relevant in-vitro system?

Finally, if the hypothesis is that polyphenols/phenolic acids have the capacity to protect against
glycation through oxidative stress regulation in-vivo, studies should be designed so to include

participants with increased oxidative stress. This assumption is based on the fact that in a fairly
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healthy population, the impact of any dietary intervention on markers of disease is likely to be
subtle. Hence studies should either be aiming to recruit large samples to ensure statistical power
for the detection of small effect sizes, or they should aim for high risk populations. When the
working hypothesis is that polyphenol intake will be negatively correlated to glycation markers,
through redox status regulation, individuals with increased oxidative stress (obese, pregnant,
smokers) could be considered in high risk of glycative damage. Recruitment of such a population
could allow for greater effect sizes between polyphenol intake and glycation markers to be

detected allowing for a smaller sample size.

RQ4: Is polyphenol intake negatively correlated to glycation markers in a population at high risk of

oxidative stress?

RQ4a: Is polyphenol intake and/or glycation related to maternal health or pregnancy

complications?

RQ4b: Is maternal polyphenol intake and/or maternal glycation related to neonatal health?



Chapter 2: General Methods
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This chapter describes the general methodologies chosen, developed and used throughout this
thesis. The thesis comprises of 4 main experimental studies (chapters 3, 4, 5 and 6). Methods
specific to each study are described in the relevant chapters. The objective of this thesis is to
investigate the impact of oxidative stress and antioxidants on protein glycation in
normoglycaemia. In an attempt to produce evidence of high translational value the thesis was

designed to follow a mixed methods research designs.

2.1 Mixed methods research design

Mixed methods research is usually referred to research designs that combine qualitative and
guantitative analysis in an attempt to improve the study design. Mixed methods research has
been proposed as a superior research design that allows for pluralism and offers the best chance
to approach a hypothesis from all the possible angles (Johnson and Onwuegbuzie, 2004). The
combination of research methodologies from different fields is also common when studying the
exposure to substances and its impact on health. Again in this case the combination of
methodologies has been proposed as a tool to reach more biologically informative conclusions
(Howard and Webster, 2013). When testing a new hypothesis, one is attempting to answer a
currently unresolved issue, by a) generating a hypothesis for a mechanism of action/association
and b) testing this hypothesis to be true. In order to generate valid hypotheses analysis of
epidemiological data is a common first step. Following that the set-up of experimental studies
could allow for these hypotheses to be tested and potential answers to be generated. The
combination of epidemiology and experimentation in this case allows researchers to bring
together data from various settings and analyse the recurrent patterns to reach biologically

relevant and true conclusions (Schwarze et al., 2006).

In nutrition, discussing the totality of evidence available from epidemiology, in-vitro studies,
animal studies and intervention trials when describing food-health interactions is not a new
concept. This combined approach has been used in order to identify food patterns and food-
borne agents that have the potential to modulate health, especially in the field of cancer (Wynder
et al., 1994, Yun, 2003, Wolff et al., 1996, Hashim et al., 2005). In fact, the World Cancer Research
Fund (WCRF) uses a similar approach when reviewing the evidence linking diet and cancer.
Evidence from epidemiological studies, human interventions, animal studies and in-vitro studies
are all reviewed together. The latter two studies are of particular importance as they provide with
the evidence of ‘plausible biological mechanisms’, explaining the association proposed by the

human trials and the epidemiology. Lack of investigations focusing on identifying those biological
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mechanisms is considered a substantial drawback and the evidence is unlikely to be characterised

as being convincing, probable or even suggestive (Wiseman, 2008).

This thesis follows a design similar to the epidemiological approach in investigating disease
problems as proposed by the Food and Agriculture Organisation (FAO) (Putt et al., 1987). In this
model there are 8 stages in each investigation, the diagnostic, the descriptive, the investigative,
the experimental, the analytical, the intervention, the decision-making and the monitoring phase.
Once a disease/health problem is confirmed (diagnostic phase), an analysis of the population at
risk/of interest is performed to generate hypotheses about the determinants (descriptive phase).
In the investigative phase, these hypotheses are initially tested with a series of field studies which
describe the exposures and risk factors in more detail. If the hypotheses are promising, then
experiments are performed to test the capacity of single-agent exposures to explain the
disease/outcome (analytical stage). By the analysis of the results of the experiments, a set of
agents capable to modulate the outcome are identified (analytical phase). Following that,
interventions aiming to manipulate the exposures of interest take place and their effect on
disease outcome is measured (intervention phase). At this point, the research phase of the
investigation is nearly complete. The next two phases, the decision-making and monitoring phase,

see the interventions being applied in the field and monitor their long-term outcomes.

In this thesis, epidemiological data were used to generate and test hypotheses in a population
level, followed by a series of in-vitro experiments that investigated the molecular mechanisms in
place to explain the previous findings. The biological relevance of these mechanisms was then

tested using samples from a nutritional intervention (randomised controlled trial).

2.2 Epidemiological data

The Scottish Health Survey (SHS) is a population wide investigation aimed to provide with a
detailed picture of health, health related behaviour and their changes over time in Scottish
households. The Survey started in 1995 and was repeated in 1998 and 2003. In 2008 the SHS
design was changed and it is now conducted annually until 2015 (Scottish Government, 2014).
The SHS aims to estimate the prevalence of health conditions and to identify and monitor related
disease risk factors over time, making sure that all regions and population subgroups are
successfully represented in the time of sampling. To achieve that a multi-stage stratified

probability sampling of eligible households is performed (Scottish Government, 2014).
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The survey takes place as a two-stage interview process. During the personal interview a trained
interviewer collects data on health, disability, health service use, cardiovascular and respiratory
disease, smoking, drinking, common health problems and eating patterns/physical activity. The
second nurse visit is focused on obtain blood, urine and saliva samples, anthropometrical
measurements and use of drugs (prescribed) and vitamins. From 1995 to 2003 all the sample was
offered both visits but from 2008-2011 only a sixth of the sample was offered the nurse visit. The
SHS has a strong focus on nutrition with fruit and vegetable consumption been measured annually
as part of the core content, alongside smoking, drinking and physical activity and a more
elaborate investigation of eating habits taking place biennially (Scottish Government, 2013). As
such the SHS can be a useful tool in nutritional epidemiological research, allowing the study of

association between biochemical markers, nutrition and health.

2.3 In-vitro design

The study of the glycation mechanisms has been utilising in-vitro protein model systems. The
most commonly used proteins are LDL, albumin and collagen (Li et al., 1996, Xi et al., 2008, Vinson
and Howard, 1996, Harris et al., 2014, Kazeem et al., 2012, Xie and Chen, 2013). Albumin the most
abundant protein in circulation has a half-life of 14-28 days and is a known glycation target
(Schultze and Heremans, 1966, Schleicher et al., 1993). In fact measurement of albumin glycation
as fructosamine has been part of clinical practice, diabetes risk monitoring and it may still be a
useful marker for individuals with altered red blood cell turnover (Inaba et al., 2007, Takahashi et
al., 2007, Peacock et al.,, 2008, Koga and Kasayama, 2010, Selvin et al., 2014). The study of
glycation promoters and inhibitors has not been yet standardised with different groups employing
different settings, in terms of duration, protein concentration and sugar concentration (Li et al.,
1996, Xi et al., 2008, Vinson and Howard, 1996, Harris et al., 2014, Kazeem et al., 2012, Xie and
Chen, 2013, Joglekar et al., 2013). Also although glucose is the most common circulating sugar,
some reports have used fructose and ribose as glycation drivers (Sompong et al., 2013,
Kontogianni et al., 2013); others have also used a-oxoaldehydes, like methylglyoxal (Tarwadi and

Agte, 2011, Li et al., 2008, Gutierrez, 2012).

Although from a mechanistic point of view these studies may be of importance, their biological
relevance is limited. Only a small number of studies have attempted to replicate the physiological
process of glycation in-vitro by using concentrations and duration relevant to physiology. In this
thesis the in-vitro setting was designed to mimic physiology as much as possible. The glycation

experiment lasted for 28 days (4 weeks) with measurements of glycation taking place at both 14
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days (2 weeks) and 28 days (4 weeks). Albumin concentration was chosen to be within the
physiological 35-50g/L and glucose levels ranged from 5mM to 30mM. The choice of glucose
levels was such that it would allow for the investigation to focus both in normoglycaemia (5mM
glucose) and diabetes (10mM glucose) (American Diabetes, 2000). Glucose concentrations of 20
and 30mM glucose were chosen to test the same hypothesis in glucose concentrations previously
used in the literature to allow for the results of the experiments to be compared with previous

reports (Voziyan et al., 2003, Chesne et al., 2006, Bourdon et al., 1999).

Similarly the concentrations of all the reagents added in the incubation mix to act as promoters or
inhibitors of glycation were physiologically relevant. Reviews of the literature were performed
prior to any experimental set-up to inform the choice of the agents of interest, their potential
synergistic/antagonistic effect and their concentration in human plasma. Details of these reviews

are presented in the following chapters where appropriate and relevant.

2.4 Experimental data from randomised controlled trials

As mentioned earlier, the study of the association between redox status and glycation may be
more sensitive if the population at focus is at high risk of oxidative stress. Epidemiological
investigations have showed that obesity and smoking are associated with impaired redox status
(Vargas et al., 2013, Pou et al., 2007, Isik et al., 2007, Marangon et al., 1998). Similarly during
pregnancy there is a significant increase of oxidative stress and decrease in antioxidant capacity,
especially during the 3™ trimester (Hung et al.,, 2010, Toescu et al., 2002). Obesity during
pregnancy has been associated with increased risk of pre-eclampsia, gestational diabetes and
other complications (Ramachenderan et al., 2008, Baeten et al., 2001, O'Brien et al., 2003). At the
same time oxidative stress and changes in the level of AGEs and sRAGE have also been shown to
carry some predictive value of pregnancy-complications (Raijmakers et al., 2004, Sharma et al.,
2006, Moretti et al., 2004, Harsem et al., 2008, Naruse et al., 2012), giving room to hypothesise
that obesity during pregnancy may be related with a deregulation of the oxidation and glycation

pathways.

All the above suggest that obese pregnant women are likely to serve as a population in high risk of
oxidative in which antioxidant/polyphenol intake could deliver multiple benefits including
glycation reduction. Furthermore, with increasing indications for the involvement of glycation in
pregnancy complications and fetal outcomes, such a study will provide with useful information

about the potential impact of diet on maternal and neonatal health.

For the purpose of this thesis we analysed samples and data from the UK Pregnancies Better

Eating and Activity Trial (UPBEAT) pilot, a multi-centre UK trial with a randomised controlled
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design. The detailed designed of the trial has been published elsewhere (Poston et al., 2013,
Briley et al., 2011) and discussed in more detail in the relevant chapter. Participants in the
UPBEAT trial were offered an 8-week intervention aiming to reduce the dietary glycaemic index
(Gl) and increase physical activity or standard care. The reduction in glycaemic index was to be
achieved by higher consumption of low glycaemic index foods and replacement of sugar
sweetened beverages with low Gl alternatives. Alongside, Gl reduction women in the intervention
arm were asked to replace saturated fats with mono and polyunsaturated fats (MUFA, PUFA). As
low glycaemic food products like wholemeal cereal, vegetables and legumes are also high in
antioxidant compounds (Ludwig, 2002, Slavin, 2003, Hu, 2003, lJenkins et al., 2002) we
hypothesised that women in the intervention arm could benefit from an improved redox status

compared to the control.

2.5  Statistical analysis

Detailed presentations of the statistical analysis performed for each experiment is presented in

relevant chapters.

Generally, epidemiological data and data from human trials were initially tested for normality
using the Kolmogorov-Smirnoff test. Data were then presented as mean and standard deviation
(SD) or median and interquartile range (IQR) as appropriate. No transformation of the data was
performed to force them in following a normal distribution. Differences in means/medians were
assessed using the Student’s t-test or ANOVA or the non-parametric equivalents. When post hoc
comparisons were applied in ANOVA tests, the Tukey post hoc test was applied. In the case of
epidemiological data all analyses were performed using parametric tests following the central
limit theorem. The central limit theorem suggests that given a large enough population size
normality of the data can be assumed and hence parametric tests and regression can be

performed without prior transformation, as supported by the work of (Lumley et al., 2002).

Regression analysis (linear and logistic) was employed to investigate potential relationships
between exposures (oxidative stress, antioxidant intake etc.) and outcomes of interest (e.g.
glycation levels). All regression analyses were performed initially as a non-adjusted model and
then as a fully adjusted model. In the fully adjusted model all the known confounders of the
relationship of interest were added in the model without previous stepwise regression being

performed.

In the in-vitro studies all incubations were performed in 5 or 6 replicates to ensure sufficient

numbers to be entered in the statistical analysis. All data were again assumed to be normally
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distributed and so Student’s t-test or ANOVA were employed to test for differences among mean
values. All data were presented as mean values with standard deviation. When post hoc
comparisons were applied in ANOVA tests, the Tukey post-hoc test was applied, in this case as
well. In order to test the interaction between two different exposures (i.e. oxidative stress and
glucose concentration) a two-way ANOVA model was applied to the data, again with Tukey post-

hoc correction, if needed.

Statistical significance was set at a p-value <0.05 for two-tailed comparisons. All tests were

performed using the PASW 18 statistical software.



Chapter 3: Influence of smoking and diet on glycated haemoglobin and
‘pre-diabetes’ categorisation: a cross-sectional analysis

This chapter is presented exactly as published in BMC Public Health
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Abstract

Background: The new HbAlc criteria for diagnosis of pre-diabetes have been criticised for
misdiagnosis. It is possible that some elevation of HbAlc is not driven by hyperglycaemia. This
study assesses associations of HbAlc, commonly assumed to relate solely to glucose
concentration, with (i) smoking, a major source of ROS and (ii) fruit & vegetables consumption

associated with improved redox status.

Methods: One-way ANOVA, Chi-squared and multivariate linear regressions, adjusted for all
known confounders were used to explore associations of HbA1lc with self-reported smoking status
and fruit & vegetables consumptions in the Scottish Health Surveys 2003-2010, among individuals

without known diabetes and HbA1c<6.5%.

Results: Compared to non-smokers (n=2831), smokers (n=1457) were younger, consumed less
fruit & vegetables, had lower physical activity levels, lower BMI, higher HbAlc and CRP (p<0.05).
HbA1c was higher in smokers by 0.25 SDs (0.08%), and 0.38 SDs higher (0.14%) in heavy smokers
(>20cigarettes/day) than non-smokers (p<0.001 both). Smokers were twice as likely to have
HbAlc in the ‘pre-diabetic’ range (5.7 - 6.4%) (p<0.001, adj.model). Pre-diabetes and low grade
inflammation did not affect the associations. For every extra 80g vegetable portion consumed,
HbAlc was 0.03 SDs (0.01%) lower (p=0.02), but fruit consumption did not impact on HbAlc,

within the low range of consumptions in this population.

Conclusion: This study adds evidence for to relate smoking (an oxidative stress proxy) to protein
glycation in normoglycaemic subjects, with implications for individuals exposed to ROS and for

epidemiological interpretation of HbAlc.
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3.1 Background

Patients with large waists and related, potentially-reversible, metabolic features are at risk of
developing type 2 diabetes and a range of chronic diseases (Han et al., 2006). Their specific
pathologies are characterised by pro-inflammatory states and a shift in tissue redox homeostasis
towards excess free-radical activity (Hermsdorff et al., 2011). Redox status is influenced by diet
and lifestyle factors, including fruit and vegetable consumption, cigarette smoking and by
inflammatory disease activity (Alberg, 2002, Moriarty et al., 2003, Lesgards et al., 2002). Smoking
is a well-established risk factor for diabetes, as shown by a recent meta-analysis (Willi et al.,
2007), contributes to the production of ROS and increases production of inflammatory molecules,
B-cell dysfunction and end-organ protein damage (Fagard and Nilsson, 2009, Naudi et al., 2012,
Cerami et al., 1997). On the other hand, low fruit and vegetable consumption is associated with
impaired redox status in young, healthy populations (Lesgards et al., 2002) and diets rich in fruit
and vegetable with lower concentrations of oxidative stress markers (Esposito et al., 2011, Dai et
al., 2008). Individuals exposed to higher levels of oxidative stress experience greater benefits in

their redox status from fruit and vegetables consumption (Peluso et al., 2012).

Protein glycation is a common form of protein damage, and approximately 1%-16% of albumin is
glycated in normoglycaemic blood (Shaklai et al., 1984, Selvin et al., 2011), which has been
associated with metabolic deterioration. Advanced Glycation Endproducts (AGEs) are involved in
the aetiology of various chronic disease (Yan et al., 2010), especially diabetes and its vascular
complications. Protein glycation levels are determined by the concentration of sugars (mainly
glucose) (Goldstein et al., 2004, Nathan et al., 2008) and dependant on the protein half-life, as
well as fructosamine removal through the action of fructosamine-3-phosphokinase (Delpierre et
al., 2002). An individual’s pro-oxidant status, however, has been speculated to be involved in later
stages of the glycation reaction, leading to the formation of glycoxidation products, like
pentosidine (Fu et al., 1994, Baynes, 1991). Moreover, glucose autoxidation, associated with
increased oxidative stress, may play a role in promoting Maillard product formation, in the early
glycation stages (Chetyrkin et al., 2011). HbAlc is an early glycation product used diagnostically as
a specific marker for glucose exposure. HbA;.has become established for monitoring of glycaemic
status in diabetes, as an indicator of glucose levels in the previous 90 days, and more recently its
diagnosis (ADA, 2011). HbA,. relates strongly to tissue damage in diabetic patients and it has also
been found to predict coronary heart disease (CHD) and cancer in non-diabetic individuals, even
within the ‘normal’ non-diabetic range (4.9 - 6.3%) (Brewer et al., 2008). The concentration of
HbA, is usually assumed to relate mainly to glucose concentration in populations with similar red

blood cell turn-over. Since blood glucose fluctuations are minimal within HbAlc levels <5.7%, it
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seems possible that the relatively large variations on HbA;. concentration might reflect variations
in redox status, and could indicate wider protein glycation. Supporting this concept, we have
shown previously, in national survey data, that HbAlc in non-diabetic subjects, correlates with
CHD risk factors, but that it is inversely correlated with dietary intake of fruits and vegetables, and
with both dietary intake and plasma concentration of dietary antioxidants (Vitamin C, Vitamin E,

Vitamin B6) (Bates et al., 2004).

Since the process of glycation is non-enzymatic, it is relatively slow, so day-to-day variations are
unlikely to have a major impact. This is an advantage for health surveys and screening. The
Scottish Health Survey (SHS) comprises representative population-based surveys, in a population
at high risk of CHD (Government, 2008), conducted every 3-5 years from 1995 until 2003, and
annually since 2008. We have investigated whether lifestyle drivers of redox status (cigarette
smoking, fruit and vegetable consumption) are associated with protein glycation, using HbA1lc as

a marker of the process, in sub-samples of non-diabetic adults.

3.2 Methods

This study is a secondary analysis of the anonymised data from the Scottish Health Survey and the
Health Survey for England. Original ethical approval for the Scottish Health Surveys was granted
by the Multicentre Research Ethics Committee (Scotland). As the data are in the public domain
and available through the Economic and Social Data Service (ESDS), this study required no

additional ethical approval.
Subjects

Data from the 2003, 2008, 2009, and 2010 SHSs were compiled in order to create the large
database used in the current analysis. The SHS is a cross-sectional nationally representative
survey reporting the health and health-related behaviour of people living in private households in
Scotland, using a multistage, stratified, clustered probability-sampling design. Full survey
procedures are described elsewhere (Lynch et al., 1996, Bromley C, Bromley C); a brief summary

is given here.
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General methods

During two household visits, data on demographic, economic, occupational, age, sex, general
health and health related habits were collected. Weight was measured to the nearest 100g using
electronic scales. Height was measured to the nearest millimetre using a stadiometer. Body Mass
Index (BMI) was calculated as weight (kg) divided by height squared (m?). The waist was measured
at the midpoint between the lowest rib and upper margin of the iliac crest. The measurements
were recorded to the nearest millimetre with at least two measurements within 5cm combined to

provide a mean (Lean et al., 1995).
Dietary measures

Two different tools were used to assess eating habits in the Scottish Health Surveys. One, a FFQ
validated against weighed intakes (Lean et al., 2003), was specifically designed to assess fruit and
vegetable intake. Responders were asked about the total number of portions of vegetables (fresh,
frozen or canned) and vegetables in composites, salads, pulses, fruit (fresh, frozen or canned),
dried fruit and fruit in composites consumed in the 24h preceding the interview. From the
available nutritional information, variables that reported total portions of vegetable, total

portions of fruit and the two of them combined were selected for the current analysis.
Smoking habits

Participants were asked to report if they were currently smoking, ex-occasional or ex-regular
smokers, or never smoked. Present smoking status was classified as light (under 10 cigarettes a
day), moderate (10 to under 20 cigarettes a day), heavy (20 or more cigarettes a day) and non-

smoker.
Physical activity

Frequency of participation was assessed for various domains of activity, including leisure time
sports and exercise (for at least 15 minutes per occasion). The total physical activity was then
categorised to ‘low/medium/high’ according to the metabolic equivalents spent during each

activity and the total activities reported.
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Biochemical and other measurements

Serum CRP was measured by N Latex high sensitivity mono-immunoassay on the Behring
Nephelometer Il analyzer (coefficient of variation <6%, limit of detection 0.17mg/l ) in nmol/L (
conversion factor to mg/L= 0.105) and total glycated haemoglobin (HbA1c) analysis was carried
out in the Biochemistry Department at the RVI using the Tosoh G7 HPLC analyser, which was
calibrated using Diabetes Control and Complications Trial (DCCT) standards with coefficient of

variation <2.5%.
Statistical analysis

In order to exclude undiagnosed diabetes cases, the cut-off point of HbA;. 26.5% (48mmol/mol)
was employed (ADA, 2011). Participants without diagnosed diabetes and with HbA;. <6.5%
(48mmol/mol) were included in the analysis. Pregnant women were excluded. Individuals with
HbA1lc between 5.7% (39mmol/mol) and 6.4% (46mmol/mol) were classified as being at high risk
or ‘pre-diabetic’ (ADA, 2011). Body mass index, mean waist circumference, age and CRP levels
were used as continuous variables. CRP was also used in order to identify and exclude individuals
with low grade inflammation (CRP >28.5nmol/L or >3mg/L) (Wildman et al., 2008, Grundy et al.,
2004). Data were checked for normality and homoscedasticity using the Kolmogorov-Smirnoff
test, and for skewness. Parametric tests were used for data with normal and non-normal
distributions since, according to the Central Limit Theorem (Lumley et al., 2002), parametric tests
can safely be used with skewed data when the sample size is over 500. The Student’s t-test, one
way-ANOVA and ¥’ test were used to examine the differences among groups of smoking status
and fruit and vegetables intake in HbA,. levels. General linear models were used to compare
HbA,. levels among smoking groups that were adjusted for age and sex. Multivariate linear
regression was used to describe the effect of smoking and fruit and vegetables intake on HbA,,
after adjusting for age, sex, ethnic group, socioeconomic group, activity levels, BMI, waist
circumference, CRP levels, vitamin supplementation and year of survey. Logistic regression was
performed to investigate the association of smoking status and presence of increased risk for
diabetes. In the case of fruit and vegetable intake the model was adjusted to include smoking in
the confounders. All analyses were performed using PASW Statistics (18.0.0) and statistical

significance was taken as p<0.05.
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3.3 Results

Glycated haemoglobin levels (HbA;.) were higher in ex-smokers and current smokers compared to
non-smokers (Table 3.1) and this increasing trend (p<0.001) was seen even when the age-sex
adjusted means were plotted against smoking status (Figure3.1). The trend remained consistent
when the ex-smokers were split into those who smoked occasionally and those who smoked
regularly (Figure 3.1). The same analysis of age-sex adjusted HbA1lc levels was conducted among

groups based on number of cigarettes smoked per day, with similar results (p<0.001) (Figure3.2).

Figure 3.1 Age-sex adjusted mean (SD) of %HbA1c according to smoking status
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Figure 3.2 Age-sex adjusted mean (SD) of %HbA1c according to number of cigarettes/day
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Table 3.1 Descriptive characteristics of the population in total and according to smoking status

34

Age (years)

Sex (% Male)

Social class (% Highf)

Body Mass Index (kg/mz)
Waist circumference (mm)
Physical activity (%Low)
HbA1c (%)

(mmol/mol)

CRP (nmol/L)

Total fruit portions/d

Total vegetable portions/d

Total fruit & vegetable portions/d

All

(n=6120)

Smoking status

Non-smokers

(n=2831)

Ex-Smokers

(n=1832)

Current Smokers

(n=1457)

50.5+16.9 (18.0-95.0)
45.2
43.2
27.3+4.8 (13.3-62.7)
91.6+13.2 (54-152)
30.7
5.4+0.4 (2.8-6.4)
36+4.4 (30.6-46)
33.3465.7 (1.9-971)
2.0+1.8 (0.0-20.0)
1.3+1.4 (0.0-22.0)

3.4+2.5 (0.0-31.4)

49.0+17.2 (18-95)
426
50.6
27.3+4.8 (15.2-53.3)
90.5+13.2 (54-152)
28.1
5.3+0.4 (2.8-6.4)
34+4.4 (30.6-46)
27.6+55.2 (1.9-971)
2.3+1.8 (0.0-12.5)
1.4+1.3 (0.0-20.0)

3.7+2.4 (0.0-22.5)

56.2+16.0 (19-94)*

49.0*

44.2%
27.8+4.5 (13.3-54.5)*
93.8+13.0 (60-152)*

33.7%

5.4+0.4 (3.8-6.4)*
36+4.4 (18-46)
36.2475.2 (1.9-95.4)*
2.2+1.8 (0.0-10.5)
1.4+1.3 (0.0-15.3)

3.6+2.4 (0.0-25.3)

46.1%15.3 (18-91)*

45 4%

27.7*
26.4+5.1 (15.1-62.7)*
89.8+13.4 (58.5-147)

32.1%

5.4+0.4 (2.9-6.4)*
36+4.4 (31.7-46)
40.9+68.6 (1.9-762)*
1.3+1.7 (0.0-22.0)*
1.1#1.3 (0.0-17.7)*

2.5+2.4 (0.0-31.4)*

Data presented as mean * SD (range)*High social class: Professional and managerial technical;* compared to non-smokers; p<0.05
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Current smokers were twice as likely as non-smokers to have HbAlc in the pre-diabetes range
(Table 3.2). Lighter smokers (<10 cigarettes/day) were almost twice as likely as non-smokers to
have HbA,. in the pre-diabetes range (OR 1.88), while smoking 10 to 20 cigarettes per day
increased the risk for HbAlc >5.7% (39mmol/mol) more than 2-fold (OR 2.63) (Table3.2). Being an
ex-occasional or ex-regular smoker was not associated with higher chances of being classified in

the high risk/pre-diabetes category of HbAlc.

Body mass index (BMI) differed significantly by smoking status: current smokers had a lower BMI
than non-smokers when ex-smokers had a significantly higher BMI than non-smokers (Table 3.1).
Smoking is associated with poorer social circumstances, while ex-smoking status is more frequent
among those with better social circumstances (% high social class 44.2 vs. 27.7 in ex-smokers and
current smokers respectively p<0.001) (Table 3.1). Current smokers included younger subjects
than non-smokers (46.1+15.3 vs. 49.0+17.2 years; p<0.001), whereas ex-smokers included older
subjects. There was no difference in waist circumference between current smokers and non-
smokers, but ex-smokers had a higher mean waist circumference than non-smokers (p<0.05).
Current smokers consumed fewer portions of fruit, vegetables, and the two combined, than non-
smokers and a higher proportion were classified as having low physical activity. Although ex-
smokers also included more subjects classified as having low physical activity than non-smokers,
they were no different for fruit and vegetable consumption. CRP concentrations were greater
among smokers, both ex-smokers and current smokers having higher values than non-smokers
(Table 3.1). Ex-smokers and current smokers had CRP levels significantly higher than the
28.5nmol/L cut-off indicating high risk for metabolic diseases range and low-grade inflammation
(p<0.001; data not shown). In all following analysis the above mentioned variables were used as

confounders.

Consumption of vegetables was associated with having marginally lower chances of having HbA;.
in the pre-diabetes range. This effect remained after adjustment for various confounders, using

either smoking status or number of cigarettes per day (Table 3.2).

Multivariate linear regression showed that current smokers have higher HbAlc than non-smokers,
by 0.08% (0.9mmol/mol) (equal to 0.25 the SD of this population). Heavy smoking (20 or more
cigarettes a day) is associated with a larger effect of 0.14% (1.5mmol/mol) (equal to 0.38 the SD
of this population) greater HbAlc. The regression model explained =35% of the variance in HbA,,.
From all the confounding factors employed in this study only year of survey had a significant
effect on HbAlc levels in the full factorial model (coefficient 0.13+0.04, p<0.001) (data not

shown). HbA1lc levels were lower by 0.01% (0.1mmol/mol) for each extra portion of vegetable
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consumed, after controlling for number of cigarettes per day. The same was not found for fruit

portions per day or fruit & vegetables portion combined (Table 3.3).

When individuals with HbA1lc in the pre-diabetes range were assessed alone, the R? value of the
multiple regression model for the narrow range of HbAlc was only 0.06, leaving a large
proportion of variance unexplained (data not shown). Thus neither vegetable nor fruit
consumption had an effect on HbAlc (Table 3.3). There was no interaction between smoking
status and HbA1c level (p=0.20) but there was weak evidence for an association between number

of cigarettes per day and greater HbA1lc levels (p=0.06).

In order to avoid confounding effects from any mild metabolic disruptions associated with the
pre-diabetic status or low-grade inflammation, the above analysis was conducted among
individuals with HbAlc below the 5.7% (39mmol/mol) cut-off, and with a CRP lower than
28.5nmol/L. Heavy smoking (10-20 cigarettes/day) was still associated with =0.1% (1.1mmol/mol)
(equal to 0.28 the SD for this population) greater HbAlc than non-smoking (Table 3.3). Although
vegetable consumption was significantly (inversely) associated with HbAlc among the non-
diabetic individuals as a whole, the level of significance dropped for this analysis restricted to
individuals with HbA1lc less than 5.7% (39mmol/mol) (p=0.09). However, individuals with both
HbAlc <5.7% (39mmol/mol) and also CRP<3mmol/L had significantly lower HbAlc, by 0.01%
(0.1mmol/mol) (equal to 0.03 the SD of this population) (p=0.02) for every extra portion of

vegetables consumed (Table 3.3).
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Table 3.2 Logistic regression for smoking status and fruit & vegetable consumption predicting high
risk of diabetes

OR 95%ClI p-value
Smoking status
Non-smoker (contrast)
Ex-occasional 0.88 0.59-1.32 0.54
Ex-regular 1.11 0.92-1.34 0.26
Current smoker 2.25 1.84-2.75 <0.001
# cigarettes/day
None (contrast)
Less than 10 1.88 1.31-2.71 <0.001
10 to less than 20 2.63 2.04-3.39 <0.001
More than 20 2.06 1.57-2.71 <0.001
(adjusted for smoking status)
Vegetable intake 0.94 0.89-1.01 0.08
Fruit intake 0.99 0.94-1.03 0.56
Fruit & vegetable intake 0.98 0.95-1.01 0.17
(adjusted for # cigarettes/day)
Vegetable intake 0.95 0.89-1.01 0.09
Fruit intake 0.99 0.94-1.03 0.53
Fruit & vegetable intake 0.98 0.95-1.01 0.17

*adjusted for age, sex, ethnic group, social class, physical activity level, CRP, BMI, waist circumference & year of study
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Table 3.3 Regression analysis summary for smoking status and fruit &vegetable consumption with

%HbA1c levels

a) Non-diabetics (HbA1c<6.5%) (n=5425) Coef* SE p-value
Smoking status 0.027 0.004 <0.001
# cigarettes/day 0.047 0.005 <0.001
Vegetable intake' -0.009 0.004 0.008
Fruit intake' 0.001 0.003 0.754
Fruit & vegetable intake' -0.002 0.002 0.236
b) High risk of diabetes (HbA1c 5.7%-6.4) (n=1391)

Smoking status 0.050 0.004 0.201
# cigarettes/day 0.010 0.005 0.060
Vegetable intake’ 0.001 0.004 0.947
Fruit intake' 0.004 0.003 0.170
Fruit & vegetable intake' 0.002 0.002 0.292
c) Low risk of diabetes (HbA1c<5.7%) (n=4155)

Smoking status 0.017 0.003 <0.001
# cigarettes/day 0.031 0.005 <0.001
Vegetable intake' -0.005 0.003 0.092
Fruit intake' 0.001 0.002 0.603
Fruit & vegetable intake' -0.001 0.002 0.605
c) Low risk of diabetes(HbA1c<5.7%) & CRP<28.5nmol/L (n=3172)

Smoking status 0.014 0.004 <0.001
# cigarettes/day 0.029 0.005 <0.001
Vegetable intake' -0.009 0.004 0.021
Fruit intake' 0.002 0.003 0.546
Fruit & vegetable intake -0.001 0.002 0.464

*adjusted for age, sex, ethnic group, social class, physical activity level, CRP, BMI, waist circumference & year of

study; +adjusted for #cigarettes/day
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3.4 Discussion

HbA1lc is commonly regarded mainly as a biomarker for blood glucose levels; however, observing
the substantial variation in HbAlc among non-diabetic individuals, unlikely to result from
sustained differences in blood glucose, we postulated that HbAlc may also reflect oxidative stress
or redox status. In our analysis, we have demonstrated that smoking (a proxy for oxidative stress)
is positively associated with protein glycation, as measured by HbAlc levels in non-diabetic
subjects. This finding adds complexity to the evidence that smoking increases the risk of

developing type 2 diabetes (Alter et al., 2012, Willi et al., 2007).

Although smoking has been extensively studied as a risk factor for deteriorating diabetic status
and as promoting end-organ damage in diabetic subjects, evidence on the effect of smoking on
protein glycation and diabetes progression is not so clear. A large epidemiological study
conducted in the USA has found similar results with smokers having a relative 7% increase in
HbA1lc levels compared to non-smokers, in a population free of diabetes (Clair et al., 2011). An
early report of 191 hypertensive and normotensive non-diabetic subjects detected a statistically
significant difference in HbAlc levels between smokers and non-smokers (Nilsson et al., 1995).
The same was reported in a sample of 3,240 healthy non-diabetic adults (Simon et al., 1989) and
in 1,773 middle-aged non-diabetic participants from the Potsdam cohort of EPIC (Boeing et al.,
2000) where smoking was associated with increased HbA;. levels in both sexes. A recent Dutch
study assessing the role of increased waist circumference (>88cm for women, >102cm for men)
on protein glycation, measured by skin auto-fluorescence, in non-diabetic individuals identified
current smoking as an important confounder in the association, which agrees with our data (den
Engelsen et al., 2012). Among these diverse studies, some can be considered valid, but others
have low numbers and weaknesses in design. The current study benefits from the large sample

size and the numerous diabetes related variables available, in order to control for confounding.

In the current study we have also shown that smoking remains positively correlated with HbAlc in
a subsample of participants who are not affected by any metabolic derangements from pre-
diabetes (with HbA1c<5.7%, 39mmol/mol) and in a subsample with both HbA1c<5.7%
(39mmol/mol) and CRP levels <28.5nmol/L to exclude any influence from low-grade
inflammation. This fractioning of the population was performed on the basis that individuals with
HbA,.levels within the prediabetic range, would already have some degree of abnormalities in
glucose metabolism. These abnormalities are most likely to explain the variation in HbAlc levels
in this population subgroup (Monnier et al., 2003, Bastyr et al., 2000). These results provide
robust evidence for a true association between oxidative stress and protein glycation. In fact, we

did not find evidence for the same association with smoking among the individuals with HbAlc in
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the pre-diabetic range 5.7 - 6.4% (39 - 46mmol/mol), probably because of smaller number of
participants in this group, with a range of HbA,. too narrow to detect an influence, however the
main driver protein glycation in this group is likely to be their altered glycaemia and glucose level
fluctuations. It seems likely that oxidative stress and redox status are more potent drivers of
protein glycation on a background of normal glucose metabolism, but elevated blood glucose
concentrations in the fasting and/or post-prandial states would dominate. Unfortunately lack of
data on blood glucose levels did not allow for this association to be investigated in the present
study. Measuring both HbA,. and glucose concentrations in large epidemiological studies,
together with indicators of exposure to oxidative stress and antioxidant/anti-inflammatory

influences, would be of great value to discriminate these effects.

There was some evidence in the present study that vegetable consumption (a proxy for
antioxidant influences on redox status) was inversely associated with HbA,. levels in all non-
diabetic subjects (HbAlc <6.5%, 48mmol/mol) and among individuals with low HbAlc (<5.7%,
39mmol/mol) and low CRP (<28.5nmol/L), suggesting some benefit from diets high in antioxidant
rich sources. It is likely that fruit would have the same physiological effect, but the present study,
in a population notorious for its low fruit consumption (and a narrow range of fruit consumptions
for statistical analysis) was unable to detect an effect. Our data have shown mean intakes of

vegetables to be 1.3+1.4 portion per day and fruit 2.0+1.8 portions per day.

In a large study of older English adults, by Bates et al (Bates et al., 2004), both dietary antioxidant
consumption and antioxidant plasma levels of non-diabetic individuals were found to have inverse
associations with HbAlc levels. There was also an inverse correlation between plasma vitamin C
concentration and HbA1lc. A similar inverse relationship has been found for vitamin C and vitamin
E in a younger population, also suggesting that antioxidant intake and hence antioxidant capacity
and redox status are playing a role in protein glycation in normoglycaemia (Boeing et al., 2000). A
link between antioxidant intake and protection against protein glycation is supported by in-vitro
evidence clearly showing that antioxidants, including vitamin C, flavonoids and tocopherols
reduce glycation of proteins (Davie et al., 1992, Krone and Ely, 2004), and pro-oxidants, such as
H,0, and lipid peroxides, drive glycation of haemoglobin (Selvaraj et al., 2005, Nambiar et al.,
2012). Protein glycation and oxidation processes share common sites on the protein molecules,
which supports a mechanistic relationship (Rondeau and Bourdon, 2011). Oxidative stress and an
associated increase in protein glycation is present not only in smokers (Nilsson et al., 1995) but
also in chronic renal failure (Sabater et al., 1991), and myocardial infarction (Chowdhury and
Lasker, 1998). Our study adds to an increasing body of evidence from various fields, to strengthen

our hypothesis that redox status drives protein glycation in non-diabetic individuals.
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This study inevitably has limitations. A cross-sectional survey design can only ever be hypothesis-
generating, and does not allow for causality to be investigated. We are not claiming that oxidation
is the only, or the main mechanism behind protein glycation in non-diabetic and pre-diabetic
subjects, but our data do allow us to make the hypothesis that it is playing a part, and a
potentially modifiable part. Using proxy measures of oxidative stress and redox status, rather than
actual levels of oxidative stress markers (like isoprostanes), is an in-built limitation in this type of
general-population health survey. We established the independence of pro- and anti-oxidant
environmental factors by including them in the same analytical model. Specific measures could be
made in future research. The lack of data on average levels of glycaemia, independent of HbA,.
limits the interpretation of the data. Fasting glucose or 2-hour postprandial glucose levels are
seldom measured in large epidemiologic studies, and in any case one-off measurements are
considered relatively unreliable as reflections of ambient blood glucose. We have explored the
possible of effect of small differences in glycaemia by analyses within narrow HbAlc sub-
categories, and find the same associations with the indicators of redox status. It would be possible
to define the independence of theses associations from those of fasting and 2-hour blood glucose
in large diabetes screening datasets which also include measures to reflect redox status, but not
in the present study. It is also possible that increased fruit and vegetable intake might be
associated with a decreased intake of heat-processed food, a main contributor of dietary AGEs,
and an increased consumption of fibre, minerals and other micronutrients. Unfortunately this
association could not be investigated in this study due to the nature of the nutritional information

available.

3.5 Conclusion

This large population-based study suggests that protein glycation, indicated by HbAlc, is
positively associated with smoking, and inversely correlated with vegetable intake. An
unfavourable redox status, may thus account for some people having HbAlc in the pre-diabetic
range, and this mechanism may promote progression to diabetes, as well as promoting tissue
damage. These results strengthen the case for the balance between antioxidant and pro-oxidant

status being important in the pathogenesis of chronic diseases.



Chapter 4: Role of oxidative stress in physiological albumin glycation: a
neglected interaction

This chapter is presented exactly as published in Free Radical Biology and Medicine
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Abstract

Background: Protein glycation is a key mechanism involved in chronic diseases development in
both diabetic and non-diabetic individuals. About 12 - 18% of circulating proteins are glycated in
vivo in normoglycaemic blood, but in-vitro studies have hitherto failed to demonstrate glucose-

driven glycation below concentration of 30mM.

Methods: Bovine Serum Albumin (BSA), reduced BSA (mercaptalbumin), (both 40g/L) and human
plasma were incubated with glucose concentrations 0 - 30mM for 4 weeks at 37°C. All were
tested pre-oxidized for 8 hours prior to glycation with 10nM H,0, or continuously exposed to
10nM H,0, throughout the incubation period. Fructosamine was measured (nitroblue tetrazolium

method) at two and four weeks.

Results: Oxidized BSA (both pre-oxidised and continuously exposed to H,0,) was more readily
glycated than native BSA at all glucose concentrations (p=0.03). Moreover, only oxidized BSA was
glycated at physiological glucose concentration (5mM) compared to glucose-free control
(glycation increased by 35% compared to native albumin p<0.05). Both 5 and 10mM glucose led
to higher glycation when mercaptalbumin was oxidised than un-oxidised (p<0.05). Fructosamine
concentration in human plasma was also significantly higher when oxidized and exposed to 5 mM
glucose, compared to non-oxidised plasma (p=0.03). The interaction between glucose

concentration and oxidation was found to be significant in all protein models (p<0.05).

Conclusion The current study has for the first time demonstrated albumin glycation in-vitro, using
physiological concentrations of albumin, glucose and hydrogen peroxide, identifying low-grade

oxidative stress as a key element early in the glycation process.
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4.1 Introduction

Protein glycation is the non-enzymatic glycosylation reaction between reducing sugars and amine
residues in proteins (Turk et al., 2001). It is usually considered to be driven by elevated glucose
concentrations. Products of this reaction include AGEs which are stable and accumulate in the
body where they may exert antigenic effects, and contribute to tissue damage such as
atherogenesis (Anderson et al.,, 1993, Galkina and Ley, 2006). One early-glycation product is
glycated hemoglobin (HbAlc), used as a biomarker for the diagnosis of diabetes and monitoring
of glucose control in diabetic individuals (Roohk and Zaidi, 2008). Monitoring, and minimizing,
glycative damage in diabetic care is of high importance, as glycated proteins and AGEs are
implicated in cataract, neuropathy, nephropathy as well as macrovascular diseases (Plutzky,

2011).

However, glycation also occurs in non-diabetic people, in whom up to 6 % of hemoglobin and 12-
16% of serum albumin is glycated (Selvin et al., 2011), without exposure to high glucose
concentrations (fasting plasma glucose <6mmol/L). Protein glycation heralds tissue damage and
function loss, in the normal aging process and as part of the pathogenesis of various chronic
diseases. RAGE, found in most tissues, have potent immunomodulatory actions, promoting ROS
production and inflammation. Elevated HbAlc can serve as a proxy for both pre-diabetes and
metabolic syndrome, as shown in large longitudinal studies (Veeranna et al., 2011). In both non-
diabetic and diabetic subjects, HbAlc correlates with coronary heart disease (CHD) risk factors
and predicts future CHD and strokes (Myint et al., 2007). A recent study showed that among non-
diabetic individuals who did not develop diabetes in the next 3.5 years, those with a higher yet
physiological level of HbAlc had higher risk for CVD, in both men and women and after controlling

for traditional risk factors (Adams et al., 2009).

The mechanisms leading to protein glycation in the non-diabetic state are not established. The
very few in vitro studies which have used physiological concentrations are inconclusive as to
whether glucose, alone, can successfully promote glycation (Chesne et al., 2006, Bourdon et al.,
1999). In diabetic subjects, protein glycation is assumed to be mainly a mass action effect driven
by high glucose concentration. However the full process of glycation in diabetes is in fact driven
by two separate factors - the concentration of sugars in the initiation phase (mainly glucose, due
to its high concentration in blood), and later the pro-oxidant status during Maillard reactions to
generate stable AGEs (Fu et al., 1994). We hypothesize that at physiological concentrations of
glucose, oxidation may have another role in initiating glycation, supporting earlier speculations
from a cross-sectional study in non-diabetic individuals which showed inverse associations

between protein glycation and dietary fruit and vegetable consumption, plasma vitamin C and
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plasma tocopherol (Bates et al., 2004). Defining an early, preventable oxidative component to the
overall glycation mechanism could be of importance in the management of pre-diabetes, when
glucose metabolism is only mildly disrupted and glucose-centred clinical approaches might have

little effect.

The current study investigates the effect of introducing a mildly pro-oxidative state (hydrogen
peroxide at a low physiological concentration of 10nM (Mueller et al., 1997)) on the susceptibility
of protein (albumin) to glycation, particularly at physiological and near-physiological glucose
concentrations. Another common glycation driver, methylglyoxal, which causes glycative damage
in a more oxidative fashion than glucose, was used in physiological concentration both alone and

in combination with glucose, to explore possible synergistic effects.

This oxidation-driven glycation hypothesis was also tested on reduced albumin (mercaptalbumin)
on the assumption that commercially source native albumin would be already partly oxidized. This
work was also extended to proteins in human plasma to extend the physiological relevance of our

findings.

4.2 Material and methods

Impact of constant oxidation & pre-oxidation on BSA glycation

Chemicals

Bovine serum albumin (BSA), sodium azide, nitroblue tetrazolium, d-glucose, methylglyoxal, PBS,
1-deoxy-1-morpholinofructose (DMF), hydrogen peroxide, sulphuric acid, dithiothreitol and
quinine were purchased from Sigma-Aldrich (Dorset, UK). SnakeSkin Dialysis Tubing, 3.5K MWCO

was purchased from Thermo Fisher Scientific (Nottinghamshire, UK).

Glycation of pre-oxidized BSA

BSA (80g/L) was incubated with H,0, (10nM) for 8 hours at 37°C in PBS and was then dialyzed
against PBS (8:1) for another 8 hours. The dialysate was discarded and replaced with fresh PBS

three times during dialysis.

To measure the effect of protein pre-oxidation on the susceptibility of BSA to glycation, both
native and pre-oxidized albumin (40g/L) were incubated in the presence of glucose (0, 5, 10, 20,
and 30mM) for 4 weeks. The combination of methylglyoxal (150nM) and glucose (0, 10 or 20mM)
was also studied in order to replicate glycoxidative conditions of albumin in the circulation. All

incubations were repeated in 6 replicates.
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Albumin glycoxidation

All incubations took place in PBS with sodium azide (0.2g/L) and a final volume of 1.5ml. To
investigate the effect of continuous exposure to oxidative damage in the progress of the glycation
reaction (glycoxidation) native BSA was incubated with glucose (0, 5, 10, 20 or 30mM) and
combinations of methylglyoxal (150nM) plus glucose (0, 10, 20mM) for 4 weeks in the presence of
H,0, (10nM). Native BSA was also incubated under the same conditions without H,0, (10nM) to

serve as a reference. All incubations were repeated in 6 replicates.
Comparison of the effect of constant glycation among BSA, mercaptalbumin & human plasma

To enhance a concern over the oxidation status of the bovine serum albumin sold by Sigma-
Aldrich, the BSA used in the experiments was i) pre-treated with 1.5mM dithiothreitol (DTT) at
37°C for 15min and then DTT was removed by extensive dialysis against PBS for 10 hours to create

mercapralbumin and ii) BSA as bought from Sigma-Aldrich.

In order to investigate the effect of hydrogen peroxide exposure in plasma proteins glycation,
pooled plasma from 8 healthy, normal weight volunteers was collected in heparin tubes after an

overnight fast.
Protein glycoxidation

All incubations took place in PBS with sodium azide (0.2g/L) and a final volume of 1.5ml. To
investigate the effect of constant exposure to oxidative damage in the progress of the glycation
reaction (glycoxidation) native BSA and native mercaptalbumin was incubated with glucose (0, 5,
10 or 20mM) for 4 weeks in the presence of H,0, (10nM). Proteins were also incubated under the

same conditions without H,0, (10nM) to serve as a reference.

The glucose concentration of 30mM was not employed as it is a highly supra-physiological

concentration and the combinations of methylglyoxal plus glucose were also not employed.
All incubations were repeated in 5 replicates.
Fructosamine measurement

The NBT assay was modified in this experiment using a larger amount of sample (25 vs 10puL)

which resulted in a smaller Coefficient of Variation.

Fructosamine levels were measured at week 2 and 4 with the NBT assay, performed in
microplates as described previously (Baker et al., 1993). Briefly, samples (25uL) were added to of
sodium carbonate buffer (100uL, 100mM, and pH 10.8) with Nitroblue Tetrazolium (0.25mM).

Microplates were incubated for 15min at 37°C and measured spectrophometrically against
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controls at 550nm after 10 and 15min of incubation. The difference between the two readings
was used to calculate concentrations. The fructosamine analog 1-deoxy-1-morpholinofructose
(DMF) was used as a standard. All fructosamine measurements were performed in duplicate.
Standards and NBT reagent were made fresh every week and stored at -20°C and 4°C respectively.

All samples were stored at -20°C.
Statistical analysis

All combinations of oxidative damage and glycation drivers were tested as five or six true
replicates, according to the experiment. The independent sample t-test was used to assess the
differences in glycation between native BSA and either of the oxidation set-ups. Difference in
fructosamine production between glucose levels and glycation drivers were tested using a one-
way ANOVA and Tukey’s post-hoc test. Differences between exposure to oxidation and no
oxidation were studied in each protein system separately using one-way ANOVA and the
interaction between glucose levels and oxidation was studied using two-way ANOVA. Statistical

analysis was performed using PASW 18.

4.3 Results

Effect of constant oxidation on BSA glycation

Incubation of native BSA (40g/L) with glucose concentrations below 20mM did not lead to
measurable levels of glycated BSA measured after 2 weeks, with or without 150nM methylglyoxal,
compared to glucose-free control (Table 4.1). After 4 weeks, incubation with 10mM glucose (with
or without methylglyoxal) significantly promoted glycation in native BSA compared to glucose-
free control. Exposure to a physiological concentration of hydrogen peroxide (10nM), however,
led to significantly higher glycated BSA (measured as fructosamine) at the lower glucose
concentrations of 10mM after 2 weeks, and 5 mM after 4 weeks incubation (both p<0.05 vs.

glucose free control).
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Table 4.1 Fructosamine concentration after two weeks incubation of albumin with different
glucose concentrations, between and within treatments (glucose / MGO exposure and oxidation)

Glucose levels

Week 2

Oxidation status

(mMm)

Native H,0, 10nM Native Pre-Oxidized

Mean (SD) Mean(SD) p-value Mean (SD) Mean(SD) p-value
0 0.26(0.04) 0.27(0.02) 0.669 0.26(0.01) 0.26(0.03) 0.807
5 0.31(0.04) 0.38(0.02) 0.017 0.23(0.02)  0.29(0.05) 0.016
10 0.35(0.02) 0.53(0.02)* 0.001 0.26(0.04)  0.28(0.03) 0.177
20 0.51(0.05)* 0.69(0.07)* 0.002 0.57(0.06)* 0.57(0.04)* 0.940
30 0.82(0.06)* 0.82(0.03)* 0.987 0.79(0.10)* 0.64(0.10)* 0.041
0+MGO 0.26(0.02)  0.31(0.01) 0.015 0.19(0.02)  0.19(0.03) 0.510
10+MGO 0.34(0.05)  0.46(0.03)* 0.001 0.62(0.07)* 0.48(0.05)* 0.002
20+MGO 0.53(0.08)* 0.67(0.01)* 0.008 0.46(0.05)* 0.39(0.07)* 0.048
Oxidised vs native” <0.001 0.005

Week 4

0 0.37(0.03)  0.39(0.09) 0.767 0.20(0.02)  0.17(0.02) 0.021
5 0.40(0.09)  0.54(0.06)* 0.015 0.26(0.02)  0.24(0.02)* 0.063
10 0.55(0.04)* 0.68(0.06)* 0.003 0.31(0.02)* 0.31(0.02)* 0.825
20 0.78(0.04)* 0.92(0.04)* <0.001 0.56(0.05)* 0.52(0.07)* 0.292
30 0.95(0.08)* 1.17(0.10)* 0.002 0.62(0.05)* 0.64(0.03)* 0.844
0+MGO 0.43(0.02)  0.40(0.04) 0.590 0.22(0.02)  0.17(0.01) 0.016
10+MGO 0.70(0.03)* 0.84(0.09)* 0.010 0.52(0.01)* 0.46(0.03)* 0.028
20+MGO 0.86(0.07)* 1.05(0.12)* 0.015 0.40(0.02)* 0.33(0.01)* <0.001
Oxidised vs native” <0.001 <0.001

#
*p<0.05 vs. glucose OmM, ~ two-way ANOVA analysis
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Using constantly-oxidized BSA generated significantly more fructosamine than native BSA after 2
weeks of incubation with 5, 10, and 20mM glucose (increased by 23%, 36% and 35% respectively).
Similar results were observed with methylglyoxal (150nM) alone (19% increase in fructosamine),
and with a combination of methylglyoxal (150nM) plus glucose at concentrations of 10 and
20mM, with 35% and 26% increases in fructosamine respectively (Figure 4.1). Significantly greater
glycation of constantly-oxidized BSA compared to native BSA was also observed after 4 weeks at
all glucose concentrations, and with combinations of glucose (10 & 20mM) and methylglyoxal
(150nM) (Figure 4.2). In particular, incubation of BSA with 5mM glucose and 10mM H,0, led to a
35% higher fructosamine concentration compared to the non-oxidised control (p=0.04). Although
incubating BSA in presence of methylglyoxal (150nM) alone did not lead to significantly increased
glycation after neither 2 nor 4 weeks (Table 4.1), combining methylglyoxal (150nM) and glucose
(10mM) had a synergistic effect on glycation of constantly-oxidised BSA after 4 weeks (p=0.02 vs.

glucose alone), as well as some suggestion of an effect on native BSA (p=0.08) (data not shown).

The individual impacts of glucose concentration and oxidation, as well as their interaction, on
glycation over periods of 2 and 4 weeks were investigated using a two-way ANOVA. Oxidation had
a significant effect on glycation at both two and four weeks (p<0.001) There was strong evidence
for an interaction between continuous-oxidation and glucose concentration in driving glycation
after 2 weeks of incubation (p<0.001) with a non-significant indication of an effect of this
interaction on glycation after 4 weeks (p=0.058). While removing data relating to methylglyoxal
and glucose incubations from the analysis did not change impact on the significance of the effect
of oxidation on protein glycation (p <0.001 at both two and four weeks), the interaction between
oxidation and glucose concentration significantly affected glycation after both two and four weeks

(p=0.001 and p=0.01, respectively).
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Figure 4.3 Fructosamine concentration (mM DMF equivalent) after two weeks incubation with
glucose and constant exposure to oxidation from hydrogen peroxide (10nM).
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Figure 4.4 Fructosamine concentration (mM DMF equivalent) after four weeks incubation with
glucose and constant exposure to oxidation from hydrogen peroxide (10nM).
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Effect of pre-oxidation on BSA glycation

Incubation of native and pre-oxidised BSA with glucose concentrations lower than 20mM for two
weeks did not lead to significantly more fructosamine being produced than the glucose-free
control. Nonetheless the pre-oxidation step led to significantly higher glycation, compared to

native BSA, after two weeks at the lowest glucose concentration (5mM) (p=0.016).

A 4-week incubation with 5mM glucose alone was sufficient to drive glycation of pre-oxidized BSA
(p=0.03 vs. glucose-free control), but not native (un-oxidized) BSA which required at least 10mM

glucose (p=0.001, Table 4.1).
Comparison of the effect of constant-oxidation on BSA and mercaptalbumin glycation

Reduction of BSA to mercaptalbumin was employed in order to investigate whether commercially
available BSA, possibly being oxidised to some extent, would be more or less prone to subtle
oxidation driven glycation. For this reason, DTT-treated BSA was incubated with glucose (O-

20mM) in presence or absence of 10nM H,0,.

When mercaptalbumin was incubated with 5 and 10mM glucose under constant oxidation for two
weeks, significantly higher fructosamine levels were observed compared to non-oxidised
mercaptalbumin (p=0.03 & p=0.006; respectively). While incubation for two weeks with 5mM
glucose was sufficient to drive higher glycation in constantly-oxidized mercaptalbumin than
glucose-free control (p<0.001), non-oxidised mercaptalbumin required incubation with 10mM
glucose to lead to higher glycation than the glucose-free control (p<0.001). No differences

between oxidized and non-oxidised mercaptalbumin were observed at week 4 (Figure 4.3).

Two-way ANOVA, analysing the effect of oxidation at all glucose levels, showed that oxidized
mercaptalbumin was subject to higher glycation than non-oxidised, at both weeks two and four
(p=0.003 & p=0.035 respectively). The interaction between glucose and oxidation was not
significantly affecting glycation in both weeks (p for interaction glucose x oxidation = 0.48 & 0.78

for week 2 and 4 respectively).



52

Figure 4.5 Fructosamine concentration (mM DMF equivalent) after two and four weeks
incubation with glucose and constant exposure to oxidation from hydrogen peroxide (10nM) in

mercaptalbumin.
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When mercaptalbumin glycation was compared to BSA glycation. Mercaptalbumin was more
prone to glycation than BSA in both the presence and absence of H,0,. In the absence of H,0,
mercaptalbumin had higher fructosamine concentration than BSA at 5 and 10mM glucose at two
weeks (p=0.004 & p=0.002 respectively) and that was significant at week 4 for 5mM glucose
(p=0.005) and nearly significant for 10mM glucose (p=0.06). In the presence of H,0,
mercaptalbumin was again more successfully glycated than BSA at 5&10 mM glucose at week 2
(p<0.001, for both) and nearly significantly more at 20mM (p=0.057). At week 4 mercaptalbumin

was significantly more glycated than BSA only at 5mM glucose (p=0.04) (data not shown).

Employing two-way ANOVA showed that mercaptalbumin was more prone to glycation than BSA
(p<0.001) and there was a significant positive interaction between oxidation and the type of
protein employed, in favour of mercaptalbumin (p interaction protein-type x oxidation= 0.047) at
week 2. Although the interaction between the protein type and oxidation was not documented at
week 4 (p=0.33), glycation was still positively affected by using mercaptalbumin rather than BSA
(p<0.001) (data not shown).

Effect of constant-oxidation on human plasma glycation

Protein glycation in human plasma was studied to explore the reactions studied previously in a
more complex protein system with antioxidant mechanisms in place and closer to human
physiology. Plasma exposure to constant hydrogen peroxide (10nM) promoted glycation when
incubated with 5mM glucose for 2 weeks, compared to non-oxidised plasma (p=0.03).
Surprisingly, this effect of oxidation was no present after 4 weeks, and actually led to significant
lower fructosamine concentration for incubations with 10mM glucose compared to non-oxidised

plasma (p=0.001) (Figure 4.4).

Two-way ANOVA suggested that oxidation had no impact on glycation in human plasma at week
two but it had a significant negative impact at week four (p=0.01). The interaction glucose x

oxidation was also significant (p<0.001) at week four, only.
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Figure 4.6 Fructosamine concentration (mM DMF equivalent) after two and four weeks
incubation with glucose and constant exposure to oxidation from hydrogen peroxide (10nM) in
human plasma.
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4.4 Discussion

Protein glycation was first described as part of the Maillard reactions cascade, as a cause of food-
spoiling. Although the same reactions have been identified in-vivo, and glycated proteins are
probably causally associated with the tissue damage that occurs during aging, in diabetes and
other chronic diseases (Plutzky, 2011), there are still gaps in the understanding of the exact
mechanisms involved. It is striking that 12-18% of circulating albumin, and up to 6% of
haemoglobin is glycated in apparently healthy non-diabetic people, amongst whom most heart

disease occurs (Selvin et al., 2011).

Perhaps surprisingly, this study is the first to demonstrate in vitro protein glycation at
physiological glucose concentrations. The clear effect of including an oxidative agent (hydrogen
peroxide at a low, physiologically relevant concentration (Mueller et al., 1997)), supports the
concept of oxidative stress as a key mechanism behind in-vivo glycation of albumin in
normoglycaemic individuals. It is worth stressing that the concentration of hydrogen peroxide
used was very low. Although the literature is still controversial over the exact concentration of
hydrogen peroxide in plasma with values up to 35uM being documented (Varma and
Devamanoharan, 1991), even the supporters of the theory that hydrogen peroxide concentration
is not important in plasma documented values of 250nM (Frei et al., 1988), which is 25 times
higher than the concentration equipped in the current study. Several factors might explain why
previous studies have failed to achieve glycation in vitro under physiological conditions. We used
a physiological concentration of albumin, while previous studies have used lower (sub-
physiological) concentrations (0.01 -7g/L) (Gugliucci et al., 2009, Tarwadi and Agte, 2011), and/or
high (supra-physiological) glucose concentrations (30mM - 0.5M) (Harris et al., 2011, Verzelloni et
al., 2011a). Albumin glycation had previously been achieved in the presence of 15mM glucose
alone at 5 weeks or 30mM glucose alone at 4 weeks (Barnaby et al., 2011). With physiological
glucose concentrations, results have varied according to sample treatment and methods used to
measure glycation. Bourdon et al. (1999) reported that incubation of albumin for 4 weeks with
5mM glucose did not promote glycation, while later reporting contradictory findings (with,

however, glycation only implied from qualitative results (Chesne et al., 2006)).

Similarly, while methylglyoxal is a potent glycative molecule in supra-physiological conditions
(Tarwadi and Agte, 2011b), it did not show significant glycative activity in physiological
concentrations. Our data suggest it might act synergistically with glucose to promote glycation at
lower glucose concentrations (10mM), but we demonstrated that both glucose and methylglyoxal

at physiological concentrations will glycate albumin if it is oxidised.
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In both the BSA and mercaptalbumin models, glycation of the protein was significantly higher
than the glucose-free control when exposed to a physiological concentration of hydrogen
peroxide for two weeks. Although the effect of pre-oxidation and continuous oxidation were very
similar with a favour towards continuous oxidation, in so low hydrogen peroxide concentrations
the continuous oxidation model is more likely to be of physiological relevance. Continuous
exposure to hydrogen peroxide led to higher fructosamine concentrations at all glucose levels and
oxidation was also shown to act synergistically with glucose, as the interaction between the two

was found to be significant in our experiments.

Hydrogen peroxide positively interacts with glucose in promoting glycation reactions. One has to
keep in mind that the hydrogen peroxide exposure was weak in term of concentration in order to
resemble physiological condition and hence it is likely to induce important but subtle effects.
When human plasma was exposed to hydrogen peroxide, glycation was significantly higher with
5mM glucose after two weeks, compared to the non-oxidized control. The opposite was found
when oxidised plasma was incubated with 10mM glucose for 4 weeks, but the lower fructosamine
concentration of the oxidised plasma in that case could be attributed both to increased protein
instability and/or glycation being driven to the production of AGEs (not detectable by the NBT

method used) rather than early-glycation products as fructosamine.

Constant oxidative stress is clearly damaging and relevant to diabetic and obese chronic pro-
oxidant states, however a dynamic balance between pro- and anti-oxidant factors is usually
present in plasma and other body fluids. The level of oxidative stress fluctuates during the day
(e.g. higher post-prandially) and a variety of events can trigger short-term production of Reactive
Oxygen Species. Our results suggest that episodes of relatively unopposed oxidation, e.g. from
infection or inflammation, or smoking, could damage proteins to promote subsequent glycation,
as we have demonstrated with the increased susceptibility of pre-oxidized albumin to glycation at

a physiological glucose concentration. This mechanism could apply in vivo.

Recognizing that, in physiological systems, protein glycation depends on oxidative damage as well
as glucose concentration has implications for scientific understanding and potentially for clinical
practice. The term ‘glycoxidation’, currently restricted to the latter stages of Maillard reactions,
seems more appropriate than simply ‘glycation’ to describe the overall in vivo protein glycation
process, and similar protocols to ours would be appropriate to study the phenomenon in vitro.
The quest for normoglycaemia in diabetes management is important to delay vascular and other
complications, but potentially hazardous interventions are entirely directed at glucose-lowering:
using insulin or anti-diabetic drugs intensively to reduce glycation has been associated with
increased risk of hypoglycemia, and of mortality (Terry et al., 2012). If oxidative stress is also

involved as a trigger for protein glycation and tissue damage, then approaches aimed solely at
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glucose handling are insufficient, and reducing oxidative stress might be less hazardous. This is
not arguing for indiscriminate or high-dose antioxidant treatments. Several trials have suggested
worse outcomes from antioxidant vitamin supplementation (Virtamo et al., 2003), leading to
understandable prejudice against their effectiveness and safety, but a recent meta-analysis of 66
randomised controlled trials indicates benefit from vitamin E supplementation for primary
prevention (where there is some baseline insufficiency) (Biesalski et al., 2010), and vitamin E also
contributes to secondary prevention (Stephens et al.,, 1996), renewing interest in antioxidant
interventions. Our results support findings from the cross-sectional study of Bates et al. (2004),
which led to the hypothesis that dietary antioxidants may reduce tissue glycation. Also evidence
from in-vitro studies suggests that antioxidants are having a protective role in protein glycation
(Harris et al., 2011, Vinson and Howard, 1996). Exposure to oxygen radicals such as TBH and H,0,
significantly increased haemoglobin glycation in-vitro and pre-treatment with vitamin E blocked
that effect (Jain and Palmer, 1997). Replenishment of the antioxidant defences of GSH-deficient
red blood cells, on the other hand, protected them against increased haemoglobin glycation (Jain,

1998), both supporting the hypothesis of oxidative stress being involved in protein glycation.

The present studies suggest some important avenues for future research, as well as changes to
commonly-used experimental models. It is important to question accepted patho-physiological
mechanisms if they cannot be demonstrated in vivo at physiological concentrations. Our evidence
that mild oxidation plays an early role in AGE production is novel and explains a gap in the
literature. Prior reduction of BSA might indeed increase the oxidation potential of the protein and
hence strengthen the effect of oxidation on glycation, as shown by the two-way ANOVA analysis.
While being designed to replicate physiological conditions and employing a large number of
replicates (6 instead of the usual 3) to reduce random errors under physiological conditions, the
current study does have limitations. Hydrogen peroxide’s stability in the incubation media was
not tested, which allows for the possibility of the molecule having a shorter half-life than the
experimental duration. Nonetheless the effects of exposure to hydrogen peroxide, no matter how
long, are carried over the 4-week experimental period. In circulation hydrogen peroxide would be
continuously produced and removed leading to fluctuations and a continuous exposure of the
protein to oxidative damage, likely to amplify the effects seen in this experimental study.
Albumin, although the major circulating protein, may not be representative of other glycation-
prone proteins, and the results cannot provide an exact mechanism linking oxidative damage to
glycation. Using human plasma led to slightly different results than BSA and mercaptalbumin. No
effect on glycation was seen from oxidation at glucose levels above 10mM after two weeks of
incubation; that could be attributed to the fact that plasma from healthy volunteers involves
different proteins with different degrees of pre-oxidation and glycation and also a much more

competent antioxidant system which would be expected to rapidly scavenge ROS. Glycated
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proteins already present in plasma could also affect the speed and general kinetics of the
reaction. Finally, multiple testing could have resulted in chance findings of ‘significance’ but since
for every condition there were no more than 7 tests ran, p-values lower than 0.007 should be
considered as true findings. Possible mechanisms involve protein damage by hydrogen peroxide
and/or increased glucose autoxidation in the presence of hydrogen peroxide, both likely to
increase the affinity of the molecules for the non-enzymatic sugar linkage. There may be selective
oxidation of amino acids: i.e., tryptophan, a main site for protein glycation, is an oxidation site for
human albumin (Rondeau and Bourdon, 2011, Guerin-Dubourg et al.,, 2012), suggesting that

oxidized amino acids maybe more susceptible to further glycative damage.

4.5 Conclusion

Oxidative damage, although known to be important for the late stages of protein glycation, has
not previously been linked with the early stage of the Maillard reaction. Our data suggest that
oxidative damage, induced by a very low (physiological) concentration of hydrogen peroxide,
plays a critical early role in fructosamine production. Importantly, the effect is seen at
physiological glucose concentrations, potentially opening an avenue for new preventive
treatments. Our experiments highlight the importance of oxidative stress on protein glycation, as
a promoter and even a necessary condition to achieve glycation in physiological glucose

concentrations.
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Chapter 5: Inhibition of protein glycation by phenolic acids: physiological
relevance and implication of protein-phenolic interactions

This chapter is presented exactly as published in Food & Function
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Abstract

Background: While antiglycative capacity has been attributed to (poly)phenols, the exact
mechanism of action remains unclear. Studies so far are often relying on supra-physiological

concentrations and use of non-bioavailable compounds.

Methods: To inform the design of a physiologically relevant in-vitro study, we carried out a
systematic literature review of dietary interventions reporting plasma concentrations polyphenol
metabolites. Bovine Serum Albumin (BSA) was pre-treated prior to in vitro glycation: either no
treatment (native), pre-oxidised (incubated with 10nM H,0, for 8 hours) or incubated with a
mixture of phenolic acids at physiologically relevant concentrations, for 8 hours). In-vitro glycation
was carried out in presence of i) glucose only (0, 5 or 10mM), ii) glucose (0, 5 or 10mM) plus H,0,
(10nM), or iii) glucose (0, 5 or 10mM) plus phenolic acids (10-160nM). Fructosamine was

measured using the nitroblue tetrazolium method.

Results: Following (high) dietary polyphenol intake, 3-hydroxyphenylacetic acid is the most
abundant phenolic acid in peripheral blood (up to 338uM) with concentrations for other phenolic
acids ranging from 13nM-200uM. Presence of six phenolic acids with BSA during in-vitro glycation
did not lower fructosamine formation. However, when BSA was pre-incubated with phenolic
acids, significantly lower concentration of fructosamine was detected under glycoxidative

conditions (glucose 5 or 10mM plus H,0, 10nM) (p<0.001 vs. native BSA).

Conclusion: Protein pre-treatment, either with oxidants or phenolic acids, is an important
regulator of subsequent glycation in a physiologically relevant system. High quality in-vitro studies

under conditions closer to physiology are feasible and should be employed more frequently.
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5.1 Introduction

Protein glycation has been implicated in the development of several chronic diseases, particularly
diabetic micro and macrovascular complications (Sabanayagam et al., 2009, Yan et al., 2003). The
process of glycation, in diabetes, is mainly driven by the elevated blood glucose concentration
through non-enzymatic condensation of a sugar molecule on a protein, lipid or DNA molecule
(Baynes, 2002, Thornalley, 2003a). Measurement of glycated haemoglobin is the standard
method for monitoring diabetes control (American Diabetes, 2011) and elevated levels are clearly
related to tissue damage. Glycated albumin levels in plasma can vary widely, between 1% to up to
16% in normoglyceamic individuals (Shaklai et al., 1984, Selvin et al., 2011) and the reasons for
this wide range are not fully understood. In individuals free of diabetes for every 1% increase in
HbAlc levels there is an associated 30-50% in the risk of cardiovascular disease (Selvin et al.,
2010, Barr et al., 2009, Selvin et al., 2005). Although in-vitro studies have been employed to study
glycation mechanisms, few have used physiologically relevant glucose concentrations. In vitro
protein glycation does not easily occur with physiological concentrations of glucose, implying that
another factor was necessary. We recently demonstrated that albumin glycation at physiological
glucose concentrations (5 and 10mM) was driven by oxidative stress, and that oxidised albumin is
more susceptible to glycation than the native form of the protein (Vlassopoulos et al., 2013b). We
have suggested that the reaction might be considered protein glycoxidation, rather than simply
glycation. The study of early glycation, fructosamine, in in-vitro model is of high importance both
for translational value (HbAlc is commonly used in clinical practice) and due to the fact that it is
the first stable glycation product and so its production rate is influential on AGEs

production(Venkatraman et al. 2001).

Antioxidants, and (poly)phenols and their metabolites in particular, have been studied for their in-
vitro antiglycative properties (Xie and Chen, 2013, Kim and Kim, 2003, Hou et al., 2013, Wu et al.,
2009, Sompong et al., 2013). (Poly)phenols may offer protection by scavenging ROS produced
during the glycation reaction, thereby slowing glycation and inhibiting the formation of AGEs (Wu

III

and Yen, 2005, Xie and Chen, 2013). Another possible mechanism involves “physical” protection
against glycation. This mechanism suggests that (poly)phenols have the capacity to bind on the
protein molecule, most likely with a non-covalent bond, and in this way make glycation targets on
the protein molecule (usually amino acids like lysine) inaccessible to take part in the glycation

reaction (Xiao and Kai, 2012, Verzelloni et al., 2011b).

While these studies may hold value in food science (for example, reduction of AGEs formation
during cooking in the presence of polyphenols (Zhang et al., 2014)), their physiological relevance

to human health is sometimes questionable. (Poly)phenols are subject to extensive metabolism in
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the lumen (hydrolysis by the enterocytes’ glucosidase system) and after absorption
(glucuronidation/sulfation in the liver) (Scalbert et al., 2002, Manach et al., 2005). Most high
molecular weight dietary polyphenols have low bioavailability and even though aglycones may
reach systemic circulation in small amounts, glycosides do not (Nagasawa et al., 2003, Williamson
and Manach, 2005, Manach et al., 2005, Crozier et al., 2009). Those which do not get absorbed
instead accumulate in the colon lumen, where they are subject to bacterial degradation, leading
to the formation of the phenolic acids. Phenolic acids have a relatively higher bioavailability
(Scalbert et al., 2002, Scalbert and Williamson, 2000). In plasma, an increase in phenolic acid
levels is seen 8-10 hours after ingestion, which represents the ‘colonic tide’ of (poly)phenol
metabolites (Manach et al.,, 2004, Scalbert et al., 2002, Vitaglione et al., 2007). Studies using
foodstuff extracts and mixtures containing aglycones and glycosides thus do not replicate
physiology (Williamson and Manach, 2005, Harris et al., 2014) when (poly)phenols in the
circulation are mostly phase Il metabolites and rarely exceed 1uM concentration (and if so,
transiently) (Manach et al., 2004, Scalbert and Williamson, 2000). Finally, while single compound
studies are informative and allow for mechanisms of action to be dissected, polyphenols and their
metabolites are not found or consumed in isolation (Crozier et al., 2009, Manach et al., 2005);
they are, also, all consumed within complex food matrices with other nutrients that may modify

absorption and metabolism (Serafini et al., 2009, Mullen et al., 2008).

The present paper systematically reviews the literature reporting plasma levels of phenolic acids
as key polyphenol metabolites, following ingestion of polyphenol rich food products (not under
“acute” trial settings). The outcomes of this review are then used to test whether phenolic acids
can inhibit the early stages of glycation under physiologically-relevant experimental conditions,

using the bench-top design we previously described (Vlassopoulos et al., 2013b).
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5.2 Material and methods

Systematic literature review

This review was conducted following the Preferred Reporting Items for Systematic Review and
Meta-Analysis (PRISMA) guidelines. A literature research was carried out in PubMed® and ISI Web
of Knowledge® for trials reporting plasma phenolic acid levels after a high polyphenol food/diet
intake. The search was inclusive of all years up to February 2014. The following search terms were
used to identify relevant studies: (phenol*, polyphenol*, phenolic acid*, fruit, vegetable, spice,
cocoa, herb, juice, oil, wine, extract, tea or coffee), paired (bolean AND) with (feeding, trial,

“uxn

intervention, consumption OR supplementation). The wild-card term was used to improve the
sensitivity of the search by increasing the number of matches. The review was limited to studies
utilising chromatographic techniques to identify (poly)phenolic compounds in serum or plasma.
Studies on animals were excluded, as well as studies reporting cross-sectional data. Only
controlled long-term feeding trials were reviewed. Studies were included in the review if absolute

concentrations of phenolic acids were reported.

Experimental procedures
Chemicals

Bovine serum albumin (BSA), sodium azide, nitroblue tetrazolium, d-glucose, PBS, 1-deoxy-1-
morpholinofructose (DMF), hydrogen peroxide, caffeic acid, p-coumaric acid, vanillic acid, 3-
hydroxyphenylacetic acid, 3,4-dihydroxyphenylacetic acid and protocatechuic acid were
purchased from Sigma-Aldrich (Dorset, UK). SnakeSkin Dialysis Tubing, 3.5K MWCO was

purchased from Thermo Fisher Scientific (Nottinghamshire, UK).
Albumin pre-treatment

BSA (40g/L) was studied in three different forms: native BSA (BSA), pre-oxidised BSA (ox-BSA), and
phenolic acid-preincubated BSA (PP-BSA). Ox-BSA was incubated with 10nM hydrogen peroxide
(H,0,) for 8hrs pre-glucose incubation and PP-BSA was incubated with a phenolic acid mixture for
8hrs pre-glucose incubation. The phenolic acids used were selected based on the results of the
literature review aiming to be representative of plasma concentrations of free phenolic acids,
with a higher degree of physiological relevance. The acids and concentrations used were: caffeic
acid 10nM, p-coumaric acid 8nM, vanillic acid 21nM, protocatechuic acid 40nM, 3-hydroxyphenyl
acetic acid 160nM and 3,4-dihydroxyphenyl acetic acid 40nM. Following pre-treatment, ox-BSA
and PP-BSA were dialysed against PBS for 24 hrs to remove any free H,0,and/or phenolic acids

(Figure 5.1).
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Protein glycation

All incubations took place in PBS (0.137M Sodium chloride, 0.0027M potassium chloride, and
0.010M phosphates) with sodium azide (0.2g/L), in a final volume of 1.5ml, for 14 days. BSA, ox-
BSA and PP-BSA (40g/L) were incubated with glucose (0, 5, 10mM) with or without 10nM H,0,or
a physiologically relevant phenolic acid mix (as described above). All incubations were replicated 6

times.

Figure 5.7 Experimental design for the study of the antiglycative potential of physiologically
relevant phenolic acids.

BSA ox-BSA PP-BSA (8hrs)

L=

Glucose Glucose + H,0, Glucose + PP (2wks)
(0,5, 10mM) (0,5, 20mM) (10nM) (0,5, 10mM)

BSA: bovine serum albumin, ox-BSA: bovine serum albumin incubated with 10 nM H,0,, PP-BSA: bovine serum albumin
incubated with phenolic acids mixture; PP: caffeic acid 10nM, p-coumaric acid 8nM, vanillic acid 21nM, protocatechuic
acid 40nM, 3-hydroxyphenyl acetic acid 160nM and 3,4-dihydroxyphenyl acetic acid 40nM

Fructosamine measurement

Fructosamine levels were measured at week 2 with the NBT assay, performed in microplates as
described previously **. Briefly, samples (30uL) were added to of sodium carbonate buffer (100pL,
100mM, and pH 10.8) with Nitroblue Tetrazolium (0.25mM). Microplates were incubated for 15
min at 37°C and measured spectrophometrically against controls at 550nm after 10 and 15 min of
incubation. The difference between the two readings was used to calculate concentrations. The
fructosamine analog 1-deoxy-1-morpholinofructose (DMF) was used as a standard. All
fructosamine measurements were performed in duplicate. Standards and NBT reagent were
made fresh every week and stored at -20°C and 4°C respectively. All samples were stored at -20°C

prior to assay.
Measurement of AGE fluorescence

AGE fluorescence was measured in diluted samples (1:5) at an excitation wavelength 370nm and
an emission wavelength 440nm. AGE fluorescence was measured as arbitrary units and in

duplicate using a SpectraMax M2 plate reader.
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Protein structure analysis

Protein tryptophan fluorescence intensity was recorded with a Shimadzu RF-5301 PC
Spectrofluorophotometer, using 5nm excitation and 10nm emission slit widths. Proteins at a
concentration of 0.2g/L in PBS were used after dialysis and prior to glycation. The UV spectra of
the protein, measured using a Perkin Elmer Lambda 25 UV/VIS Spectrometer, indicated a
maximum absorbance at 277nm for all proteins, which was thereafter used as the excitation
wavelength for each protein. Changes in maximum emission were compared between proteins in
a semi-quantitative manner and changes in the emission spectra due to pre-treatment were also
compared qualitatively. Near UV Circular Dichroism spectra of 1.5g/L protein and far UV Circular
Dichroism spectra of 0.2g/L protein were recorded in a 0.5cm and 0.02 cm pathlength quartz
cuvette, respectively, using a Jasco J-810 spectropolarimeter *. The UniProt database was used to
identify structures, sequences and drug binding location on the BSA molecule

(http://www.uniprot.org/uniprot/P02769).

Statistical analysis

All combinations of oxidative damage and glycation drivers were tested as six true replicates,
according to the experiment. Assays were conducted in duplicate. Differences in fructosamine
production between hydrogen peroxide levels were tested using a one-way ANOVA and Tukey's
post-hoc tests, at each glucose level separately. The interaction between glucose levels and
hydrogen peroxide levels, as well as the overall dose response effect, were studied using two-way
ANOVA. Statistical analysis was performed using SPSS statistical software package version 19.0.0

(IBM, SPSS Software, Armonk, NY, USA).

5.3 Results

Using the primary search terms, 436 papers were identified, with 40 excluded as duplicate
entries. Titles from the remaining 396 articles were screened and 43 were excluded as not
relevant to the topic of the review (mostly studies focusing on phenylalanine and other phenol
ring-containing substances). During abstracts screening, 246 reports were removed from the
analysis with the majority being in-vitro or animal studies’ reports, alongside with reports from
cross-sectional studies. Review papers, conference proceedings, and reports written in languages
other than English were also excluded. A total of 107 full papers were screened, leading to the

exclusion of 28 additional reports. These reports either performed a qualitative analysis of


http://www.uniprot.org/uniprot/P02769
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metabolites in plasma or did not provide data on the concentrations of the metabolites measured
in plasma. The reference list of each publication was screened in order to identify other
publications from the same study, in case the data on the metabolites concentrations were
published elsewhere. Finally, two reports (Nieman et al., 2013, Stracke et al., 2010) were excluded

as phenolic acids were reported as relative concentrations rather than absolute (Figure 5.1).

A total of 79 published studies satisfied the inclusion criteria and reported plasma levels of
polyphenol and polyphenol metabolites following a dietary intervention. From those, 9 reports
focused on longer-term feeding studies while the rest covered acute changes in polyphenol levels
following a single consumption of a test food (Figure 5.1). Acute trials mainly focused on
polyphenol bioavailability in the 5-24 hour window following ingestion, while longer-term feeding
studies investigated changes in polyphenol metabolites levels after 5 days to 8 weeks

supplementations (Grimm et al., 2006, Koli et al., 2010) (Table 5.1).

Most studies (Table 5.1) focused on a single food product, from a diverse range including tea
(black and green) (Henning et al., 2013), coffee (Kempf et al., 2010), olive oil (Oliveras-Lopez et al.,
2012), cocoa (Urpi-Sarda et al., 2009) and berries, either as a juice (Karlsen et al., 2010) or a mixed
berry diet (Koli et al., 2010). Two studies used extracts instead of a food product (Boyle et al.,
2000, Grimm et al., 2006). Regarding sample treatment prior to phenolic acids measurements,
only two of the studies measured free phenolic acids (i.e. without employing a prior hydrolysis
step to derive aglycones from glucuronide and sulfate esters) (Heinrich et al., 2013, Oliveras-
Lopez et al., 2012). One of these two studies did not detect sufficient phenolic acids in plasma for
guantification, despite using a HPLC/MS (LCQ Fleet quadripole ion-trap MS) detection system
(Heinrich et al., 2013), and the other focused on hydroxytyrosol as a marker of compliance (olive

oil intake) (Oliveras-Lopez et al., 2012).



67

Figure 5.8 Flow diagram of the study selection process
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Table 5.1 Evidence table of long-term supplementation trials measuring phenolic acids in plasma.
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Authors Food Study design Duration Metabolites Hydrolysis Comments
Heinrich et Blue honeysuckle berry Uncontrolled 1 wk Below limit No Low polyphenol
al. (2013) (165g/d) (n=10) diet throughout
Henning et Black tea Non-blinded RCT, 3-6 wks 3-hydroxyphenylacetic acid: 261uM Yes No dietary info
al. (2013) (6 cups/d) parallel 4- hydroxyphenylacetic acid: 668uM

(n=46) 3,4-dihydroxyphenylacetic acid: 117uM

Hippuric acid: 2305uM
Homovanillic acid: 176uM

Henning et Green tea Non-blinded RCT, 3-6 wks 3- hydroxyphenylacetic acid: 338uM Yes
al. (2013) (6 cups/d) parallel 4- hydroxyphenylacetic acid: 798uM
(n=47) 3,4-di hydroxyphenylacetic acid: 135uM

Hippuric acid: 1950uM
Homovanillic acid: 199uM

Oliveras- Extra virgin olive oil as a Non-blinded cross 4 wks Hydroxytyrosol: 487nM No
Lopez et al. fat replacement plus over
(2012) 50mL raw (n=20)
Karlsen et Bilberry juice (1L diluted Non-blinded 4 wks Quercetin: 43.6nM Yes
al. (2010) in water) parallel RCT m-coumaric: 12.8nM

(n=63) p-coumaric: 27.4nM

protocatechuic: 99.4nM

No dietary info

Habitual diet as
control

3wks low
antioxidant/berry
diet




Kempf et al.
(2010)

Koli et al.
(2010)

Coffee Single blind cross 30d
4 or 8 cups/d (150mL) over
(n=47)

100g bilberries and Non blinded RCT, 8 wks
nectar containing 50g parallel

lingonberries/ (n=72)

100g black-currant-

strawberry puree (80%

black currant)

4cups Yes
Caffeic acid: 38.3uM

Dihydrocaffeic acid: 47.9nM

m-Coumaric acid: 26.4nM
Dihydro-3-coumaric: 716nM

Ferulic: 55.1nM

Isoferulic: 23.5nM

Dihydroferulic: 93.9nM

Dihydroisoferulic: 56.5nM
Dimethoxycinnamic: 77 nM
3-(3,4-Dimethoxyphenyl)-propionic: 203nM
8cups

Caffeic acid: 62.2uM

Dihydrocaffeic acid: 75.2nM

m-Coumaric acid: 58.8nM
Dihydro-3-coumaric: 1583nM

Ferulic: 67.1nM

Isoferulic: 49.8nM

Dihydroferulic: 194.7nM

Dihydroisoferulic: 90.6nM
Dimethoxycinnamic: 177.7nM
3-(3,4-Dimethoxyphenyl)-propionic: 398nM
Quercetin: 40nM Yes
Caffeic acid: 100nM

Protocatechuic acid: 120nM

p-coumaric: 15nM

Vanillic: 70nM
3-(3-hydroxyphenyl)-propionic: 800nM
3-Hydroxyphenylacetic: 275nM
Homovanillic: 90nM
3,4-dihydroxyphenylacetic acid: 140nM

No wash out,
All subjects
consumed O cups
(1 month), 4 cups
(2™ month), 8 cups
(3™ month)

The two
supplements were
consumed on an
alternate day basis
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Urpi-Sarda
et al. (2009)

Grimm et
al. (2006)

Boyle et al.
(2000)

Cocoa powder 40g/d
with 500mL skimmed
milk

Pine bark extract
(200mg/d)

Rutin supplement
(500mg/d)

Non-blinded RCT 4 wks
Cross-over
(n=42)

Non-controlled 5d
(n=5)

Double blind RCT 6 wks
parallel
(n=16)

3,4-Dihydroxyphenylpropionic acid: 0.2uM
3-Hydroxyphenylpropionic acid: 0.23 uM
3,4-Dihydroxyphenylacetic acid: 0.11uM
3-hydroxyphenylacetic acid: 0.12 uM
Phenylacetic acid: 20.32 uM

p-coumaric acid: 0.03 uM

caffeic acid: 0.08uM

Ferulic acid: 0.21 pM

Protocatechuic acid: 10.52uM

Vanillic acid: 2.71pM

4-hydroxybenzoic acid: 9.73uM
4-Hydroxyhippuric acid: 0.11uM
3-Hydroxyhippuric acid: 0.48uM

Catechin: 170nM
Caffeic acid: 13.4nM
Ferulic acid: 103nM

Quercetin: 166nM
Kaempferol: 5.24nM
Isorhamnetin: 9.49nM

Yes

Yes

Yes

No wash-out

Measured 4h after
the last dose

Record flavonoid
rich food
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The major phenolic acids identified in the studies were: 3-hydroxyphenylacetic acid (120nM-
338uM), 3,4-dihydroxyphenylacetic acid (110nM-135uM), homovanillic acid (90nM-199uM), m-
coumaric acid (12.8-58.8nM), p-coumaric acid (15-30nM), caffeic acid (13.4nM-62.2uM),
protocatechuic acid (99.4nM-10.52uM), ferulic acid (55.1-210nM) and vanillic acid (70nM-
2.71uM). The compounds measured and identified all represent concentrations of aglycones after

hydrolysis and not concentrations of free compounds.

A combination of 3-hydroxyphenylacetic acid (160nM), 3,4-dihydroxyphenylacetic acid (40nM),
vanillic acid (20nM), p-coumaric acid (10nM), caffeic acid (10nM) and protocatechuic acid (40nM)
was selected for the in-vitro glycation of BSA. These phenolic acids represent only a selection of all
the acids identified in plasma after feeding interventions, but they are the ones for which data on
absorption and metabolism are more extensive. The glucuronidation of polyphenols and phenolic
acids may have a negative effect on the antiglycative capacity of the molecules (Xie and Chen,
2013). These concentrations take into consideration the fact that, phenolic acid levels in all the
studies in the literature review were measured after hydrolysis, and so a factor was applied to

estimate what percentage of the reported values would be non-conjugated phenolic acids.

This percentage was calculated based on findings from previous studies and more specifically,
data from acute feeding interventions identified during the process of the present literature
review. From acute feeding interventions measuring both the conjugated and non-conjugated
form of phenolic acids, only 20-26% of the total caffeic found in plasma after coffee consumption
is in free form (Nardini et al., 2002, Nardini et al., 2009). Similarly only 25% of the total vanillic
acid, 40-50% of the total p-coumaric acid and 15-25% of the total ferulic acid are found as free
phenolic acids(Nardini et al., 2009, Nardini et al., 2006). In the contrary 4-hydroxyphenylacetic

acid is less extensively metabolised (80% present as free form) (Nardini et al., 2006).

The published reports were of variable methodological quality. Although the detection systems
used for phenolic acids measurement were based on mass spectrometry (MS, MS/MS, quadripole
MS), some studies used less sensitive detection systems like ultraviolet, fluorimetric and
electrochemical detectors(Kempf et al., 2010, Grimm et al., 2006, Boyle et al., 2000). One of the
major methodological limitations was that 7 out of 9 studies employed some form of hydrolysis
prior to phenolic acids determination. The measurement of aglycones following hydrolysis leads
to a significant increase in the concentrations reported. The only study measuring phenolic acid
concentrations without hydrolysis did not detect concentrations high enough for quantification

even with a sensitive quadripole MS system (Heinrich et al., 2013).
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The variable duration and dose of the compounds tested also make comparisons between the
studies available difficult. The compounds tested were delivered in various matrices, some as
supplements (Grimm et al., 2006, Boyle et al., 2000), others as drinks (Henning et al., 2013, Kempf
et al., 2010, Karlsen et al., 2010, Urpi-Sarda et al., 2009), or whole foods (Heinrich et al., 2013) and
even as dietary pattern (combination of various food items) (Koli et al., 2010). Such matrices will
have a significant effect on bioavailabilty and potential long-term changes in absorption through
changes in gut microbiota cannot be excluded/ controlled for. The lack of successful control
conditions is another point to be mentioned, as some studies either had no control groups or
used a cross-over design without allowing for sufficient wash-out periods (Kempf et al., 2010,
Urpi-Sarda et al., 2009, Grimm et al., 2006). When bioavailability of (poly)phenolic compounds is
the main focus of the study the lack of a control group may be of lesser importance but not
allowing for sufficient wash-out periods can introduce a carry-over effect between the

interventions making difficult to compare between doses/groups tested.

Finally, as (poly)phenolic compounds are nearly ubiquitous, controlling for the effect of the
background diet is important when studying bioavailability. In the studies reviewed, background
diet control was variable ranging from the subjects being requested to abstain from polyphenol
sources throughout the experimental period (Heinrich et al., 2013, Karlsen et al., 2010) to being
asked to consume their habitual diet (Oliveras-Lopez et al., 2012). One study requested from the
participants to avoid food products similar to those provided during the study period (Koli et al.,
2010) and another gave no advice but requested from the participants to keep records of the
flavonoid rich foods consumed during the study (Boyle et al., 2000). In order to control for the
effect of background diet, Grimm et al requested from their volunteers to follow a flavonoid free
diet 24 hours prior to blood sampling (Grimm et al., 2006). Unfortunately three of the studies did
not provide with any information on whether and how they attempted to control for the effect of
the background diet (Henning et al., 2013, Urpi-Sarda et al., 2009, Kempf et al., 2010). In this
instance lack of adequate control of the background diet was not considered as a bias given the

purpose of the review.
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In-vitro assessment of antiglycative capacity of phenolic acids

The antiglycative capacity of phenolic acids was investigated in a two dimensional design.
Phenolic acids were tested for their capacity to reduce fructosamine production when i) added in
the reaction solution alongside glucose and H,0, and ii) when pre-incubated with albumin (BSA)

prior to the glycation incubation.

Table 5.2 Fructosamine concentration (mM DMF equivalent) after two week incubation with
hydrogen peroxide or phenolic acids.

Glucose level (mM) Pre-treatment

Native Pre-oxidised  Phenolic-rich

Mean (SD) Mean (SD) Mean (SD)
0 0.22(0.01)  0.23(0.02) 0.23 (0.02)
5 0.29(0.01)  0.32(0.01) 0.32 (0.02)
10 0.36(0.02)  0.41(0.03)°  0.40(0.03)
0+ H,0, (10nM) 0.19 (0.04)  0.20(0.02) 0.23 (0.01)
5+ H,0,(10nM) 0.32 (0.03) 0.31(0.03) 0.28 (0.02)*
10+ H,0, (10nM) 0.40 (0.03)  0.40 (0.04) 0.31(0.03)"
0+Phenolic acids 0.22(0.01)  0.22(0.02) 0.22 (0.01)
5+Phenolic acids 0.31(0.02)  0.30(0.02) 0.29 (0.02)
10+Phenolic acids 0.38 (0.04) 0.38 (0.03) 0.36 (0.03)

*p<0.05 vs native

Effect of addition of hydrogen peroxide and phenolic acids in the reaction solution

Addition of 10nM H,0,in the reaction solution throughout the incubation has a significant but
opposing impact on fructosamine production of both native and phenolic pre-incubated albumin.
Incubation of native albumin in the presence of H,0, led to significantly higher levels of
fructosamine at 10mM glucose compared to the glucose-only control (14% increase), whereas a
reduction in fructosamine production was seen in the phenolic pre-incubated albumin (Table 5.2).
A two-way ANOVA analysis showed that H,0, affects fructosamine production of native and
phenolic pre-incubated albumin independently of glucose (p<0.001 for both albumin forms; H,0,

plus glucose vs. glucose only control).

On the contrary addition of phenolic acids in the reaction solution throughout the incubation
period had no significant effect on fructosamine production compared to glucose alone in any of

the three albumin forms used (Table 5.2).
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Effect of protein pre-treatment

Pre-oxidised and phenolic-preincubated albumin was more prone to glycation than the native
molecule in the presence of 10mM glucose (p=0.001 and p=0.02, respectively) (Table 5.2). This
effect was independent of glucose concentration, for both the pre-oxidised and the phenolic-
preincubated albumin (p=0.001, two-way ANOVA). In the presence of H,0,, native and pre-

oxidised albumin showed similar glycation levels (p=0.52; two-way ANOVA).

Preincubation with phenolic acids, on the other hand, significantly reduced glycation in the
presence of H,0, (p=0.001 vs native; two-way ANOVA). This effect was seen at both 5 and 10mM
glucose (p=0.01 and p<0.001, respectively, vs. native albumin) (Figure 5.3) and the glycation
reduction was greater with increasing glucose levels (p<0.001 for the interaction pre-
treatment*glucose levels).

Figure 5.9 Fructosamine concentration (mM DMF equivalent) after two weeks incubation in the

presence of glucose and H,0, (10nM) for native, pre-oxidised and phenolic-preincubated BSA (PP-
BSA).
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Two-way ANOVA analysis showed a significant effect of phenolic-preincubation inhibiting glycation.
*
p<0.05

Effect on AGEs production

After two weeks incubation, AGEs levels were not higher in any experimental condition
compared to the OmM glucose control, but for oxidised BSA exposed to 10mM glucose with 10nM
H,0, (p =0.048, 205+15.8 vs.284+76.1 AU ; oxBSA OmM glucose plus 10nM H,0, vs. oxBSA 10mM

glucose plus 10nM H,0,).
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Effect of protein pre-treatment on protein structure and characteristics

The circular dichroism (CD) analysis showed no effect of the pre-treatment on the secondary
protein structure (Figures 5.11 & 5.12). However, exposure to 10nM H,0, for 8hrs lead to a 25%
decrease in tryptophan fluorescence. Pre-incubation with phenolic acids for 8hrs resulted to a

38% reduction, indicative of protein-phenolic acid binding (Figure 5.10).

Figure 5.10 Emission spectra of 0.2g/L BSA, ox-BSA and PP-BSA at A=277nm showing the
guenching effect of protein pre-treatment. Spectra were recorded at pH 7.4.
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Figure 5.11 Near UV Circular Dichroism spectra of 1.5mg/ml of native BSA (blue), oxidised BSA
(green) and phenolic-treated BSA (red). Spectra were recorded in a 0.5cm pathlength quartz
cuvette using a Jasco J-810 spectropolarimeter.
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Figure 5.12 Far UV Circular Dichroism spectra of 0.2mg/ml of native BSA (blue), oxidised BSA
(green) and phenolic-treated BSA (red). Spectra were recorded in a 0.02cm pathlength quartz
cuvette using a Jasco J-810 spectropolarimeter.
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5.4 Discussion

Our mechanistic study results indicate that pre-treatment of albumin with phenolic acids inhibits
fructosamine production, especially in the presence of oxidative stress or oxidative damage. This
antiglycative activity was apparent when comparing the glycation achieved using phenolic-
enriched albumin to those with the native and pre-oxidised BSA. A two-way ANOVA analysis
showed that, in the presence of H,0,, albumin pre-incubated with phenolic acids had a
significantly lower fructosamine content compared to the native BSA and the pre-oxidised BSA
molecule. Phenolic acid preincubation only offered protection against fructosamine production in
the presence of H,0, 10nM: it provided no protection against glycation by glucose alone. In the
presence of H,0,, the antiglycative activity of phenolic acid pre-incubation was greater with
higher glucose levels (10% vs. 22.5% decrease at 5 and 10mM glucose respectively). No effect was
seen for AGEs production, with the exception of pre-oxidised BSA exposed to a combination of
10nM H,0, and 10mM glucose. This maybe due to the duration of the experiment, too short to

lead to AGEs formation in the given glucose concentrations.
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In contrast with most of the literature to date, which suggests that polyphenols and phenolic
acids added to the incubation solution provide potent antiglycative activity (Lunceford and
Gugliucci, 2005, Kim and Kim, 2003, Bousova et al., 2005, Wu and Yen, 2005, Nagasawa et al.,
2003), our results show this to be unlikely. In the previous investigations, concentrations used
were non-physiological, with the lowest glucose concentration being 30mM (>5-6 fold higher than
normoglycaemia), generating higher glycation than our use of physiologically relevant 5 and 10
mM concentrations, representative of normoglycaemic and diabetic conditions respectively
(Vlassopoulos et al., 2013b). Our results suggest that pre-incubation of albumin with phenolic
acids is the most likely mechanism to offer protection against glycation in a physiologically
relevant system. Pre-incubation of BSA with either 10nM H,0, or phenolic acids did not affect the
secondary structure of the molecule but both led to the reduction of tryptophan fluorescence.
Tryptophan is an established oxidation target in the BSA molecule (Guedes et al.,, 2009), and
oxidation would modify its fluorescence. The BSA molecule has only two tryptophans: one inside
a a-helix in domain | and another one inside the hydrophobic binding pocket of domain Il
(Majorek et al.,, 2012, Tayeh et al.,, 2009). A proposed mechanism of action from our result
involves steric hindrance, with phenolic acids binding in a BSA locum which includes a tryptophan
and consequently preventing the amino acids in this locum are to participate in oxidation and
subsequent glycation reactions. (since BSA oxidation increases its susceptibility to glycation

(Vlassopoulos et al., 2013).

The literature review highlighted that 3-hydroxyphenylacetic acid, 3,4-dihydroxyphenylacetic acid,
homovanillic acid, m-coumaric acid, p-coumaric acid, caffeic acid, protocatechuic acid, ferulic acid
and vanillic acid are most commonly detected in plasma after long-term feeding interventions.
Concentrations of phenolic acids ranged between 13.4nM-338.0uM. The majority of the studies
measured phenolic acid levels as aglycones after hydrolysis of conjugated phenolic acids. This
could have led towards a systematic overestimation of phenolic acid levels. Phenolic acids are
subject to extensive rapid metabolism (Scalbert et al., 2002, Scalbert and Williamson, 2000) and
since the chemical properties of their conjugates are often different, even opposite, from those of
the aglycones (Xie and Chen, 2013) it is important for in-vitro studies to take their relative
abundance into consideration. More in-vivo studies, reporting phenolic acid levels as aglycones

and conjugates separately, are needed.

Nonetheless, the results of the literature review showcase that the use of food extracts or food-
derived polyphenol molecules in mechanistic studies focusing on human metabolism is likely to be
of limited physiological relevance. The parent compounds commonly used for in vitro studies are
rarely found in circulation, while metabolites like phenolic acids are found in potentially important

concentrations in the nM to UM range. These metabolites are also not seen in isolation, but in



79

fairly consistent combinations of phenylacetic acids, caffeic acid, vanillic acid and protocatechuic

acid.

Despite increasing evidence that a very limited fraction of dietary polyphenols are absorbed, with
low levels of metabolites circulating for limited amount of time, in-vitro models to-date utilise
designs that make them irrelevant to physiology outside the gut lumen (Daiponmak et al., 2014,
Harris et al., 2014, Ito et al.,, 2014, Dorsey and Greenspan, 2014). Most of these reports used
supra-physiological glucose and albumin concentrations (Daiponmak et al., 2014, Dorsey and
Greenspan, 2014, Harris et al., 2014) as well as methanolic extracts of food products (Ho et al.,
2013, Cervato et al., 2000, Hegde et al., 2002). While of importance for the food industry (Zhang
et al., 2014), they hold limited translational value for human health and may confuse our
understanding of the role of glycation in health and disease. Here, a combination of caffeic acid,
p-coumaric acid, vanillic acid, protocatechuic acid, 3-hydroxyphenyl acetic acid, and 3,4-
dihydroxyphenyl acetic acid was chosen to replicate physiological conditions, according to the

systematic review.

This study has several limitations. The in-vitro design is in itself limiting and translation to
physiology must still be cautious. Concentrations were chosen to mimic physiology for glucose,
H,0,, and phenolic acids but this made it impossible to draw conclusions on the effect of
individual phenolic acid on glycation. Not all our results fit a simple mechanistic explanation. It is
intriguing that our results suggest that phenolic-preincubated albumin was more prone to
glycation than native albumin, in the presence of 10mM glucose. We can offer no plausible
mechanism to explain this, which may have been a random or chance effect. Nonetheless, this
study has provided evidence to extend the published literature, showing that research into the
antiglycative capacity of polyphenols is still possible at physiologically relevant concentrations of
phenolic acids, and at physiological glucose concentrations, much lower than have been shown to

generate glycation previously.

5.5 Conclusion

Phenolic acids have the capacity to modulate early stages of protein glycation under
normoglycaemic and at physiogical concentrations. Incubation with phenolic acids prior to
glycation significantly inhibits the process in the presence of oxidative stress. Designing in-vitro
studies with a high degree of physiological relevance is very important in order to reach

biologically sound conclusions.
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Abstract

Background: Improved redox status and polyphenols have been shown to reduce glycation in-
vitro. In pregnancy, maternal glycation and sRAGE levels can be used as diagnostic markers for
complications and may be relevant to fetal programming. The association between diet and

glycation in pregnancy and their effect on maternal and neonatal health are still to be explored.

Methods: Samples and data from the UPBEAT study trial (n=117) were analysed. Plasma
fructosamine, plasma sRAGE, urinary Ferric Reducing Ability of Plasma (FRAP), urinary Total
Phenol (TP)and urinary Advanced Oxidised Protein Products (AOPPs) were measured at 16-18°
and 27-28"° weeks gestation. Dietary recalls were used to calculate fruit and vegetable and
polyphenol intake at the same timepoints. Data were analysed to identify associations between
dietary variables and biochemical markers, as well as their relationships with diagnosis of
complications. Associations between maternal variables and neonatal anthropometry were also

investigated.

Results: Fructosamine and AOPPs fell by 3 and 22%, respectively between 16-18"°and 27-28°
weeks gestation. Women in the lowest quartile of total polyphenol intake had 8% greater
fructosamine levels compared to those in the top quartile. Total polyphenol intake was negatively
correlated with sRAGE levels. Diagnosis of severe preeclampsia was associated with elevated
AOPPs. Maternal polyphenol intake was positively correlated with birth weight, while maternal

glycoxidation showed the opposite relationship.

Conclusion: This study is the first to demonstrate an association between polyphenol intake and
glycation during pregnancy, with an impact on neonatal outcome measures. Maternal

glycoxidation is a promising marker of pre-eclampsia and neonatal anthropometry.
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6.1 Introduction

Nearly a third of all women are overweight or obese at the time of conception, with the
prevalence of BMI=30 during pregnancy reaching 20% (Kim et al., 2007, Huda et al., 2010,
Heslehurst et al., 2010, Heslehurst et al.,, 2007). Increased adiposity during pregnancy is
associated with higher risk of developing gestational diabetes and preeclampsia (Huda et al.,
2010, Baeten et al., 2001, Heslehurst et al., 2008). Moreover, nearly 50% of obese pregnant
women will require assisted delivery, caesarean section or instrumental delivery (Weiss et al.,
2004, Chu et al., 2007, Leung et al., 2008, Janga et al., 2011, Sydsjo et al., 2010), alongside a

generally increased length of hospital stay (Mamun et al., 2011, Galtier-Dereure et al., 2000).

The increased health risk from obesity during pregnancy does not only affect the mother, but it
has a substantial impact on the fetus, both in utero (stillbirth, congenital anomalies) and during
the neonatal period (Heerwagen et al.,, 2010, Tenenbaum-Gavish and Hod, 2013, Leddy et al.,
2008). Children born to obese mothers are more likely to be born large for gestational age
(Mutsaerts et al., 2014, Oza-Frank and Keim, 2013, Li et al.,, 2013, Rasmussen et al.,, 2014,
Heslehurst et al.,, 2008, Ray et al., 2001). They are also more likely to be born with insulin
resistance (Catalano et al., 2009), to present with meconium aspiration (Magann et al., 2013) and
to require medical attention in the first days of life (Minsart et al., 2013, Aimukhametova et al.,

2012, Ray et al., 2001).

Inflammation and protein glycation have been proposed as candidate diagnostic markers of
obesity-related complications during pregnancy (Romero et al., 2007, Haedersdal et al., 2013,
Nicholson et al., 2013, Sado et al., 2011, Harsem et al., 2008). Glycation is the non-enzymatic
condensation of a sugar moiety on protein/lipid molecule (Maillard, 1912, Hodge, 1953), and
although it has been established as a marker of disease pathogenesis in diabetes (Sabanayagam et
al., 2009, Yan et al., 2003), it only recently attracted attention in the context of normoglycaemia,
with both epidemiological and mechanistic data to support a positive impact of oxidative stress
on physiological protein glycation (Selvin et al., 2005, Selvin et al., 2010, Vlassopoulos et al.,
2013a, Vlassopoulos et al.,, 2013b). A systematic review of the literature showed a positive
relationship between glycation, measured as HbAlc, and cardiovascular disease risk for non-

diabetic individuals (see Chapter1).

In pregnancy, conditions like PCOS and diabetes, both associated with higher glycation levels,
have also been associated with higher risk of complications (Roos et al., 2011). Maternal glycation
levels correlate strongly with IVF success and neonatal glycation levels at birth and 6 months after

birth (Jinno et al., 2011, Boutzios et al., 2013). Activation of RAGE has been proposed as a
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pathway leading to the development of preeclampsia both through increased concentrations of
RAGE ligands and higher expression of the RAGE gene (Naruse et al., 2012, Cooke et al., 2003).
High levels of sRAGE are associated with lower likelihood of success following assisted
reproduction and low quality of embryonic development (Malickova et al., 2010, Bonetti et al.,
2013). During the course of a healthy pregnancy, sRAGe levels are generally decreased compared
to non-pregnant controls, but sSRAGE values are not static as they peak during the 2" trimester
compared to 1% and 3™ trimester (Germanova et al., 2010). Changes in sRAGE levels may have a
predictive values in terms of pregnancy complications as they seem to be consistently increased
in women who developed preeclampsia (Germanova et al., 2010, Oliver et al., 2011, Kwon et al.,
2011) and decreased in women who experienced preterm labour (Bastek et al., 2012, Germanova

et al., 2010).

AGEs are implicated in disease pathogenesis through RAGE mediated action (Yan et al., 2003,
Jandeleit-Dahm et al., 2008). RAGE is a multi-ligand cell-surface immunoglobulin, with the ability
to initiate injury-like intracellular events, mainly expression of genes related to inflammation and
oxidative stress (Schmidt et al., 1995, Hofmann et al., 1999, Kislinger et al., 1999). When activated
by AGEs, RAGE can lead to increased ROS production and higher inflammation (IL-6, TNF-a) via
NfkB activation (Coughlan et al.,, 2009, Vazzana et al., 2009, Schmidt et al., 2000). sRAGE, a
molecule homologous to RAGE (Vazzana et al., 2009, Chen et al., 2014, Maillard-Lefebvre et al.,
2009, Raucci et al., 2008), has the capacity to bind on AGEs and act as a scavenger not allowing
circulating AGEs to bind on RAGE (Raucci et al., 2008, Lindsey et al., 2009, Koyama et al., 2007,
Maillard-Lefebvre et al., 2009).

Lifestyle and diet can have a significant impact on glycation levels in normoglycaemia. Higher
intake of vitamins C and E, and higher vegetable intake, have all been associated with lower levels
of HbAlc in normoglycaemic subjects (Bates et al., 2004, Samaha et al., 2003, Sargeant et al.,
2000, Vlassopoulos et al., 2013a, Boeing et al., 2000). Similarly, polyphenol supplementation may
lead to a reduction in HbAlc levels but the evidence is still inconclusive. Conversely, higher
saturated fat intake and smoking have been related with higher HbAlc levels (Harding et al.,
2001, Vlassopoulos et al., 2013a, Clair et al., 2011), while intakes of carbohydrates, protein, fibre

and lower physical have no effect on glycation levels (Boeing et al., 2000, Sahyoun et al., 2005).

The UPBEAT trial is a randomised controlled multi-centre nutritional intervention. Participants in
the intervention arm of UPBEAT were offered an 8-week intervention aiming to reduce the
dietary glycaemic index (Gl) and increase physical activity, to be compared with standard care.
The reduction in glycaemic index was to be achieved by higher consumption of low glycaemic
index foods and replacement of sugar-sweetened beverages with low Gl alternatives. Alongside,

Gl reduction women in the intervention arm were asked to replace saturated fats with mono and
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polyunsaturated fats (MUFA, PUFA). As low glycaemic food products like wholemeal cereal,
vegetables and legumes are also high in antioxidant compounds (Ludwig, 2002, Slavin, 2003, Hu,
2003, Jenkins et al., 2002) we hypothesised that women in the intervention arm could benefit
from an improved redox status, compared to the control. With the potential to reduce saturated
fat intake and increase the intake of fruit, vegetables and antioxidant compounds, the dietary

intervention offered through the UPBEAT trial could have an impact on glycation markers.

So far, little is known about how nutrition and other lifestyle factors can impact on glycation and
SRAGE levels of pregnant women. Even less evidence is available to link dietary habits,
biochemical parameters and obesity-related complication during pregnancy. This study aimed to
assess the following research questions: 1) Whether dietary fruit and vegetable, as well as
antioxidant intake, in obese pregnant women modulate glycation in the mother and 2) whether
maternal glycation and sRAGE levels are associated with pregnancy complications and newborn

anthropometry.

6.2 Methods

Study design and participants

Samples and data were obtained from the UPBEAT pilot study. UPBEAT is a RCT studying the
effect of a lifestyle intervention aimed to reduce glycemic index on pregnancy complications and
neonatal health. The full protocol with details has been published elsewhere (Briley et al., 2014,
Poston et al., 2013). In summary, women with a BMI 230 kg/m? and a singleton pregnancy were
recruited during the 15-17"® weeks gestation and randomised to either the control (n=59) or
intervention group (n=58). Potentially eligible participants attending clinics for general antenatal
care were approached by research midwives in four UK study centres in urban settings (the
Southern General Hospital and Princess Royal Maternity Hospital, Glasgow; the Royal Victoria
Infirmary, Newcastle; Guys’ and St Thomas’ NHS Foundation Trust and King’s College Hospital
Foundation Trust, London). The intervention group received an 8-week long training, based on
control theory with elements of social cognitive theory. Participants attended weekly group
sessions delivered by trained midwives, from approximately 19 weeks gestation. Using an
exchange system, women were recommended to increase consumption of foods with low dietary
Gl and to reduce consumption of sugar sweetened beverages (primary goal), and to reduce
saturated fat intake. The aim was for the dietary changes to be achieved in an isocaloric manner,
so women were given information on how to exchange high Gl food items for low Gl equivalents
without reducing their total energy intake. Women in the intervention group were also prompted

to monitor their physical activity and set goals in order to increase it. Participants were asked to
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maintain the changes achieved during the intervention period for the remainder of the
pregnancy. Women in the control group were recruited at the same time-point and asked to
revisit at 27-28"® weeks gestation. This report used samples and data from the UPBEAT study pilot
(n=108), which were available at the time of the analysis. The full trial is currently ongoing with

an anticipated sample size of 1,546 participants by the end of April 2014.
Maternal pregnancy and newborn outcome data

Data recorded by the UPBEAT team as part of routine clinical practice included diagnosis of
preeclampsia, gestational diabetes, gestational age at delivery and mode of delivery among
others. Newborn variables included birthweight, customised birthweight centile and neonatal
anthropometry. Newborn data used for the current analysis focused on the newborn being
characterised as small for gestational age (SGA) or macrosomic/ large for gestational age (LGA).
Customised birthweight centiles were calculated correcting for gestational age, maternal
ethnicity, weight and height in early pregnancy, parity and infant sex. LGA was defined >90™"

customised birthweight centile; SGA as <10" customised birthweight centile.
Dietary Assessment

Dietary assessment was performed by research midwives trained in dietary assessment
techniques, using a triple pass 24-hour dietary recall method and a short FFQ to determine dietary
intake at baseline, post-intervention and follow-up visits. Dietary coding was undertaken by a
research dietician and entered into the study database using McCance and Widdowson
“Composition of Foods” (6" edition) food codes. The nutritional analysis software WISP 3.0
(Tinuviel Software) was used to evaluate nutrient composition of the diet. Values for the 24 hour
recall data which were obtained twice for each gestational period (one week apart) were
averaged. When participants provided one recall per timepoint, this was treated as the

representative intake at that timepoint.
Fruit & vegetable consumption

Intake of fruit and vegetables in portions per day was calculated directly from the dietary recalls.
Fruit and vegetable consumption was calculated as consumption of whole fruit and whole
vegetable as well as fruit and vegetable composites. Fruit composites included any dish that was
based on fruit products or included fruits. Consumption of jams, juices, smoothies, tarts, fruit
cakes etc. was analysed as fruit composites. Similarly all dishes containing vegetable and/or
vegetable compotes/pastes were analysed as vegetable composites. Bouillons and vegetable
stocks were not included in the analysis. Food products containing both fruit and vegetables were

analysed under both categories respectively. A representative sample of minimum three recipes
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was used to calculate the proportion corresponding to fruit/vegetable per recipe. Percentages
were calculated based on uncooked net weight with added water if provided in the recipe. Fruit

and vegetable intake was calculated as 80g portions or 120mL portions for juices.
Polyphenol intake

Total polyphenol intake at each timepoint was calculated, based specifically on fruit, vegetable,
vegetable composite and fruit composite consumption, plus food items rich in polyphenols like
wines, teas, coffees, infusions, cocoa products and spices. For each food item, a total polyphenol
value per 100g was assigned based on data obtained through the PhenolExplorer database
(Rothwell et al., 2012). Analysis was only performed as total polyphenol intake and not as intake

of polyphenol subclasses (eg flavonoids, phenolic acids etc.)
Lifestyle and socio-demographic data; anthropometry; blood and urine sample collection

At the randomisation visit, participants completed a series of questionnaires assessing
socioeconomic status, living arrangements, employment etc. as well as lifestyle factors including
smoking and number of cigarettes smoked per day among other variables of interest. Weight,
height and waist circumference were measured using standard protocols. Blood and spot urine
samples were collected following an overnight fast at each timepoint. Blood and urine samples

were aliquoted and stored at -80°C.
Laboratory analysis

Fructosamine values were measured on a clinically validated platform (c311, Roche Diagniostics,
Burgess Hill, UK) in using the manufacturers’ quality controls and calibration materials. Levels of
plasma sRAGE were measured using an enzyme linked immunosorbent assay (ELISA) using the
manufacturers calibrators and protocols (RayBioTech Inc., Norcross, Georgia, USA). Urinary levels
of Total Phenol (TP) and Ferric Reducing Ability of Plasma (FRAP) and Advanced Oxidation Protein
Products (AOPPs) were also measured for each timepoint. Briefly, for the TP analysis, the method
of Singleton and Rossi with modification (Singleton and Rossi, 1965): Folin-Ciocaletau reagent
(1:10) was prepared and 100pL of this was added to 20uL of sample or standard in a 96-well plate,
followed by 70uL distilled water. After 5 minutes an additional 70uL sodium carbonate solution
(1.1M) was added. After a 2 hour incubation step absorbance was measured at 765nm against
gallic acid calibrators (0-500ug/mL in methanol). For the FRAP measurement, the method of
Benzie and Stain (Benzie and Strain, 1996) was followed with the following modifications: 225 pL
FRAP Reagent (2mM ferric chloride hexahydrate, 1ImM 2,4,6-tripyridyl-s-triazine in acetate buffer,
pH 3.6) were added to 25uL sample or standards. Absorbance was measured at 593nm after four-

minute incubation against Fe ** (ferrous sulphate heptahydrate) calibrators (0 - 1.0mM). For the
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measurement of urinary AOPPs the method of Witko et al. was used (WitkoSarsat et al., 1996)
with modification: urine samples were diluted 1:5 in PBS. In a 96-well plate 10uL potassium iodide
(1.16M) were added to 200uL of sample (diluted 1:5) or standard followed by 20uL acetic acid.
Absorbance was measured immediately at 340nm against chloramine-T standards (0-100uM). All
measurements were performed in duplicate and the coefficient of variation (CV%) for every assay

was <10%.
Statistical analysis

Data were checked for normality and homoscedasticity using the Kolmogorov-Smirnoff test, and
for skewness. The Student’s t-test, one way-ANOVA and ¥’ (or their non-parametric equivalents)
were used to examine the differences among groups. Relationships between continuous variables
were tested using Pearson’s/Spearman’s correlation. Tukey’s post-hoc test was used to adjust for
multiple comparisons. Changes in dietary intake over the study were compared between the two
groups using Repeated Measures ANOVA. All analyses were performed using PASW Statistics
19.0.0 (IBM, SPSS Software, Armonk, NY, USA) and statistical significance was taken as p<0.05.

6.3 Results

Women in the intervention and control groups were similar in terms of age, height, weight, BMI
and WC. No significant differences were observed between ethnicity, parity, smoking habits,

relationship status and living arrangements between the two groups.

Table 6.1 Fruit, vegetable and polyphenol intake of participants before and after the intervention

Control Intervention
p-value
(n=55) (n=53)
Whole vegetable intake  Before 0.70+0.7 0.83+0.9
(80g portions/d) After 1.35+1.6 0.91:0.8
Control vs. Intervention (RMANOVA) 0.41
Whole fruit intake Before 1.41+1.1 1.81+1.8
(80g portions/d) After 1.61£1.6 1.3741.5
Control vs. Intervention (RMANOVA) 0.53
Total F&V intake Before 4.15+1.8 5.16%2.6
(80g portions/d) After 5.0643.1 4.94+3.6
Control vs. Intervention (RMANOVA) 0.05
Total F&V intake excl Before 2.83x1.6 3.16x2.1
juice,jam,smoothie ;. 3.5242.7 3.03+1.9
(80g portions/d) .
Control vs. Intervention (RMANOVA) 0.97
Total polyphenol intake  Before 449.45+419.4 431.16+368.4
(mg/d) After 465.031567.1 486.71+476.9

Control vs. Intervention (RMANOVA) 0.98
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At baseline, whole fruit intake ranged from 0 to 8.7portions/d and whole vegetable intake ranged
from 0 to 3.7portions/d. The total intake of fruit and vegetables (fruit and vegetables included)
ranged from 0.5 to 15.7portions/d with substantial contribution from jams, juices and smoothies
(consumption range 0-10.2portions/d). At baseline, the two groups had similar whole fruit intake
(portions/d: 1.5+1.2 vs. 1.7+1.6, control vs. intervention; p=0.29) and whole vegetable intake
(portions/d: 1.2+1.5 vs. 0.940.8, control vs. intervention; p=0.07). At baseline, the total fruit and
vegetable intake of the intervention group was significantly higher than the control (p=0.01) but
only when fruit composites from juices, jams and smoothies were included. Without fruit
composites, the remaining fruit and vegetable intake was reduced by more than one and a half
portions in both groups, no difference between intervention and control (p=0.29) (Table 6.1). The
total polyphenol intakes of individuals, ranged between 1.71mg/day and 2175.14mg/day at

baseline with a median intake of 306.58mg/day.

Repeated measures ANOVA analysis showed that there were no significant differences in the
dietary changes during the 8-week intervention period between the intervention and control

group, despite within-group changes (Table 6.1).

With no evidence that the intervention altered the dietary habits in terms of fruit and vegetable
and polyphenol intake, for the remainder of the analysis the control and intervention groups were
merged and studied cross-sectionally. From this point onwards, instead of referring to control and
intervention groups, the results will be presented as associations at 16-18"° weeks and 27-28"°

weeks gestation.
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Association between lifestyle/dietary parameters and glycation-related markers

Fructosamine and urinary AOPPs levels fell significantly by about 3% and 22%, respectively,
between 16-18"° weeks and 27-28® weeks gestation (p<0.001 and p=0.03, respectively). A similar
reduction was shown for urinary FRAP levels, while SRAGE and TP levels remained unchanged

(Table 6.2).

Table 6.2 Levels of glycation and antioxidant status markers at 16-18"°and 27-28"° weeks
gestation

Week Gestation

16-18" 27-28%°
p-value
MeantSD MeantSD

Fructosamine (uM) 195.79+17.9 189.51+18.9 <0.001
AOPPs (uM) 18.27+12.0 14.1748.1 0.03
Total Phenol (ug/mL gallic acid equiv) 236.88+80.7 209.62+72.8 0.07
FRAP (mM Fe2+ equiv.) 1.26+0.7 1.17+0.6 0.02
SRAGE (pg/mL) 203.69+110.7 191.02+104.7 0.05

Women with higher BMI at baseline had lower glycation, measured as fructosamine, at 16-18"
gestation (p=0.03). No difference in glycation levels were seen, though, between different BMI
groups. At 27-28" weeks gestation there was no relationship between BMI and glycation levels.

No relationship was found between BMI and AOPPs or sRAGE levels.

Smoking (n=7) was inversely correlated with fructosamine values at 16-18" and 27-28" weeks
gestation (p=0.02 and p=0.003, respectively). Current smokers had lower fructosamine levels than
those who never smoked, especially at 27-28"° weeks gestation (p=0.051 and p=0.004 at 16-18"°
and 27-28"° weeks respectively) (Figure 6.1). Women who were smoking during pregnancy also
had significantly higher urinary AOPPs at 27-28"°weeks gestation than never smokers (p=0.02). No
difference among the smoking groups were seen at 16-18° weeks gestation (p=0.25) (Figure 6.2).
No association was found between smoking and sRAGE values (p=0.57, 16-18"°wks; p=0.53, 27-
28"%wks).

At 16-18" weeks gestation, TP values were positively correlated with AOPPs values (r=0.57,
p<0.001) and so were FRAP values (r=0.22, p=0.02). Levels of fructosamine and sRAGE were not
correlated with any other variables. Similar findings were documented at 27-28"® weeks gestation
with positive correlations between TP, FRAP and AOPPs levels (r=0.67, p<0.001 and r=0.23, p=0.02
for TP and FRAP respectively). At this timepoint, there was no detectable correlation between
urinary TP levels and sRAGE using the p-value cut-off of 0.05, (r=-0.19, p=0.056). However, when

women were split in quartiles of TP values, those in the highest quartile of urinary TP, had



90

significantly higher urinary AOPPs (p<0.001) and lower sRAGE concentrations, at 16-18" weeks
gestation (p=0.04) (Table3). The same was documented for AOPPs at 27-28"° weeks gestation (TP
Q1 vs Q4, p<0.001) but the relationship between TP and sRAGE levels was no longer significant
(p=0.09). No differences were seen among women in the higher quartile of urinary FRAP values
and those in the lowest quartile in terms of AOPPs, fructosamine and sRAGE levels at any

timepoint.

Figure 6.13 Fructosamine levels according to smoking status at 16-18"° and 27-28" weeks
gestation
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Figure 6.14 AOPPs levels according to smoking status at 16-18® and 27-28" weeks gestation

45 1 16-18*6 weeks 45 1 27-28*6 weeks

il bl

Never Ex-smokers Current
smokers (n=33) smokers

(uMm)
N w w D
U O Uu1 O

[EnY
(03]
Urinary AOPPs (uM)

Urinary AOPPs
N
o

[EEN
v O
1 1

o

Never Ex-smokers Current

smokers (n=33) smokers
(n=66) (n=7) (n=66) (n=7)



91

Among the dietary variables, there was no significant interaction between fruit and vegetable
intake and fructosamine levels at any time point. That was also the case for urinary AOPPs values.
Consuming more than 5 portions of fruit and vegetable per day did not have an impact on

fructosamine, AOPPs, sSRAGE and FRAP values at either timepoint.

On the other hand, total polyphenol intake was negatively correlated with fructosamine values at
16-18" and 27-28"° weeks gestation (r=-0.21, p=0.003 and r=-0.27, p=0.008 respectively),
although no association was found between total polyphenol intake and urinary AOPPs. A
negative correlation between total polyphenol intake and sRAGE levels was observed at 27-28*°
weeks gestation (r=-0.26, p=0.01) but not at 16-18"° weeks gestation (r=0.03, p=0.79). When split
in quartiles according to dietary polyphenol intake, those with the highest intake (Q4), had
significantly lower fructosamine and sRAGE levels (p=0.01 and p=0.03, respectively) at 27-28
weeks gestation than those with the lowest polyphenol intake (Q1) but not at 16-18"° weeks

gestation (Figure 6.3).

Figure 6.15 Fructosamine and sRAGE levels according to quartile total polyphenol intake at 27-
28'® weeks gestation
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Associations between maternal diet, biomarkers and pregnancy complications

Prevalences of pregnancy complications are shown in Table 6.3. The development of
preeclampsia was not associated with maternal AOPPs, fructosamine, sRAGE, FRAP and TP values
neither at 16-18"° weeks nor at 27-28"° weeks gestation. Maternal dietary habits, in terms of fruit
and vegetable intake or total polyphenol intake were also not associated with the development of
preeclampsia. On the other hand, women who developed severe preeclampsia had higher AOPPs
at 27-28"® weeks gestation (p=0.01). No association was found between severe preeclampsia and

the dietary habits investigated.

Table 6.33 Prevalence of pregnancy complications and adverse neonatal anthropometry

Pregnancy complications Without With

n (%) n (%)

Preeclampsia 96 (92.3) 8(7.7)

Severe Preeclampsia 99 (95.2) 5(4.8)
Gestational Diabetes 79 (85.9) 13 (14.1)

Neonatal Anthropometry
Macrosomia 90 (89.1) 11 (12.9)
Small-for-Gestational Age 88 (87.1) 13(12.9)

Women diagnosed with gestational diabetes were more likely to have elevated fructosamine
values at 27-28" weeks gestation (p=0.01). Being diagnosed with gestational diabetes was also
associated with lower total fruit and vegetable consumption at 16-18*° weeks gestation (p=0.05)
and the same trend was seen for 27-28" weeks gestation (p=0.052). Women who were diagnosed
+6

with gestational diabetes were also more likely to have lower total polyphenol intake at 27-28

weeks gestation (614.8+712.6 vs 315.3+321.7 mg/d, p=0.048)

Associations between maternal diet, biomarkers and neonatal outcomes

Prevalences of neonatal macrosomia and being born small for gestational age are reported in
Table 6.3. No association was found between maternal dietary habits or maternal AOPPs,
fructosamine, sRAGE, FRAP and TP values and the likelihood of giving birth to a macrosomic or a
small for gestational age infant. A positive correlation between total polyphenol intake at 27-28°
weeks gestation and neonatal birth weight was documented (r=0.18, p=0.03), but this association
did not reach significance when women were split in quartiles of polyphenol intake (p=0.11).
Maternal AOPPs at 27-28" weeks gestation were negatively correlated with neonatal head
circumference (r=-0.27, p=0.01) while a similar association with neonatal birth weight (r=-0.19)

did not reach significance (p=0.06).



93

6.4 Discussion

This is, to our best knowledge, the first study to focus on the interactions of lifestyle/dietary
habits with glycation markers in obese pregnant women and their effect on maternal and
neonatal health. Higher total polyphenol intake was negatively associated with fructosamine
values during pregnancy. On the other hand, higher urinary TP values and smoking were
associated with higher levels of AOPPs. No study, to-date, has focused on the role of diet on
SRAGE levels. We showed for the first time that total polyphenol intake and urinary TP are
inversely related with sRAGE values during pregnancy. In terms of pregnancy complications, diet
only had an impact on the development of GDM, as women with lower total fruit and vegetable
intake and lower total polyphenol intake were more likely to be diagnosed with GDM. From the
parameters tested none had a significant relationship with pre-eclampsia diagnosis, but increased
levels of AOPPs during the 3™ trimester (27-28"° weeks gestation) were found in women
diagnosed with severe pre-eclampsia. Glycation markers have previously been associated with
neonatal anthropometry (Kurishita et al., 1994) and in the current analysis, we found a positive
relationship between maternal total polyphenol intake and neonatal birth weight. The opposite
was documented for AOPPs, which were negatively correlated with neonatal birth weight and
head circumference. The results of this analysis are the first to indicate a relationship between
maternal AOPPs and neonatal anthropometry. Previous reports suggest that prematurity is
associated with higher AOPPs in the neonate which correlate with maternal AOPPs levels
(Arglelles et al.,, 2006, Buonocore et al., 2000). In that respect our results agree with the

literature that elevated AOPPs may be a risk factor for fetal development.

The associations between dietary variables and/or the biomarkers of interest were not consistent
throughout gestation. In fact, levels of protein glycoxidation themselves fluctuated during
gestation, with AOPPs and fructosamine significantly decreasing from 16-18"°to 27-28° weeks
gestation and a similar yet not significant trend observed for sRAGE levels. These results are in
agreement with previous reports showing a decrease in fructosamine and AOPPs values during
the course of pregnancy, with the exception of women who developed gestational diabetes (Li
and Yang, 2006, Fialova et al., 2006, Agarwal et al., 2011, Hiramatsu et al., 2012, Germanova et
al., 2010). The fluctuations in biomarkers levels during gestation are likely to be related to the
physiological changes of pregnancy. Due to these changes an analysis where data from both

timepoints would be pulled together to increase the statistical power would not be appropriate.
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The negative relationships between BMI and smoking with glycation marker fructosamine were
surprising, as previous data in non-pregnant controls showed opposite relationships (Vlassopoulos
et al., 20133, Clair et al., 2011). However, they are in fact in agreement with earlier reports in
pregnant women, also showing inverse impacts of smoking and BMI on fructosamine levels
(Hiramatsu et al., 2012). Obesity during pregnancy is a risk factors for proteinuria (Macdonald-
Wallis et al., 2011, Gribble et al., 1995, Voigt et al., 2011), which could reduce fructosamine by
reducing albumin half-life in circulation; unfortunately no data were available at the time of this
analysis to investigate this hypothesis. Literature to-date suggests that smoking is associated with
lower proteinuria during pregnancy, which is contradictory to our findings (Macdonald-Wallis et
al., 2011, Gribble et al., 1995, Voigt et al., 2011). In this small cohort of obese pregnant women,
smoking during pregnancy was uncommon, only 7% of the subjects, and it was associated with
significantly higher BMI than non-smokers (p=0.002, data not shown). As the sample size of the
current study was not large enough for regression analysis to be performed, it is possible that
smoking, here, is a co-variate for higher BMI, rather than a risk factor on its own right. Glycation is
directly dependent on protein half-life (Austin et al., 1987, Lapolla et al., 2005) and hence lower
fructosamine values in smokers and those with a BMI>40 could merely be an indication of
increased protein loss instead of a true reduction in glycation. Expressing fructosamine values as a
ratio of fructosamine pmole per mg plasma albumin should be considered as a measure to

account for changes in plasma protein concentrations.

Looking at AOPPs concentrations, it becomes evident that smoking is associated with significantly
higher levels of protein damage, especially during the third trimester. AOPPs are a marker of
protein oxidation and potentially glycoxidation, as they include several chromophores like
carbonyls and pentosidine (Capeillere-Blandin et al., 2004, Kalousova et al., 2005). AOPPs have
similarities with AGEs as they share formation pathways through oxidative stress but are not
solely a marker of glycation (Kalousova et al., 2005), which could explain the difference in results
obtain from AOPPs measurement and fructosamine measurements. As AOPPs could be derived by
a variety of oxidative processes, they can exhibit high variability among individuals (Codofier-
Franch et al., 2012, Matteucci et al., 2001, Qing et al., 2012), which is the case in our analysis
(Figures 1 - 2).

Greater dietary polyphenol intake was associated with lower levels of glycation, measured as
fructosamine levels, in our analysis, but the same was not seen for measures of fruit and
vegetable intake. Even though fruit and vegetables are the main source of polyphenols in the diet,
other food products such as spices, tea, coffee and infusions can be significant sources of
polyphenol in populations with relatively low fruit and vegetable intakes. In the current analysis,

the correlation between total polyphenol intake and fruit and vegetable consumption was poor,
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which indicates that other dietary components are the key polyphenol sources. Previous reports
have shown a significant reduction in HbAlc levels in prediabetic individuals after polyphenol
supplementation (Fukino et al., 2008, Cho et al.,, 2012) but the evidence is far from being
conclusive as studies in healthy volunteers do not support this finding (Evans M., 2012, Miyazaki

et al., 2013).

When studying the impact of polyphenols in health, researchers are faced with two common
problems: 1) obtaining accurate and representative data of dietary intake and 2) identifying
suitable biomarkers of polyphenol intake (Spencer et al., 2008, Ovaskainen et al., 2008, Perez-
Jimenez et al., 2010, Mennen et al., 2006). The estimation of the dietary intake of any nutrient
based on recall data is dependent on the quality of information provided by the participant, the
quality of information available for the food composition and evidently the tools used to obtain
and analyse food records. In dietary research, 7-day food records are still considered the gold
standard methodology to obtain intake data (Tucker, 2007). This practise has been criticised as
being strenuous for the participants as well as time-consuming for researcher to analyse the data
(Spencer et al., 2008, Tucker, 2007). Instead of 7-day records, multi-pass dietary recalls have been
utilised extensively in research. Although recalls are more practical for both researcher and
participants, they are dependent on the participants’ memory and may also not be representative
of the overall dietary habits (Basiotis et al., 1987, Buzzard et al., 1996, Thompson F. E., 2008).
Under-reporting of the dietary intake is a common source of error in dietary recalls and obese
participants are more likely to under-report than normal weight participants (Poppitt et al., 1998,
Heitmann and Lissner, 1995, Lichtman et al., 1992, Braam et al., 1998). The Goldberg cut-off has
been used in order to assess under-reporting (Goldberg et al., 1991). In the current analysis since
all the population is of a BMI>30, it was assumed that the degree of under-reporting would be

comparable between participants and hence it was not included in the confounding factors.

The second source of error in dietary recalls is introduced in the analysis of the data obtained. In
the case of polyphenols, dietary intakes are based on food composition data, which are most
often than not a poor representation of the actual values as they fail to incorporate details like
seasonality, plant variety, method of preparation that have an important impact on polyphenol
content (Spencer et al., 2008, Hammerstone et al., 2000, Spanos et al., 1990). The use of food
composition data like PhenolExplorer also present with difficulties as the databases do not always
include the totality of items consumed by the participants. In the case of this analysis, the
completeness of the databases was sufficient as only five food items (exotic fruits) were not
included in the databases and these items were only consumed once and in limited quantities by

selected participants.
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The use of plasma or urinary biomarkers for polyphenol intake has been proposed as a way to
overcome the problems of dietary estimates. TP has been established as a fast and convenient
way to measure polyphenol content in urine and plasma, showing acceptable correlation with
dietary intake (Medina-Remon et al., 2009, Medina-Remon et al., 2012). Nonetheless, it is a non-
specific assay with interference being introduced by sugars, aromatic amines, organic acids, iron,
protein and other substances like AGEs present in the urine (Roura et al., 2006). Urinary levels of
individual (poly)phenols have been proposed as an alternative approach but there is not sufficient
data at the moment to securely suggest which metabolites would be suitable for the assessment
of polyphenol intake in epidemiological settings (Spencer et al., 2008, Nielsen et al., 2002, de
Vries et al., 1998).

The aforementioned possible errors and biases could provide explanation between the different
results obtained in the present studies among variables like total polyphenol intake, fruit and
vegetable intake and TP/FRAP levels. Another potential explanation could be the small sample
size. Previous epidemiological studies have managed to detect relationships between fruit and
vegetable intake and glycation markers but they employed larger samples (Vlassopoulos et al.,
2013a). Also in the current analysis the two groups (control and intervention) had a significantly
different fruit and vegetable intake at randomisation. This difference was no longer present at the
end of the intervention as the control group increased its intake and the intervention group’s
intake remained unchanged. This could be either a directly attributed to the intervention itself
(the increased in fruit and vegetable intake seen in the control group is from higher jam, juice and
smoothie food groups restricted for the intervention group) or it could be merely a regression
towards the mean. In the case of the latter, the difference observed in baseline is merely out of
chance and that would mean that there was no true change in any of the groups during the 8-
week intervention period. The same analysis in the full trial will have the potential to detect
changes with a smaller effect size and will also allow for the data to be corrected for confounding

factors.

6.5 Conclusion

This unique study has highlighted that polyphenol consumption may be negatively associated
with glycation. The level of glycation was 8% greater in the lowest quartile of total polyphenol
intake compared to the top quartile. Overall total polyphenol intake explained only 5% of variance
in glycation. It also provided with preliminary data to link maternal glycoxidation with pregnancy
complications and a link between maternal polyphenol consumption and glycoxidation with

neonatal anthropometry.
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Chapter 7: General discussion and implications for future research
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In the past 60 years, the median age of the entire world population has increased by 5 years, and
over 25% of the world population is now older than 45 years (WHO, 2014). Ageing and chronic
diseases are the main medical concerns in the developed world (Sweet, 2011, WHO, 2010, WHO,
2011). The identification of early signs of disease pathogenesis is vital for prevention and
targeting populations at risk in order to reduce morbidity and mortality. Glycation is well-
established as an index of control, or otherwise, and a predictor of end-organ damage, for people
with type 2 diabetes, an d has been already identified as a marker of chronic disease pathogenesis
even in the absence of diabetes (Selvin et al., 2005, Selvin et al., 2014, Selvin et al., 2010, Adams
et al., 2009, van't Riet et al., 2012). The process of glycation is therefore relevant to health and
disease throughout the lifecycle, with the potential to modify health trajectories (Nedic et al.,,

2013, Smith et al., 1995, Wolff et al., 1991).

At the beginning of the work for this thesis (2010), evidence was beginning to be raised to suggest
that since glycation levels vary considerably, in normoglycaemic, non-diabetic individuals,
glycation cannot be solely be related to glucose levels (Selvin et al., 2010). The impact of oxidative
stress in the production of AGEs and intermediate glycation products had been already
established (Ahmed et al., 2005, Duran-Jimenez et al., 2009, Thornalley et al., 1984, Thornalley,
2003b) and early reports allowed for speculations about a relationship between early glycation
and oxidative stress (Selvaraj et al., 2008, Jain, 1998, Jain and Palmer, 1997). At the same time,
mechanistic studies were supporting the epidemiological evidence by suggesting that antioxidant
vitamins and (poly)phenols have anti-glycative properties (Jain and Palmer, 1997, Kazeem et al.,

2012, Verzelloni et al., 20114, Xie and Chen, 2013, Xi et al., 2008).
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This thesis has employed a systematic methodology incorporating skills across the full breadth of
Human Nutrition (basic laboratory sciences, clinical trials and epidemiology) with the aim to
establish the relationship between early glycation and oxidative stress in normoglycaemia in an

iterative scientific progression:

1. Existing epidemiological data were used to identify relationships between proxies for

redox status and early glycation in non-diabetic individuals.

2. The associations from epidemiology were explored in mechanistic laboratory studies with
high physiological relevance (using physiological concentrations and conditions) to better

characterise the associations between oxidative stress/ antioxidants and early glycation.

3. Clinical trial data and biological samples were analysed from a randomised controlled
dietary advice trial in obese pregnant women, a group at risk from higher glycation and
oxidative stress. This study provided a sample cohort advised to follow dietary and
lifestyle habits with the potential to modulate multiple glycation markers and maternal

and neonatal health.

7.1 Research questions and answers

This section summarises the Research Questions posed following the literature review (Chapter

1), and the answers provided by the current thesis.
RQ1: Is redox status associated with glycation in normoglycaemic individuals?

The current thesis showed in chapter 3 that redox status has an important impact on protein
glycation in absence of diabetes. Habits like smoking, associated with increased oxidative stress,
were shown to be positively associated with HbAlc levels, in a large epidemiological study. These
findings were independent of other factors like age, sex, BMI and WC and were consistent with
previous reports (Clair et al., 2011). The new data also suggested that vegetable intake, a habit
associated with improved redox status, had the opposite (negative) correlation with HbA1lc levels,

although the relatively narrow range of vegetable consumptions had a weaker correlation.

Currently, some 10 million adults are smoking in the UK. Despite a reduction in the prevalence of
smoking in the last 40 years, 200,000 young people aged 11-15 years commence smoking
annually. Over the same period, consumptions of fruit a vegetables have fallen, and this trend

continues: a 4-6% reduction in the purchase of fresh and processed fruit and vegetable was
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reported between 2008 and 2013, with only a quarter of the population meeting the '5-a-DAY'
target (five portions of 80gr). This adverse combination of lifestyle habits has marked socio-
economic impact, contributing to health inequalities. Individuals in lower income groups are
twice as likely to be smokers, and they consume 50% less fruit and vegetable than the more
affluent (HSCIC, 2013, AOS, 2013). The clustering of smoking and poor diet quality is not a novel
finding but it is still a major source of health inequalities and by promoting glycation it would

accelerate biological ageing in this population.

The measurement of HbAlc has been established as the gold-standard method for glucose
monitoring, based on the assumption that it is mainly a reflection of glycaemia, with long-term
exposure to glucose determining the circulating concentration. This is crudely true for people with
diabetes, although HbA1lc still varies despite similar glycaemia as indicated by frequent blood
glucose testing. HbAlc is also important clinically as a strong predictor of the multiple clinical
complications of diabetes. The finding that oxidative stress can have a potential positive impact
on HbAlc levels is thus of substantial importance for clinical practice. The present thesis has
demonstrated that smoking is associated with higher HbA1lc levels, and smokers are more likely to
have HbAlc in the 'pre-diabetic' range, an effect which appears probably independent of
glycaemia. The Scottish Health Survey did not include data for blood glucose concentrations, so it
was impossible to conclude securely whether this association was completely independent of
glycaemia. Nonetheless, we provided evidence for increased HbAlc levels with smoking even in a
subgroup of the population with good glycaemic control and low systemic inflammation. This
population group is unlikely to be experiencing any dysregulation in glucose handling that could
lead to impaired fasting or post-prandial glucose. Therefore these results are suggestive of a
glucose independent association between smoking and HbAlc. Such associations imply an
important margin of misclassification of smokers as pre-diabetics using HbAlc, as compared to
the alternative diagnostic criteria based on OGTT. The issue of misclassification of diabetes using
HbA1c has been previously debated among clinicians (Bonora and Tuomilehto, 2011) and a recent
meta-analysis highlighted the fact that smokers as a group are more likely to be misclassified as
diabetic than non-smokers based on HbAlc levels (Soulimane et al., 2014). The present thesis
provides an explanation. Misclassification of diabetes is important. It can affect treatment
choices and risk management, leading to further financial implications for the health system, and

it also has psychological implications for patients and their families (de Lusignan et al., 2012).
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RQ2: Could oxidation promote fructosamine production in the presence of physiological glucose
concentrations?

RQ2a: Are oxidised proteins more prone to glycation than the native forms?

Glycation is a complex and multi factorial process. Therefore, it is difficult to obtain mechanistic
data from in-vivo investigations. Mechanisms of glycation have traditionally been studied using in-
vitro models with limited physiological relevance. The use of supra-physiologically high glucose
levels, low protein concentrations and variable incubation durations are some of the key issue
resulting in evidence from in-vitro studies being treated cautiously (Bourdon et al., 1999, Chesne
et al., 2006, Kim and Kim, 2003, Tarwadi and Agte, 2011). In this thesis we aimed to develop a
physiologically relevant setting where the interactions between oxidative stress and glycation

could be studied.

We showed that exposure to H,0,, at a physiological concentration, was associated with higher
early glycation at two and four weeks incubation, independently of glucose levels. More
importantly at glucose concentration representative of normoglycaemia (5mM) oxidative stress
was a prerequisite for significant amounts of glycation to be detected. These findings are in
keeping with the hypothesis generated from epidemiology and further support the speculation
that glycation, especially fructosamine, might well be a marker of oxidative stress in
normoglycaemia. A novel and important finding of this investigation was that oxidative damage
had the capacity to promote glycation even if the two did not take place simultaneously. No
previous study so far has proposed a mechanism according to which protein/ amino acid
oxidation makes the molecule more prone to glycative damage and it is a field requiring further
research. The dogma to-date suggests that glycated proteins are more prone to oxidation but the

opposite pathway is poorly characterised.

Oxidative damage is more likely to happen before glycative damage, as glycation is a slow process
as opposed to oxidation which can happen rapidly especially intracellularly and perhaps at
locations closer to the mitochondria which generate free radicals. Moreover, even though early
glycative damage can be repaired enzymatically by the removal of the fructosamine moiety
(Delpierre et al., 2002, Delpierre et al., 2000), repair of oxidative damage is based on proteolysis
(Costa et al., 2007, Friguet, 2006). These indicate that accumulation of oxidative damage is more
likely to accumulate prior to glycation, making glycation a secondary damage especially in

normoglycaemia.
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RQ3: Can phenolic acids reduce glycation in a physiologically relevant in-vitro system?

The same in-vitro setting was utilised to explore the potential of phenolic acids to reduce
glycation. The antiglycative properties of (poly)phenols have attracted attention lately but no
exact mechanism of action is established. The structures required of (poly)phenols in order to
exhibit antiglycative capacities were described in a recent review of the literature and
interestingly the same structures are associated with higher antioxidant capacities as well (Xie and
Chen, 2013). Prior in-vitro investigations, on the other hand, did not manage to see a link
between antioxidant properties and antiglycative properties, which led to the speculation that
bonding of phenolic acids on the protein may be offering ‘physical protection’ against glycation

(Verzelloni et al., 2011a).

Both these mechanisms were tested in our experimental setting and we provided with evidence
that phenolic acids are more likely to inhibit glycation through protein-phenolic acid interactions
rather than as antioxidants. Our results suggest that addition of phenolic acids in the solution
during the incubation with glucose did not have an impact on glycation but pre-incubation of
albumin with phenolic acids led to significant reduction in early glycation when the protein was
exposed to a combination of glucose and H,0,. Once again the study was designed to replicate
physiology to the highest possible degree. A systematic review of the literature was performed
prior to the experiment, which informed the choice of phenolic acids used and their

concentrations as well as those of glucose and of H,0,.

Apart from the interesting mechanistic data provided from the in-vitro experiments, they are also
important in terms of methodology for human nutrition research. These studies within the
present thesis are proof that mechanistic studies with a high relevance to physiology are not
impossible to achieve and they should become the usual expected standard in research. Many in
vitro studies are conducted using phenolic compounds such as quercetin, which are simply not
absorbed by the gastrointestinal tract, or metabolised before they ever reach 'target' tissue.
Many studies use completely inappropriate supraphysiological concentrations in order to achieve
results. The findings of these studies are often contradicting current thinking and that is an
important finding as the use of supra-physiological conditions may lead to the false speculation of
the potential mechanisms taking place in physiology. In the present case, the previous studies of
glycation had to employ very high glucose concentrations because the complexity of glycation,

and involvement of oxidative mechanisms, had not been appreciated.
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RQ4: Is polyphenol intake negatively correlated to glycation markers in a population at high risk of
oxidative stress?

RQ4a: Is polyphenol intake and/or glycation related to maternal health or pregnancy
complications?

RQ4b: Is maternal polyphenol intake and/or maternal glycation related to neonatal health?

Even though mechanistic data are pointing towards a negative association between (poly)phenols
and glycation, experimental and epidemiological studies are still inconclusive. The majority of
epidemiological studies lack information on polyphenol intake and intervention trials often have
small sample sizes. We hypothesised based on our previous findings that populations with
increased oxidative stress will be at high risk of glycation. Such populations would be most likely
to benefit from a higher polyphenol intake in terms of glycation regulation. Glycation, although a
marker of ageing and diabetes, has recently attracted attention as a marker of health trajectories
throughout the lifecycle and especially during pregnancy for its potential to regulate maternal and
neonatal health. A cohort of obese pregnant women was identified and markers of glycation and
glycoxidation were studied for potential associations with polyphenol intake and fruit and
vegetable intake. The same markers were also assessed in terms of their involvement in
determining maternal health during pregnancy and complications, as well as being associated

with neonatal health.

We found that higher polyphenol intake was indeed associated with lower glycation and
glycoxidation in the mother. There was also a negative association between polyphenol intake
and the development of GDM but not pre-eclampsia. The was a weak (r=0.2) but significant
correlation showing that, mothers with higher polyphenol intake gave birth to heavier babies, but
the association did not persist when diagnosis of macrosomia was the outcome of interest.
Glycation and glycoxidation fluctuated significantly in the course of gestation and maternal
glycoxidation was significantly higher in women who developed severe pre-eclampsia. Higher
maternal glycoxidation (AOPPs levels) was also related to giving birth to lighter babies with a

smaller head circumference.

We showed that monitoring glycoxidation may be an important step towards the improvement
of complication diagnosis in pregnancy, but fluctuations during pregnancy (reduction during the
3" trimester) will have to be taken into consideration. Glycoxidation and maternal polyphenol
intake were identified as potential factors of fetal programming especially in terms of

anthropometry, but studies in larger cohorts are needed in order to reach a clear conclusion.
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Interventional protocols during pregnancy usually rely on improving dietary quality or monitoring
the weight gain in order to deliver benefits to the mother and the baby without exposing them to
risk. In the case of obese pregnancies, such manipulations may be useful but the main risk factor,
which is obesity, is still not addressed. Interventions aiming towards a weight reduction of more
than 5%, with maintenance of the loss, are associated with significant health benefits, even
diabetes reversal (Penn et al., 2013, Lim et al., 2011, Wing et al., 2011, Blackburn, 1995). Weight
loss interventions prior to conception may be more effective in protecting the mother and the

baby than intervention modifying the quality of diet alone.

7.2 Considerations for the future

Although the importance of glycation as a marker of disease pathogenesis outside of diabetes is
becoming clearer, it is not yet fully understood. More epidemiological studies are required to
describe the interactions between oxidative stress and glycation, especially in normoglycaemia.
The relatively small effect sizes obtained from the analyses as part of this PhD indicate that future
investigations will require large sample sizes to have adequate power and also to allow for
successful adjustment for confounders. Studies focusing on glycation have so far only focused on
traditional glycation markers and rather neglected the importance of SRAGE and RAGE activation

in disease pathogenesis, even though they constitute a major pathway of pathogenesis.

As far as polyphenol and antioxidant trials are concerned, there is still much improvement to be
done in terms of study design before conclusions can be reached. If the working hypothesis is that
polyphenols will exert health benefits via their antioxidant capacity, at least in susceptible
individuals, then markers to document such improvements should be included and results on
glycation markers, like HbAlc, should be discussed alongside oxidative stress improvements. The
measurement of oxidative stress markers, like F2-isoprostanes, 8-hydroxydeoxyguanosine (8-OH-
dG), the Comet assay and measurement of protein carbonyls would allow for sensitive and
reproducible measurement of lipid, DNA and protein oxidation, providing a better understanding
of the oxidative stress status compared to the commonly used TBARS assay (Freese et al., 1999,
Hodgson et al., 2002, Janero, 1990, Frei and Higdon, 2003). Unfortunately, the validity of oxidative
stress markers has been a source of disagreement among scientists (Halliwell, 2007, Halliwell,
1994) and no gold-standard method has been identified so far (Dalle-Donne et al., 2006). In that
context, it is important to highlight that according to the results of this thesis, HbAlc levels
themselves might be a novel marker of oxidative stress. The measurement of HbAlc or

fructosamine combined with measurements of blood glucose, ideally both fasting and 2-hour
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blood glucose, could be used to identify increased oxidative stress. Future studies should be

designed to address this question, as it would valuably inform both research and clinical practice.

Sample size and targeting the correct population are two more aspect of study design to be
considered. The regulation of redox status is vital for health, with many endogenous regulatory
mechanisms, and chronic diseases are likely to reflect only very small perturbations. Dietary
factors are likely to play minor parts in regulation of such an important element of the milieu
interieur, although subgroups may be more dependent on external factors. Polyphenol
supplementation in a relatively healthy population is likely to have at best subtle effect on health
markers and hence studies with large sample sizes greater than a hundred are likely to be needed
(Cicero et al., 2008). The majority of the studies to-date fall short of that sample size and are
hence likely to be underpowered. As a result, beta-errors are likely, and one should be very
careful when concluding that polyphenol supplementation has no effect on glycation. The current
literature may just describe a lack of power to detect such an effect (if any). Another
consideration could be to target the trials towards populations with increased oxidative stress (i.e.
obese, smokers), or to identify population subgroups which might have greater susceptibility to
oxidative stress with greater dependence on dietary antioxidants. . Such a population may
experience a greater benefit in their redox status from polyphenol (or other) supplementation,
with the possibility of a knock-on protective effect on glycation markers. This is only a hypothesis

and evidence to support this suggestion is not available.

A very important improvement in future study quality will relate to the information available
about the supplement used. So far, reports from supplementation studies rarely report in detail
the exact composition of the supplements used. Information on the polyphenol composition, the
exact dose of each compound, the matrix used to deliver them and even some prior bioavailability
data are needed if the results from different trials are to be compared and robust conclusions

drawn.

Glycation markers should be picked carefully and the study duration should be sufficient to
detect changes. Studies with duration shorter than the biomarker’s half-life are not suitable to
represent any changes. Fructosamine measurements for a study with duration less than 14-28
days and HbAlc measurements before a 90-day window are most likely to be unable to detect
any changes. The field of proteomics and metabolomics are also of great importance in glycation
research, since every protein is ultimately a glycation target analysing changes in patterns of
protein damage maybe more effective in drawing conclusion compared to single protein

approaches.
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Finally, when searching for benefits from a polyphenol supplementation trial, one should keep in
mind that physical protein damage is only one pathway of glycation-related pathogenesis. RAGE
mediated events are also key in the pathogenesis of diseases and are so far under-studied.
Studies on epithelial cells and adipocytes suggest that plant derived polyphenol like silymarin,
apigenin, diosmin, epigallocatechin gallate, tyrosol and quercetin have the capacity to reduce
glycation related inflammation, especially TNF-alpha levels (Chandler et al., 2010, Kawaguchi et
al., 2011, Biesalski, 2007) as well as nitric oxide production as a response to RAGE stimulation
(Chandler et al., 2010). Although cell culture experiments can be set-up to study the interaction of
polyphenols, glycation and inflammation, this is a more complicated task in-vivo. Measurement of
SRAGE alongside the measurement of AGEs is not currently a common practice. Studies in
pregnant women and patients with juvenile idiopathic arthritis (JIA) have showed that sRAGE
levels may be more important that AGE levels to predict disease activity and complications (Yu et
al., 2012, Myles et al., 2011). Also the calculation of a SRAGE/AGE ratio is a new concept that
attempts to serve as a proxy for AGEs available to bind with RAGE (McNair et al., 2010, Ng et al.,
2013). With little being known about sSRAGE modulation, it is becoming evident that new glycation

related markers need to be used to effectively describe the impact of glycation on health.

7.3 Research questions arising from this thesis

Based on the results of this thesis, the following further research questions appear to be valid,

hitherto unanswered and of potential importance to inform practice or policy (among others):

e Is the epidemiological association between oxidative stress and glycation truly
independent of glucose levels?

e Which is the exact mechanism t for protein oxidation prior to exposure to glucose to
promote glycation? Are oxidised amino acids more susceptible to glycative damage?

e Is the protection offered by phenolic acids against glycation mediated through ‘physical
protection’ of glycation sites? If yes, which phenolic acids most effectively bind on the
albumin molecule and is the bonding covalent or not?

e Can nutritional interventions to increase polyphenol intake improve maternal and
neonatal health during pregnancy? Are there epigenetic effects?

e Does weight loss prior to conception reduce risk of complications for obese women, and

improve neonatal health? Does this reflect redox status in pregnancy?
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