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Abstract 

 

Diet-derived polyphenols are believed to have health benefits on account of their 

antioxidant properties. Cardiovascular health is considered to be a suitable target for 

antioxidant therapy because oxidative stress is implicit in atherogenesis – the disease 

process that underpins heart attacks, ischaemic strokes and peripheral vascular disease. 

There is a wealth of in vitro, in vivo and clinical data indicating that dietary polyphenols 

are protective in cardiovascular disease, but there is a substantial mis-match between the 

concentrations of these agents used in vitro to determine mechanism of action (generally 

> 10 M), and the bioavailability in vivo (often < 1 M). This discrepancy is largely 

overlooked, but could be important because the antioxidant mechanism identified 

through in vitro studies might not be a true representation of the mechanism involved in 

vivo. 

This thesis describes a wide range of studies to establish the polyphenol constituents 

present in widely consumed berries, to characterize the activity and stability of a key 

polyphenol, delphinidin, and ultimately to test the hypothesis that delphinidin, at 

concentrations that are relevant to bioavailability, protects cultured human umbilical 

vein endothelial cells (HUVECs) against oxidative damage via a mechanism that is 

independent of direct antioxidant activity. Further experiments were then conducted to 

test the hypothesis that the beneficial effects were mediated by up-regulation of 

intracellular antioxidant systems. 

The results found that a range of indigenous Scottish berries (raspberries, blackberries, 

blackcurrants) were rich in polyphenolic compounds that conferred substantial reducing 

capacity, which is often associated with antioxidant capacity. Tannins and anthocyanins 
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were particularly prominent; the anthocyanin, delphinidin, was selected for further 

exploration on account of its higher bioavailability. 

Delphinidin aglycone was found to be unstable in solution, particularly tissue culture 

medium, in which it decomposed rapidly to simple phenolic compounds, including 

gallic acid. Electron paramagnetic resonance spectroscopy indicated that, if anything, 

both delphinidin and gallic acid were pro-oxidant rather than antioxidant. High 

concentrations of both delphinidin and gallic acid induced rapid morphological changes 

in HUVECs, most notably in the formation of vacuoles or vesicles: delphinidin and 

some other metabolites and intermediates were found inside the cells, whereas gallic 

acid was only found in the culture medium. 

Treatment of HUVECs with a range of concentrations of delphinidin and gallic acid that 

spanned the concentrations that might be found in vivo showed that high (100 M) 

concentrations of both were cytotoxic. However, both agents were found to have a 

protective effect in cells exposed to oxidative stress which was most evident at 

concentrations of ~ 1 M – too low to be due to direct antioxidant activity. 

Deeper examination of cells treated with delphinidin and gallic acid indicated that the 

protective effect was perhaps partially mediated by changes in expression of the 

intracellular antioxidant, glutathione; catalase did not seem to be affected. 

Taken together, the results in this thesis suggest that metabolic products of delphinidin 

might be important in conferring the protective effects via a mechanism that is 

independent of any direct antioxidant activity. This finding has profound implications 

for the importance of polyphenols in health benefits, suggesting that simple phenolic 

agents instead of the parent compounds, might be responsible for the antioxidant effects 

seen on account of initiating cellular defence responses. 
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Abbreviation Definition 

 

WHO World Health Organization 

CVD cardiovascular diseases 
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BSA bovine serum albumin 
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CBE crude berry extract 

SPE solid phase extraction 

LC-MS liquid chromatography mass spectorometry 

PDA photodiode array detector 

PEE phenolic enriched extract 

UBF unbound fraction 

BF bound fraction 

ORAC oxygen radical absorbance capacity 

HUVECs human umbilical vein endothelial cells 

TCM tissue culture medium 
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1.1 Berries: a widely available food source with health potential 

 

According to Linda R. Berg in “Introductory Botany”, any fleshy fruit that has soft 

tissues throughout, in which seeds are embedded is called a berry. Grapes, tomatoes, 

blueberries, cranberries and currants all conform to this definition, but many so-called 

berries do not (Berg, 2007). In everyday English, the term “berry” is used to describe “a 

small round juicy stone-less and usually brightly coloured fruit including raspberry, 

strawberry, blackberry, gooseberry and many others” (Hawkins, 1983). Berries are 

globally available. They are cultivated worldwide, and different geographical areas have 

their own characteristic varieties (Figure 1.1) (Invenire Market Intelligence, 2008, 

Jennings and Brennan, 2009). 

 

Figure 2.1 World berry market. * - region's  main berry crop (Invenire Market 

Intelligence, 2008, Jennings and Brennan, 2002). 

 

The majority of berries are cultivated in the Northern Hemisphere. The United States 

remains the leading berry producer; it is the main strawberry supplier, together with 

Spain and China. Central and northern Europe is a natural habitat for a variety of 
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berries, with Poland being the main producer of blackcurrant and aronia, whilst 

Scotland and the Nordic countries are well-known for blueberry, blackberry and 

raspberry cultivation. Certain species, such as raspberry, are widespread in the world.  

Most berries are appetizing and are popularly consumed, either fresh or frozen. 

However, they are also the principle component of a number of processed products, 

including beverages, jams, yoghurts, dried and canned fruits. Importantly, this makes 

them available throughout the year, especially off-season (Nile and Park, 2014). The 

World Health Organization (WHO) states that daily consumption of at least five 

servings a day of fruit and vegetables will help to prevent various diseases and 

disorders. Interestingly, nowadays individuals increasingly reach for berries as their 

fruit choice as part of their “5-a-day” (Estaquio et al., 2008, Quideau et al., 2011). 

According to studies conducted in the United States of America during the last decade, 

interest in all kinds of berries has rapidly increased, matched by their production and 

consumption; this trend is predicted to continue (Invenire Market Intelligence, 2008, 

Sobekova, 2013). Interest in berries intensified worldwide after determination of an 

association between the consumption of berry fruits and reduced risk of degenerative 

diseases, including cardiovascular diseases (CVDs), various cancers and neurological 

disorders (Nile and Park, 2014, Gonzalez-Sarrias et al., 2013). Berry fruits are 

considered to be powerful “disease fighting food” due to the high nutritional value on 

account of their high vitamin, mineral and fibre content. However, most of the health-

promoting effects have been assigned to their high content of bioactive compounds 

called, polyphenols (Chrysohoou and Stefanadis, 2013). 

The composition and content of polyphenols varies between berries (Diaz-Garcia et al., 

2013, Macheix et al., 1990) blackberries, for instance, contain more than 30 different 

phenolic compounds (Macheix et al., 1990), making it difficult to know exactly which 
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compounds are responsible for the health-promoting effects in patients with cancer, 

CVD and diabetes (Nile and Park, 2014, Stoner et al., 2006). 

 

Knowledge of the chemical and biological properties of phenolic compounds is pivotal 

in understanding the complexity of the association between berry polyphenols and their 

widely described contribution to human health. 
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1.2 Cardiovascular disease (CVD) 

1.2.1 Cardiovascular disease 

Incidence rates of cardiovascular diseases (CVD), such as coronary artery disease 

(CAD), have dramatically increased in the past three decades. CVD is the leading cause 

of death both in the UK and worldwide. It is expected that the number of deaths from 

cardiovascular disease will reach 5.7 million in 2030 (Wallace, 2011).  

 

CVD refers to the group of diseases affecting the heart and/or blood vessels and 

includes CAD, cerebrovascular disease, peripheral artery disease, rheumatic heart 

disease, congenital heart disease, hypertension, heart failure and deep vein thrombosis. 

For the purposes of this thesis, the primary focus will be those diseases that are 

underpinned by the atherogenic process that affects our arteries as we age. The three 

types of arteries predominantly affected are coronary arteries (CAD), cerebral arteries 

(ischaemic stroke) and peripheral arteries (peripheral vascular disease) (Wallace, 2011, 

Nicholson et al., 2008). 

 

1.2.2 The Endothelium 

1.2.2.1 Structure 

The endothelium is the cellular lining of all blood vessels in the circulatory system, 

which forms a structural barrier between the lumen and the underlying tissues (Limaye 

and Vadas, 2007, Le Brocq et al., 2008). Vascular endothelial cells are flat, elongated 

cells that contain a single nucleus and have a width of 1 - 20 µm and a depth of 0.2 - 20 

µm. The endothelium is a monolayer of cells joined together by tight, gap junctions 



6 

 

(Nicholson et al., 2008).  This cellular layer is no longer viewed as an inert structure, 

but rather it has been recognised to be a dynamic "organ" that responds to physical and 

chemical stimuli to generate a wide range of organic and inorganic messenger 

molecules that are capable of influencing the physiology of the surrounding tissues, 

through modulation of blood flow (Limaye and Vadas, 2007, Le Brocq et al., 2008). 

Synthesis and release of these agents is also regulated by the local conditions; for 

example, hypoxia and high levels of respiratory waste products can drive an increase in 

release of endothelium - derived relaxing factors (Limaye and Vadas, 2007). 

 

1.2.2.2 Functions 

The endothelium is responsible for exchange of macromolecules, fluid and electrolytes 

between intracellular and extracellular spaces, as well as regulating smooth muscle cell 

proliferation, blood clotting, inflammatory responses, angiogenesis, and vasomotor tone 

through synthesis of important vasoactive substances. Endothelial nitric oxide (NO) and 

prostacyclin (PGI2) are responsible for relaxation of smooth muscle cells, while 

endothelin-1 (ET-1) is responsible for vasoconstriction, hence regulating local blood 

flow and influencing systemic blood pressure (Nicholson et al., 2008, Park and Kim, 

2012). 

 

Vascular health is pivotal to maintenance of organ functionality, and vascular 

dysfunction is intimately linked to the pathogenesis of many diseases, including 

atherosclerosis, inflammatory diseases and hypertension. Endothelial cells are 

particularly susceptible to oxidative damage, and endothelial dysfunctionis central to 

disease progression (Park and Kim, 2012). 
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1.2.3 CVD and oxidative stress 

Oxidative stress is a state of imbalance between an excessive production of reactive 

oxygen species (ROS) and the ability of the endogenous antioxidant system to detoxify 

the free radicals or to repair the resulting damage. There is increasing evidence that 

oxidative stress plays an important role in the initiation and progression of 

cardiovascular dysfunction and the associated diseases, such as hyperlipidemia, diabetes 

mellitus, hypertension, ischemic heart disease, and chronic heart failure (Taniyama and 

Griendling, 2003, Lehoux, 2006).  

 

1.2.3.1 ROS and endothelial cells 

Free radicals are generated within the vasculature and in the blood stream, especially in 

pathogenic conditions. Endothelial cells, smooth muscle cells, inflammatory cells and 

platelets are all sources and targets of ROS. Free radicals have distinct functional effects 

on vascular endothelial cells (ECs), with both physiological and pathological 

consequences (Gresele et al., 2011, Shen et al., 2012). 

 

Many functions of the endothelium are affected by reactive oxygen species. The best-

recognised is endothelium-dependent vasorelaxation, which is impaired by a loss of NO 

bioactivity  (Taniyama and Griendling, 2003). In the presence of superoxide radical 

(O2
.-
) endothelium-derived NO rapidly reacts to form peroxynitrite (ONOO

-
), which 

acts as powerful oxidant, and is very harmful to endothelial cells (Curtin et al., 2002). 

Prolonged exposure of endothelial cells to superoxide radical and hydrogen peroxide 

(H2O2) induces apoptosis, which leads to EC loss and causes atherogenesis and a pro-



8 

 

coagulative state. Endothelial cell death can be also stimulated by oxidised low density 

lipoprotein (LDL) (Le Brocq et al., 2008).  

 

The healthy endothelium is considered to be an anti-inflammatory surface; NO in 

particular acts to prevent inflammatory cell activation and adhesion. However, many 

pro-inflammatory stimuli (e.g. ROS) induce the expression of adhesion molecules on 

ECs, leading to monocyte adhesion and, ultimately, atherosclerotic lesion formation 

(Taniyama and Griendling, 2003).  

 

Endothelial cell migration, proliferation and tube formation are essential events in 

angiogenesis. Free radicals are directly involved in all of these mechanisms. Hydrogen 

peroxide has been shown to induce proliferation and migration of endothelial cells. 

Furthermore, ROS can also act as mediators of angiogenic growth factors, such as 

vascular growth factor (VEGF) (Taniyama and Griendling, 2003). 

 

1.2.3.2 Clinical implications 

Atherosclerosis 

Atherosclerosis is a complex multi-factorial vascular disease that is characterized by the 

development of atherosclerotic plaques in the arterial intima (Biswas et al., 2005). This 

process is initiated by an inflammatory injury involving oxidative stress. As discussed 

earlier, ROS limit the bioavailability of NO and induce cell growth/apoptosis and 

migration, all of which are important mechanisms for initiation and progression of 

atherosclerosis (Taniyama and Griendling, 2003).  
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One of the earliest events of atherogenesis is the accumulation of cholesterol-filled foam 

cells in the subendothelial space. The majority of the cholesterol accumulated in these 

cells is derived from LDL. ROS oxidise LDL, forming oxidised-LDL (ox-LDL), which 

in turn oxidises lipids within cell membranes of artery walls. Increased lipid 

peroxidation and expression of endothelial adhesion molecules (e.g. ICAM-1) triggers 

monocyte adhesion, translocation into the sub-endothelial space and differentiation into 

macrophages. Macrophages recognise ox-LDL through scavenger receptors, leading to 

engulfment and accumulation of oxidised lipids in cellular entities known as foam cells. 

The localized accumulation of cholesterol and cholesteryl esters leads to fatty streaks 

and atheroma (Martinez-Cayuela, 1995, Biswas et al., 2005, Gutam and Jain, 2007, 

Wang et al., 2006).  

The influence of inflammatory process in the atherogenesis is associated with: 

 involvement of neutrophils, lymphocytes, and macrophages under the guidance of 

T cells in transformation of a fatty streak to a mature and stable atherosclerotic plaque, 

and 

 facilitation of the recruitment of inflammatory cells, cytokines, and other 

inflammatory mediators on the release of vasoconstrictors, such as ET-1. 

Chronically inflamed plaques are commonly regarded to be those most at risk of 

rupture, leading to acute thrombotic events, such as acute coronary syndrome and stroke 

(Le Brocq et al., 2008).  

 

Free radicals are generated in endothelial and smooth muscle cells, especially in 

pathological conditions (inflammation) (Lehoux, 2006, Gresele et al., 2011). 
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Interestingly, a leukocyte-derived haem-containing enzyme, myeloperoxidase (MPO), 

has been linked with atherogenic process, through its involvement in free radical 

production (Taniyama and Griendling, 2003, Le Brocq et al., 2008). MPO is an enzyme 

secreted by activated leukocytes and converts hydrogen peroxide into powerful 

oxidants, including hypochlorous acid (HOCl) and nitrating species (e.g. peroxynitrite) 

(Le Brocq et al., 2008). Another enzyme, xanthine oxidase (XO), present at high 

concentrations in atherosclerotic plaques, has been liked with atherogenesis, through its 

ability to generate ROS (Taniyama and Griendling, 2003). Oxidative modification of 

lipids and activation of the inflammatory response contributes to the accumulation of 

lipids in the vascular wall, whereas, hyperlipidemia contributes to endothelial 

dysfunction which leads to oxidative stress.  It is becoming clear that lipids, oxidative 

stress and inflammation go hand-in-hand in the progression of atherogenesis (Le Brocq 

et al., 2008). 

 

1.2.4 Polyphenols and heart disease 

Polyphenols have been associated with a reduction of mortality from heart disease, 

incidence of myocardial infarction, reduction in blood pressure and atherosclerosis 

(Vari et al., 2011, Nicholson et al., 2010, Mazza, 2007, Wallace, 2011), but the 

mechanisms through which phenolic compounds exert their cardio-protective actions 

are not yet fully understood (Gresele et al., 2011). The paradigm is that the antioxidant 

properties of polyphenols protect blood vessels against oxidative damage and the 

associated cardiovascular risk factors (Stoclet et al., 2004, Wang et al., 2011, Gresele et 

al., 2011). It has been proposed that polyphenols might protect vascular endothelial cells 

by free radical scavenging, therefore preventing oxidation of LDL. Additionally, it has 
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been suggested that polyphenols may protect the crucial vasodilator, NO, against 

oxidation, by scavenging superoxide radical (Wang et al., 2011, Visioli et al., 2011, 

Mazza, 2007, Scalbert et al., 2005).  

 

The problem with the direct antioxidant paradigm to explain the beneficial effects of 

polyphenols in vascular diseases is that polyphenols are characterized by low 

bioavailability and the concentrations required to induce direct antioxidant activity are 

infeasible in vivo. It is becoming increasingly recognised that phenolic compounds can 

interact with various molecular targets and affect multiple signalling pathways in 

endothelial cells, providing an alternative putative mechanism to define the means by 

which these agents can induce benefit despitevery low concentrations in vivo (Quideau 

et al., 2011, Wallace, 2011). 

 

It has been reported that phenolic compounds may confer cardiovascular protection by 

improving endothelial function, cell migration, and reducing platelet aggregation and 

hypertension (Wang et al., 2011, Mazza, 2007, Wallace, 2011, Fraga et al., 2010, 

Scalbert et al., 2005). Plant polyphenols may stimulate the production of major 

vasodilatory factors (NO, endothelium-derived hyperpolarizing factor (EDHF) and 

prostacyclin) and inhibit the synthesis of vasoconstrictor ET-1 in endothelial cells 

(Auger et al., 2011). Moreover, phenolic compounds inhibit the expression of two major 

pro-angiogenic factors, vascular endothelial growth factor (VEGF) and matrix 

metalloproteinase-2 (MMP-2) in smooth muscle cells (Stoclet et al., 2004, Han et al., 

2007).  
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In endothelial cells, the mechanism of the effects described above involve increase in 

Ca
2+

 level and activation of the phosphoinositide 3 (PI3)-kinase/Akt pathway, that leads 

to rapid activation and enhanced expression of NO synthase and formation of EDHF.  In 

smooth muscle cells polyphenols were reported toinduce redox-sensitive inhibition of 

the p38 mitogen-activated protein kinase (p38 MAPK) pathway, which leads to 

inhibition of platelet-derived growth factor (PDGF)-induced VEGF gene expression, 

and other redox-insensitive mechanisms (Stoclet et al., 2004, Wallace, 2011, Auger et 

al., 2011, Han et al., 2007). Current evidence suggests that all of these mechanisms can 

be triggered by specific polyphenols with their unique chemical structures. Also the 

cellular response and its intensity may vary between phenolic compounds (Fraga et al., 

2010, Stoclet et al., 2004).  
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1.3 Antioxidants vs. free radicals 

1.3.1 Free radicals – friend or foe? 

Free radicals are atoms, molecules or ions with one or more unpaired electron in atomic 

or molecular orbitals, which react readily with other molecules (Gresele et al., 2011). 

Due to their high reactivity, they have a very short half-life and low steady-state 

concentration (Martinez-Cayuela, 1995). Free radicals can be classified as reducing 

(donating an electron to an acceptor) or oxidising (accepting an electron from a donor) 

agents (Buettner and Schafer, 2000, Wang et al., 2006).  

 

Cells are constantly generating reactive species during intracellular metabolism. In 

addition to endogenous sources, free radicals are generated exogenously by ultraviolet 

sunlight, X-rays and gamma rays, smoking, pesticides, pollutants or some medications 

(Martinez-Cayuela, 1995, Lehoux, 2006, Wang et al., 2006). Free radicals are generally 

regarded to be harmful because they can react with DNA, proteins, carbohydrates and 

lipids in a very destructive manner (Martinez-Cayuela, 1995). This direct cellular 

damage can be augmented through free radicals behaving as intermediates in various 

signalling pathways (Rodrigo et al., 2011, Martinez-Cayuela, 1995). However, the 

presence of free radicals can also be advantageous for cells: many of them are necessary 

to carry out certain biological reactions. Free radicals can trigger gene expression, 

modulate cell metabolism, and get involved in programmed cell death and senescence.  
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1.3.1.1 Reactive oxygen species (ROS) 

ROS are a family of highly reactive molecules containing oxygen, and are generated 

under normal conditions as a consequence of areobic metabolism (Curtin et al., 2002). 

ROS include free radicals such as: superoxide anion (O2
.-
), hydroxyl radicals (

.
OH) and 

non-radical species, such as hydrogen peroxide (H2O2) (Martinez-Cayuela, 1995). 

 

The mitochondria are a major site for generation of free radicals. Electrons carried by 

the electron transport chain can leak out of the pathway. The addition of one lost 

electron to molecular oxygen (dioxygen) forms the superoxide anion radical (O2
.-
) 

(Gresele et al., 2011, Droge, 2002). The superoxide radical is converted to H2O2 by 

superoxide dismutase (SOD). Hydrogen peroxide in the presence of transition metal 

ions such as Fe
2+

 forms hydroxyl radicals via the Fenton reaction: 

 

                                           Fe
2+

 +  H2O2 → Fe
3+

  + 
.
OH + 

-
OH 

Hydroxyl radicals can also be generated via the reaction of superoxide with H2O2 in the 

presence of metal ions (known as Fenton chemistry): 

                                     O2
.-
 + H2O2 → O2 + 

.
OH + 

-
OH 

Hydroxyl radicals are more reactive than superoxide anions (Rodrigo et al., 2011). 

 

1.3.1.2 Reactive nitrogen species (RNS) 

Reactive nitrogen species (RNS) are also important reactive species that are ubiquitous 

in biology. NO is formed endogenously from the oxidation of L-arginine to L-citrulline 



15 

 

by three isoforms of NO synthase (neuronal, endothelial and inducible NOS). It is found 

in different chemical forms depending on the redox status (NO
-
, NO

.
, and NO

+
), but NO 

is considered to be the usual form found at physiological pH. NO is an important 

signalling molecule that regulates a diverse range of physiological processes in many 

tissues (Gautam and Jain, 2007, Curtin et al., 2002, Droge, 2002). It plays an important 

role in diverse physiological (regulation of blood pressure, platelet adhesion, neutrophil 

aggregation, neurotransmission), as well as pathological (inflammation, infection, 

apoptosis, neoplastic diseases) processes (Gautam and Jain, 2007). NO also reacts with 

superoxide radical to form peroxynitrite (ONOO
-
) which acts as powerful oxidant and is 

generally considered to be harmful (Curtin et al., 2002). 

 

1.3.2 Oxidative stress 

Cells are equipped with a battery of antioxidants to combat endogenous pro-oxidants 

and oxidising radical species. Oxidative stress occurs when there is a serious imbalance 

between the generation of ROS, and the ability of the antioxidant defence system to 

cope with its production (Gautam and Jain, 2007, Rodrigo et al., 2011, Wang et al., 

2006, Droge, 2002).  

Oxidation of DNA and proteins, along with membrane damage, on account of lipid 

peroxidation, leads to alterations in membrane permeability, modification of protein 

structure, and functional changes. Moreover, damage caused by free radicals to the 

mitochondrial membrane results in its depolarisation and the uncoupling of oxidative 

phosphorylation, with altered cellular respiration, leading to mitochondrial damage. All 

the changes to the biomolecules and cellular organelles caused by the excessive 
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production of free radicals can ultimately lead to cellular dysfunction and death 

(Rodrigo et al., 2011). 

 

High concentrations of ROS can impair the normal operation of several physiological 

processes in the body (Rodrigo et al., 2011). Hence, oxidative stress is implicated in the 

pathogenesis of several diseases such as neurodegenerative disorders (Huntington's, 

Parkinson's and Alzheimer's disease), retinal degenerative disorders and diabetes 

(Curtin et al., 2002). Moreover, oxidative stress is recognized to be a key feature in the 

atherogenic process that underpins CVD (Gresele et al., 2011, Rodrigo et al., 2011, 

Droge, 2002).  

 

1.3.3 Antioxidants – nature’s health guards 

"Antioxidants are a group of substances which, when present at low concentrations, in 

relation to oxidisable substrates, significantly inhibit or delay oxidative processes, while 

often being oxidised themselves" (Vaya and Aviram, 2001). Antioxidants are widely 

used in the food industry, preventing a variety of food products and beverages from 

oxidative degradation. In the past few years, there has been increased interest in the 

application of antioxidants as medical treatments in the wake of the gathering 

information to link oxidative stress to human disease processes.  

 

Cells synthesise and accumulate a wide variety of powerful antioxidants, including 

vitamins (A, C and E), and enzymes (superoxide dismutase (SOD), catalase (CAT), 

glutathione peroxidases (GSH-Px) and thioredoxin reductase). Among other non-
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enzymatic antioxidants available for cells are glutathione and exogenous free radical 

scavengers, carotenoids and polyphenols (Biswas et al., 2005, Lehoux, 2006). 

 

1.3.3.1 Primary defence mechanisms 

Antioxidants attenuate the generation of free radicals by removing potential oxidants or 

transforming them into relatively stable compounds (Vaya and Aviram, 2001). In 

oxidative stress, these antioxidant defences are overwhelmed by oxidants, leaving the 

cell vulnerable to oxidant-induced damage. 

 

The function of the so-called primary defence mechanism is to prevent the oxidative 

damage directly by intercepting free radicals before they can react with intracellular 

targets. The mechanism consists of SOD, GSH-Px, CAT and thioredoxin reductase 

(Curtin et al., 2002, Martinez-Cayuela, 1995). SOD is responsible for converting 

superoxide radical to hydrogen peroxide as follows: 

                                      O2
.-
 + O2

.-
 +2H

+ 
  H2O2+ O2    

The primary defence mechanism against H2O2 is mediated by the enzyme catalase and 

glutathione peroxidase. Catalase transforms hydrogen peroxide into water and 

molecular oxygen: 

                                            2H2O2     2H2O + O2  

The GSH system is important cellular defence mechanism against free radicals. 

Glutathione not only acts as a direct ROS scavenger, but also plays a fundamental role 
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in the regulation of the intracellular redox state. The system consists of glutathione, 

glutathione peroxidase and glutathione reductase. GSH Px is an enzyme that catalyzes 

the reduction of H2O2 to water utilizing glutathione as a co-substrate: 

                                   H2O2 + 2GSH      GSSG + 2H2O 

Glutathione disulfide (GSSG) is then reduced back to GSH by glutathione reductase 

utilizing NADPH, as outlined below:  

                                   GSSG + NADPH + H
+ 

→ 2GSH + NADP
+
 

The ability of cells to regenerate GSH (through the reduction of GSSG or by synthesis 

of GSH) reflects efficiency of the cell in managing oxidative stress (Curtin et al., 2002).  

Moreover, other small molecules widely distributed in biological systems can scavenge 

free radicals as a part of the primary defence system, including vitamin C (important 

antioxidant in plasma, reduce oxygen free radicals), uric acid (important protector 

against oxidation in plasma), and some polyphenols (Vaya and Aviram, 2001).  

 

1.3.3.2 Secondary defence mechanisms 

Secondary antioxidant defence mechanisms, also known as chain-breaking defences, 

trap harmful radicals, stopping their harmful effects at an early stage. Lipid soluble 

antioxidants, such as vitamin E, are present in all cellular membranes and protect 

against lipid peroxidation. Vitamin E converts oxygen free radicals to a less reactive 

form by donating a hydrogen ion. Nuclear enzymes for DNA repair can be considered 

to be secondary defence systems against oxidative injury caused by oxygen free 

radicals. Many GSH transferases that express peroxidase activity dependent on 
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glutathione are considered to be defence systems against lipid peroxidation (Martinez-

Cayuela, 1995, Vaya and Aviram, 2001). 

 

1.3.4 Polyphenols as antioxidants 

The paradigm for the mechanism of action of polyphenols is through direct antioxidant 

activity, on account of their interaction with ROS, including both radical and non-

radical oxygen species, such as O2
.-
, H2O2, HOCl, NO, as well as those derived from 

biomolecules such as LDL, proteins and oligonucleic acids (DNA, RNA) (Stoclet et al., 

2004, Quideau et al., 2011, Rodrigo et al., 2011, Fraga et al., 2010). 

 

Polyphenols can also act as antioxidants by chelating metal ions, such as iron and 

copper, that are involved in conversion of O2
.-
 and  H2O2 into highly aggressive 

.
OH 

(Fenton chemistry). They can also block the action of some enzymes responsible for 

generation of superoxide radical, such as XO and protein kinase C, as well as activate 

antioxidant enzymes (Prochazkova et al., 2011, Quideau et al., 2011). 

 

Structural features, such as the number and relative position of hydroxyl and catechol 

groups are important for determining the antioxidant properties of polyphenols 

(Quideau et al., 2011, Fraga et al., 2010, Estevez and Mosquera, 2008). 

 

Importantly, there is an ongoing debate on the probability of the observed direct 

antioxidant activity in vivo, since supra-physiological concentrations (100 µM – 400 

µM) of polyphenols are often used in tests determining their antioxidants properties. 
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The low bioavailability (~ 1 µM) of phenolic compounds seriously questions their 

ability to engage in direct antioxidant potential in the in vivo scenario (Fraga et al., 

2010): there is an emerging theory that indirect antioxidant properties of polyphenols, 

through induction of endogenous antioxidant defence systems, protect against oxidative 

stress in a manner that is independent of any direct antioxidant effect (Han et al., 2007, 

Prochazkova et al., 2011, Finley et al., 2011). 

 

1.3.5 Polyphenols as pro-oxidants 

The pro-oxidant activities of polyphenols are based on their ability to generate ROS. It 

has been reported that phenolic compounds can oxidize readily in beverages, tissue 

culture media and phosphate buffers, especially in the presence of transition metal ions 

(Halliwell, 2008, Babich et al., 2011). Oxidation of polyphenols leads to superoxide 

radical and hydrogen peroxide production, as well as a complex mixture of 

semiquinones and quinones, all of which are potentially toxic (Gil-Longo and 

Gonzalez-Vazquez, 2010, Halliwel, 2008). The level of cytotoxicity depends on both 

the type of polyphenol and the amount of free radicals generated (Babich et al., 2011). 

 

A variety of polyphenols and polyphenol-containing extracts have been reported to 

generate ROS, including green tea, black tea and apple extracts, as well as individual 

phenolics such as: gallic acid, protocatechuic acid, vanillic acid, ellagic acid, caffeic 

acid, quercetin, rutin, kaempferol, catechin, epicatechin, delphinidin and malvidin 

(Babich et al., 2011, Gil-Longo and Gonzalez-Vazquez, 2010).  
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The pro-oxidant effects of polyphenols can also be beneficial since, by imposing a mild 

degree of oxidative stress, they can induce endogenous antioxidant defence 

mechanisms. However, the amount of research on the antioxidant potential of 

polyphenols overshadows the lesser number of studies on the biological implications 

associated with the pro-oxidant characteristics of polyphenols (Babich et al., 2011, 

Prochazkova et al., 2011). 
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1.4 Classification, occurrence and functions of (poly)phenolic 

compounds 

Phenolic compounds are a diverse group of plant secondary metabolites containing 

single or multiple phenol rings. They arise from a common intermediate, phenylalanine, 

or a close precursor, shikimic acid (Pandey and Rizvi, 2009). Phenolics are produced by 

all plant tissues, but they are most concentrated in fruits and leaves (Handique et al., 

2002). In plants, they have been implicated in diverse functional roles, including plant 

resistance against microbial pathogens and herbivorous animals, protection against solar 

radiation, as well as attraction of pollinators and seed dispersing animals (Quideau et 

al., 2011, Del Rio et al., 2013). 

 

The main dietary sources of phenolics include various plant-derived foods and 

beverages, such as fruits, vegetables, herbs, wine, tea, olive oil, chocolate and other 

cocoa products (Han et al., 2007, Nile and Park, 2013, Macheix et al., 1990, Tsao, 

2010). 

 

Figure 1.2 Chemical structure of monohydroxybenzoic acid (depending on the 

position of the hydroxyl group in the phenol ring, we can distinguish the following 

isomers: 2-hydroxybenzoic acid (salicylic acid or O-hydroxybenzoic acid), 3-

hydroxybenzoic acid (m-hydroxybenzoic acid) and 4–hydroxybenzoic acid (ellagic 

acid or p–hydroxybenzoic acid; depicted here)). 
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To date, more than 8,000 phenolic structural variants have been reported. The structural 

diversity of plant phenolics is based on their degree of oxidation, their ability to exist as 

stereoisomers, their glycosylation by sugar moieties and other substituents, and their 

conjugation to form polymeric molecules (Del Rio et al., 2013). The simplest phenolic 

compounds have at least one phenolic ring with one or more hydroxyl groups attached, 

like the phenolic acids e.g. 4-hydroxybenzoic acid (Figure 1.2) (Del Rio et al., 2013, 

Han et al., 2007). 

 

Several different ways of categorising phenolic compounds have been proposed, 

including classification by their source of origin, biological function or, most 

commonly, by their chemical structure (Han et al., 2007, Fraga et al., 2010, Quideau et 

al., 2011, Tsao, 2010). These compounds are classified into groups by the number of 

phenolic rings that they contain and by the structural elements that bind these rings 

together. Two main classes of phenolic compounds have been distinguished: non-

flavonoids (phenolic acids, stilbenes and lignans) and flavonoids (flavones, flavonols, 

flavan-3-ols, isoflavones, flavanones, and anthocyanins) (Figure 1.3) (Manach et al., 

2004, Del Rio et al., 2013, Tsao, 2010). 

 

Only selected classes of (poly)phenolics (the main ones found in berries) will be 

discussed in detail here, including phenolic acids and flavanoids (flavonols, flavanones, 

and anthocyanins). 
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Figure 1.3 Flavanoid and non-flavanoid phenolic compounds. Schematic showing phenolic 

compounds, along with typical examples and associated chemical structure. Adapted from 

http://www.frenchglory.com/polyphenol-classification.html. 
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1.4.1 Phenolic acids 

Based on C1–C6 and C3-C6 backbones, phenolic acids can be further divided into two 

subclasses: benzoic acid and cinnamic acid derivatives, respectively (Figure 1.3) (Tsao, 

2010). The most common hydroxybenzoic acids (HBAs) are ellagic acid, gallic acid and 

protocatechuic acid, differing only in the number of hydroxyl moieties attached to the 

phenolic ring. The content of free HBAs in edible plants is relatively low, with the 

exception of blackcurrant, black radish, onion and tea (Manach et al., 2004). 

Hydroxybenzoic acids are found in foods primarily as conjugates and they constitute 

either complex structures or simple molecules by combining with sugars or organic 

acids (Tsao, 2010, Macheix et al., 1990). For example, ellagic acid and gallic acid 

participate in formation of hydrolysable tannins, called ellagitannins and gallotannins, 

respectively (Macheix et al., 1990). Gallotannins are found in mango and ellagitannins 

in blackberries, raspberries, strawberries, pomegranate and walnut (Engels et al., 2009, 

Manach, 2004, Del Rio et al., 2013). 

 

Hydroxycinnamic acid (HCA) derivatives are more common and consist mainly of p-

coumaric, caffeic, ferulic and sinapic acids (Figure 1.3). However, HCA derivatives are 

rarely found in the free form and occur mainly as conjugates with tartaric, shikimic and 

quinic acids. Caffeic acid and quinic acid, for example, combine to form chlorogenic 

acid, found in coffee at relatively high concentration (a single cup might contain 70–350 

mg) (Manach et al., Del Rio et al., 2013). The main source of HCA derivatives are 

blueberries, kiwi fruits, plums, peaches, cherries and apples (Manach et al., 2004, 

Macheix et al., 1990). 
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1.4.2 Flavonoids 

Flavonoids are polyphenolic compounds that share a common structure consisting of 

two phenolic rings (A and B) bound together by three carbon atoms, which form an 

oxygenated heretocycle (ring C) (Manach et al., 2004) (Figure 1.3). The basic flavanoid 

skeleton (C6–C3–C6) can have numerous substituents, such as sugar moieties and 

organic acids. The majority of flavonoids occur naturally as glycosides rather than 

aglycones (Del Rio et al., 2013). 

 

1.4.2.1 Flavonols 

Flavonols are characterized by an unsaturated C ring with a double bond between C-2 

and C-3, and by the presence of hydroxyl group in the C-3 position. The main 

representatives are quercetin, kaempferol and myricetin (Figure 1.3 and 1.4). Flavonols 

are the most ubiquitous flavonoids in foods, with yellow and red onions, leeks, broccoli 

and blueberries being their main source. There are more than 200 sugar conjugates of 

kaempferol alone (Del Rio et al., 2013). 

 

Figure 1.4 Chemical structure of keampferol-3-O-glucoside 

 

The number of aglycones is limited. These compounds are present in foods mostly in 

glycosylated forms. Aglycones are commonly conjugated with sugar moieties, glucose 

or rhamnose, but other sugars might also be involved (galactose, arabinose, xylose, 
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glucuronic acid); they can also be acylated with phenolic acids. A single fruit can often 

contain 5 to 10 different flavonol glycosides (Manach et al., 2004, Macheix at al., 

1990). 

 

1.4.2.2 Flavanol (Flavan–3-ols) 

Flavanols exist in both the monomer form (catechins) and the polymer form 

(proanthocyanidins) (Figure 1.3). Unlike the other flavanoids, they usually do not exist 

in the form of glycosides. They are characterized by the presence of the saturated C ring 

and two chiral centres at C2 and C3. Therefore, flavanols can exist as one of four 

isomers for each level of B ring hydroxylation, two of which, (+)-catechin and (-)-

epicatechin, are widespread in nature, and are found in apricots, apples, grapes, 

raspberries, blackberries, red wine, chocolate and tea. Whilst catechins are primarily 

found in fruit, their acylated forms, epigallocatechin, gallocatechin and 

epigallocatechingallate are also found in leguminous plants, grapes and tea (Macheix et 

al., 1990). 

 

Proanthocyanindins, also known as condensed tannins, are dimers, oligomers and 

polymers of catechins that are joined together at C4 and C8, or sometimes C6. 

Proanthocyanidins can occur as polymers of up to 50 units.  

 

Two types of tannins have been distinguished, condensed and hydrolysable tannins. The 

simplest forms are purely oligomers and polymers of catechin and epicatechin (Figure 

1.3). Condensed tannins are oligomers of flavanols and their chemical structure is 
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defined by the type of monomer that constitutes the structure, as well as the type of 

linkage between them (Han et al., 2007). Proanthocyanidins consist exclusively of 

epicatechin units called procyanidins, and are the most abundant type of 

proanthocyanidins in plants. Hydrolysable tannins are polymers of catechins that have 

undergone hydrolysis by acids, e.g. phenolic acids; the core part of the catechin polymer 

is esterified by phenolic acids. According to the type of phenolic acid that is combined 

with the polymer, we can distinguish gallotannins and ellagitannins, esters of condensed 

tannins and gallic acid and ellagic acid, respectively (Macheix et al., 1990, Han et al., 

2007). 

 

Tannins are water soluble polyphenols with molecular weights ranging from 500 to 

3000. Common sources of tannins are apples, pears, grapes, raspberries, blackberries, as 

well as chocolate (Scalbert and Williamson, 2000). 

 

1.4.2.3 Anthocyanins 

Anthocyanins are natural plant pigments dissolved in the vacuolar sap of the epidermal 

tissues of flowers, fruit and vegetables. Compared to other phenolic compounds, 

anthocyanins are the most abundant in the human diet and can be found in red wine, 

certain varieties of cereals, vegetables (aubergines, cabbages, beans, onions and 

radishes), but they are most abundant in fruit (Del Rio et al., 2013). Anthocyanins are 

primarily found in the skin of fruit, although lower amounts are also found in the flesh 

(Kong et al., 2003).  
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Figure 1.5 Chemical structure of cyanidin-3-O-glucoside 

 

Anthocyanins are highly unstable in the aglycone form. Degradation is prevented by 

glycosylation (mainly with a mono-, di-, and triglicosides attached at position C3), 

esterification with various organic acids and phenolic acid, as well as formation 

complexes with other flavonoids. Anthocyanins are chemically stable in acidic solutions 

(Rein, 2005, McDougall et al., 2005, Manach et al., 2004). 

 

Anthocyanins have a characteristic chemical structure with a positive charge on the C 

ring. Moreover, the hydroxyl group at C2 is often substituted by a sugar (Figure 1.3 and 

1.5) (Macheix et al., 1990). To date, more than 500 anthocyanins have been found in 

nature, with different hydroxylation and methoxylation patterns on the A and B ring and 

glycosylation with different sugar units on the C ring (Tsao, 2010, Kong et al., 2003). In 

fact, 90% of anthocyanins found in nature consist of cyanidin, delphinidin and 

pelargonidin and their methylated derivatives (Tsao, 2010). Other than these, only 

peonidin, malvidin and petunidin are common in higher plants (Kong et al., 2003). 
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1.5 The complex nature of anthocyanins 

Berry anthocyanins are known to be important natural food pigments. In the very 

competitive and fast growing food and beverage industry, anthocyanins have been 

recognised to be an attractive alternative to synthetic dyes for consumption (Sadilova et 

al., 2007).  

 

1.5.1 Stability of anthocyanins 

Significant research has been undertaken to understand the chemistry of berry colorants 

because they suffer from low stability, influenced by temperature, pH, oxygen and light, 

all of which affects their stability during processing and storage (Freidman and Jurgens, 

2000, Sadilova et al., 2007, He and Giusti, 2010). All of these factors alter anthocyanin 

structure to some extent, therefore influencing their chemical and biological properties. 

The most extensively tested aspects of anthocyanin stability have centred on the 

influence of temperature and/or pH on anthocyanin antioxidant capacity (Nayak et al., 

2011, Freidman and Jurgens, 2000). Only recently has a crucial link been made between 

the low stability of berry polyphenols during the manufacturing process and storage, 

and their equally poor stability (caused by some of the above mentioned factors) under 

physiological conditions. 

 

1.5.1.1 pH 

Anthocyanin chemistry is highly pH-dependent because they exist in a variety of 

protonated, deprotonated, hydrated, and isomeric forms, and the relative proportion of 

these molecules in a given solution strongly depends on the pH. Four main anthocyanin 

forms exist in equilibrium: the red flavylium cation, the blue quinonoidal base, the 
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colourless carbinol pseudobase and the pale yellow chalcone (He and Giusti, 2010, 

Kahkonen and Heinonen, 2003). At very low pH (below 2), anthocyanins exist 

predominantly in the red flavylium cation form. At pH 3 - 6, rapid hydration of the 

flavylium cation at the C2 position leads to formation of the colourless carbinol 

pseudobase. Moreover, as the pH shifts higher, the flavylium cation can be transformed 

to the quinonoidal bases through proton transfer reactions. Further pH increase causes 

conversion of the carbinol form to an open ring form, the yellowish chalcone. The 

relative amount of each form in equilibrium varies with both pH and the structure of the 

specific anthocyanin (Kern et al., 2007, Rein, 2005, He and Giusti, 2010). 

 

1.5.1.2 Temperature 

Anthocyanin stability is also strongly affected by temperature. The reactions outlined 

above are faster at higher temperatures - an important consideration for food processing, 

where high temperature is often a feature. Formulation of a chalcone is frequently 

recognized as the first step of thermal degradation of anthocyanins (Nayak et al., 2011). 

Prolonged exposure of anthocyanins to high temperature results in fission between the 

B and C rings of the chalcone, releasing the phenolic acid and aldehyde constituents 

(McDougall et al., 2005). The thermal degradation of delphinidin aglycone, for 

example, leads to the generation of gallic acid and a trihydrobenzaldehyde (Sadilova et 

al., 2007, Rein, 2005, Woodward et al., 2009). 
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1.5.1.3 Other factors 

The specific structure of a given anthocyanin is one of the other factors that influence its 

stability. The substitution pattern and the number of hydroxyl and methoxyl groups in 

the aglycone have an effect on the chemical behaviour of the pigment molecule. 

Increased methylation, glycosylation, the nature of the glycosyl unit, and acylation, all 

increase the stability of anthocyanins. However, increased hydroxylation weakens it 

(Rein, 2005). 

 

Oxygen and light have been found to have a damaging effect on anthocyanins (Rein, 

2005). Unusually, it has also been conclusively demonstrated that anthocyanin structure 

can be stabilised by their increased concentration and co-pigmentation reactions 

(phenomenon where pigmentation due to the presence of anthocyanins is enhanced by 

the presence of other colourless compounds, known as "copigments"). Increasing the 

anthocyanin concentration profoundly improves their stability through a process known 

as self-association. Moreover, co-pigmentation with other polyphenols, alkaloids, amino 

acids and organic acids stabilises the chemical structure of anthocyanins (Rein, 2005, 

Gonzalez-Manzano et al., 2008). 

 

1.5.2 Bioavailability and metabolism of anthocyanins 

In the digestive tract, anthocyanins undergo hydrolysation and absorption. Once 

absorbed, they are metabolised or degraded before finally being excreted in the form of 

a range of products (Sies, 2010). Thus, metabolites existing in the plasma represent a 

mixture of potentially bioactive compounds. Which compounds are bioactive is an 

under-expolred question that requires further investigation.  
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Low bioavailability of anthocyanins in tissues and in the plasma on account of rapid 

metabolism and biotransformation greatly diminishes the antioxidant capacity of these 

compounds. Based on a growing knowledge of this aspect, Schewe et al., (2008) 

hypothesized that in vivo, anthocyanin metabolites and/or degradation products might 

act as signalling molecules to bring about the health-promoting effects attributed to the 

compounds, rather than directly acting as antioxidants (Schewe et al., 2008). However, 

there is considerable complexity associated with this concept. Predicting the biological 

activity of anthocyanins is dependent upon the absorption and metabolism of both the 

parent compound and the range of metabolites generated, which in turn might be 

influenced by unpredictable factors such as the composition of the gut microbiome of 

any given individual. This is a critical issue for relevant in vitro testing because 

knowledge of the amount and chemical nature of the anthocyanin and/or its products is 

critical for accurate mimicking in culture or in isolated tissue experiments. An 

alternative approach to the problem is to identify the plasma-borne anthocyanin-related 

compounds derived from oral ingestion of the parent compound prior to testing the 

activity of these components at the relevant concentration in vitro. Early absorption of 

anthocyanins starts in the stomach (mainly monoglycosides). However, substantial 

quantities of anthocyanins pass into the small intestine, where sugar moieties are 

hydrolysed by lactase phlorizin hydrolase (LPH) and/or cytosolic β glucosidase (CBG), 

releasing anthocyanin aglycones. Some glucosides (rhamnoside, rutinoside), however, 

remain intact and travel to the colon, where microorganisms cleave glycosidic and ester 

bonds (Manach et al., 2004).  
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Free aglycones are more hydrophobic and smaller than glycosides, thus they are more 

likely to penetrate the epithelial layer of small intestine passively. Moreover, 

anthocyanin aglycones are less stable and undergo spontaneous degradation at neutral 

pH in the gut and blood to simple compounds, such as phenolic acids (Woodward et al., 

2010). 

 

Anthocyanins absorbed in the stomach are methylated by catechol-O-methyltransferase 

(COMT) and/or glucuronidated by glucuronyltransferases in enterocytes of the liver 

(Mullen at al., 2008, Beattie et al., 2005). Widely distributed cytosolic phenol 

sultotransferases (SULT) are also believed to preferentially sulphate anthocyanins (He 

and Giusti, 2010, Scalbert and Williamson, 2000). 

 

Unabsorbed anthocyanins are excreted in faeces. Conjugated metabolites are excreted in 

the urine, but alternatively a portion of them may re-enter the jejunum with bile and 

later either be absorbed by the colon to re-enter the enterohepatic circulation, or 

excreted in faeces (He and Giusti, 2010, Scalbert and Williamson, 2000). 

 

1.5.3 Concentration of (poly)phenolics, including anthocyanins in plasma 

In vitro investigations designed to identify the physiological effects of polyphenols 

should be conducted not only with the appropriate anthocyanin-related chemical entities 

that can be found in plasma, but also the relevant physiological concentrations (Mazza, 

2007). Polyphenols are characterised by very low bioavailability, with less than 1% of 

the ingested amount reaching the plasma (McDougall et al., 2005, Wiczkowski et al., 
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2010, Yang et al., 2011, Wallace, 2011). Polyphenols have been found in human plasma 

at very low concentrations, with peak concentrations often reached 0.5 – 2 h after 

ingestion, falling to near baseline levels within 8 – 12 h (Beattie et al., 2005, Scalbert 

and Williamson, 2000, Wiczkowski et al., 2010). Maximum concentrations of 

polyphenols found in the plasma after consumption of polyphenol-rich foods or 

beverages tends to be around 0.1 – 1 µM, whereas most in vitro studies used supra-

physiological concentrations of individual polyphenols or extracts ranging from 2 to 

300 µM (Nicholson et al., 2010, Yang et al., 2011, Rodrigo et al., 2011). 

 

Numerous polyphenols, like anthocyanins, have been detected in the plasma at 

concentrations of ~ 1 µM in their native intact forms (glycosides), as an effect of fast 

absorption in the stomach; these are rapidly excreted (Wu et al., 2005, Wiczkowski et 

al., 2010). Anthocyanin glycosides pass through the stomach and are hydrolysed in the 

small intestine or by colon microbiota (Manach et al., 2004, Scalbert and Williamson, 

2000). Liberated aglycones are very unstable and undergo further degradation to simple 

phenolic acids and aldehydes in a neutral pH environment. Smaller phenolic species and 

other metabolites have greater chemical stability in the physiological environment than 

anthocyanins, suggesting that the metabolites and not the parent compounds might be 

present in the plasma and could, therefore, play an important role in physiological 

effects (Wallace, 2011, Wiczkowski et al., 2010).  

 

Importantly, the bioavailability of polyphenols might also be underestimated because of 

the breakdown products and metabolites that might be present in the plasma, but have 

not been yet identified. Therefore, it is important to conduct in vitro experiments using 
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physiologically relevant concentrations, applying individual polyphenols that mimic 

their potential metabolites, rather than extracts.  

 

1.5.4 Aims 

It is apparent that (poly)phenolics, including anthocyanins, might have diverse effects in 

vivo, with potential health benefits, including in CVD. Oxidative stress is considered to 

be a pivotal factor in CVD development and antioxidant activity of dietary components 

might confer protective effects in this regard. Polyphenols are known to be powerful 

antioxidants, and are therefore good candidates for cardioprotective agents on account 

of an ability to inhibit and/or retard oxidative damage. However, there is an increasing 

sense that the low bioavailability of polyphenols (~ 1 µM) may not be sufficient to drive 

a direct antioxidant effect. Moreover, the low stability of anthocyanins in particular, 

suggests that perhaps it is not the parent compound but degradation products that drive 

possible protective effects. Therefore the hypotheses tested in this thesis were that: 

 anthocyanins are a major constituent of indigenous Scottish berries and contribute 

to the antioxidant capacity of berry extracts 

 the anthocyanin, delphinidin, is inherently unstable and degrades to simple 

phenolic species under tissue culture conditions 

 that delphinidin and a major degradation product, gallic acid, do not have 

substantial inherent antioxidant activity 

 that delphinidin and its degradation products can protect endothelial cells in 

culture against chemically - induced oxidative stress - mediated cell death at 

concentrations that are biologically relevant (~ 1 M) 
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 that the protective effect is mediated by induction of endogenous antioxidant 

defence mechanisms (glutathione and catalase). 
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2. Materials and Methods 
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2.1 Materials 

Unless otherwise stated, chemicals, reagents and consumables were purchased from the 

following manufacturers: 

Table 2.1 List of used materials and their suppliers. 

SIGMA-ALDRICH, St. Louis, MO, USA 

Gelatin solution (Type B, 2% in H2O); crystal violet solution; HEPES solution; gallic acid; 

endothelial cell growth supplement; DMSO; sodium pyruvate, PBS; 0.5% trypsin / EDTA (1X), 

sucrose; potassium phosphate, mono-potassium salt; EDTA, trypan blue (0.4%), MTT assay kit, 

formic acid, folin - Ciocalteu reagent; TROLOX; ABTS; ascorbic acid; APES; Trizma HCl; 

menadione; 2,4,6-trihydroxybenzaldehyde; 

Invitrogen, Paisley, UK 

Basal medium M199 (+ Earle’s; + L-glutamine; + phenol-red); Basal medium M199 (+ Earle’s; + 

L-glutamine; - phenol-red; + bicarbonate), 

Extrasynthese, Genay, France 

Delphinidin 

PAA Laboratories GmbH, Pasching, Austria 

PBS (without Ca & Mg); Foetal bovine serum; penicilin/streptomycin (100X); Bovine serum 

albumin; 

ENZO, Life Sciences Ltd, Exeter, UK 

Tempone-H hydrochloride 

Thermo Fisher Scientific Ltd, Loughborough, UK 

Pyrogallol; EGTA; potassium phosphate, di-potassium salt;  mannitol; sodium hydroxide; ethanol, 

methanol, acetonitrile, acetone, potassium chloride, sodium acetate, hydrochloric acid; Coomassie 

(Bradford) reagent kit; formaldehyde; 50 x 2.1mm 1.9 Hypersil GOLD C18 column  

Cayman Chemical Company, Ann Arbor, MI, USA  

GSH assay; catalase assay 

European collection of cell cultures (ECACC), Salisbury, UK 

Human umbilical vein endothelial cells 

Wockhardt Ltd, Wrexham, UK 

Heparin sodium 

 

Table 2.1 continued on the page 39 
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GlaxoSmithKline, UK 

Pectinase (novoenzyme) 

GE Healthcare, Uppsala, Sweden 

Sephadex
TM 

LH-20 

Brand GmbH, Wartheim, Germany 

Micropipettes 

Corning, Amsterdam, The Netherlands 

6 and 24 well plates, stripettes 

Sterilin Ltd. Newport, UK 

96 well plates (round and flat bottom) 

Greiner Bio-One GmbH, Frickenhausen, Germany 

Cell culture flasks (T 75 cm
2
) 

TPP, Trasadingen, Switzerland 

Cell scrapers 

Phenomenex Ltd, Macclesfield, UK 

Strata C-18, GIGA units, 10g capacity, Synergi Hydro C18 with polar end capping, 4.6 mm × 150 

mm 

 

 

 

 

 

 

 

 

 



41 

 

Table 2.2 Equipment 

EPR 

Miniscope MS200 with operating software Miniscope control, version 6.51; MagnetTech GmbH, 

Berlin, Germany 

Plate reader 

Varioskan Flash with operating software SkanIt version 2.4; Thermo Fisher Scientific, San Jose, 

USA 

LC-MS, LTQ Orbitrap LC–MS 

LC-MS, LTQ Orbitrap both with operating software Xcalibur version 2.1/1.0.1; Thermo Fisher 

Scientific, San Jose, USA 

Microscopy 

Leica DMIL, Leica Microsystems Ltd, Bucks, UK; Camera Penguin 600CL, with operating 

software Instudio version 1.0.1, Pixera Ltd, Boume End, UK 

Spectrophotometer 

Ultrospec 2100 pro; GE Healthcare Life Sciences, Little Chalfont, UK 

Vacuum concentrator (SpeedVac) 

Thermo scientific, Waltham, MA, USA 

Probe Sonicator  

Branson, USA 
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2.2 Determination of total phenolic and anthocyanin content 

2.2.1 Folin-Ciocalteu assay 

The total phenolic content of berry extracts was determined with half-strength Folin-

Ciocalteu reagent, using literature methods (McDougall et al., 2005, Thaipong et al., 

2006). In brief, 250 µl of  50% Folin-Ciocalteu reagent was added to 250 µl of 1% (v/v) 

extract and allowed to stand for 3 minutes prior to addition of 500 µl of saturated 

sodium carbonate solution (130 g/L in water). The absorbance of the reaction mixture 

was measured at = 750 nm, after 1 hour of incubation at room temperature. Gallic 

acid was used as a reference standard and the results were expressed as milligrams of 

gallic acid equivalent (GAE) per 100 g of dry matter. Analysis was made in 3 separate 

experiments (n = 3), each was carried out in triplicate.  

2.2.2 pH differential absorbance method 

The total anthocyanin content of berry extracts was determined by the modified pH 

differential method of Cheng and Breen (1991). The absorbance of 2% (v/v) extract in 

buffers at pH 1.0 (0.2 M hydrochloric acid/potassium chloride) and pH 4.5 (0.1 M 

sodium acetate) was measured at = 510 nm; absorbance at = 700 nm was also 

measured in order to control for background turbidity (see equation 1 below). 

Anthocyanin content was determined using the molar extinction coefficient calculated 

for cyanidin-3-O-glucoside;  = 29,600 cm
-1

 M
-1

  (Delazar et al., 2010, Deighton et al., 

2000). Concentration (c) was estimated using the following equations: 
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Results were expressed as milligrams cyanidin-3-O-glucoside equivalence per 100 g 

fresh weight from determinations made in triplicate. 

 

2.3 Antioxidant activity 

2.3.1 FRAP assay 

The method described below determines the ferric-reducing ability of plasma (FRAP), 

but can equally be applied for any test solution. At low pH, ferric (Fe
III

) – TPTZ (2,4,6-

tri(2-pyridyl)-s-triazine) complex is reduced by the compound or mixture of interest to 

the ferrous (Fe
II
) form, producing an intense blue colour, with an absorption maximum 

at = 595 nm. 

 

The FRAP assay was carried out according to the procedure described by Benzie and 

Strain (1996) with slight modifications. Briefly, 100 µl of 1% (v/v) test sample was 

mixed with 900 µl of freshly prepared FRAP reagent, consisting of 20 mM ferric 

chloride (in water), 10 mM TPTZ (in 40 mM HCl) and 300 mM sodium acetate buffer 

(pH 3.6) in a volume ratio of 1:1:10, respectively. The absorbance of the reaction 

mixture was measured at = 593 nm, after a 4 min incubation (Benzie and Strain, 

1996). The standard curve was constructed using FeSO4 solution and the results were 

expressed as µM Fe
(II)

/g of fresh weight (Figure 2.1). 
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Figure 2.1 Example of a ferrous sulphate (FeSO4) standard curve for the FRAP 

assay. 

 

2.3.2 TEAC assay 

The trolox equivalent antioxidant capacity (TEAC) assay is based on the free radical 

scavenging property of compounds present in the test sample using the 2,2-azinobis 3-

ethylbenzothiazoline 6-sulfonate (ABTS
·+

) cation.  

 

The TEAC assay procedure was adapted from Thaipong et al. (2006) and performed 

with minor modifications. The ABTS
·+

 stock solution contained 7.4 mM ABTS and 

2.45 mM potassium persulfate, mixed together in a volume ratio of 1:1. The solution 

was incubated for 16 hours, (4ºC, in the dark), to facilitate the chemical reaction 

necessary to generate ABTS
·+

 free radicals. The working solution was prepared by 

diluting 5.3 ml of ABTS
·+

 stock solution with 75 ml of ethanol, followed by incubation 

in a thermostatic water circulator (30ºC), in order to obtain an absorbance value in range 
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of A = 700 – 900 at = 734 nm. 10 µl of 5% (v/v) test sample was allowed to react with 

1 ml of ABTS
·+

 working solution (30
o
C) for 6 minutes at room temperature. The 

absorbance was measured at = 734 nm using by spectrophotometry. Trolox solution 

(in methanol) was used as a reference standard and the results were expressed as µM 

Trolox/g fresh weight (Figure 2.2). 

 

Figure 2.2 Example of a Trolox standard curve for the TEAC assay. 

 

2.4 Human umbilical vein endothelial cell (HUVEC) culture 

HUVECs were propagated from pooled primary cultures of human umbilical cords, pre-

screened for VEGF-R2, Etk/Bmx, eNOS, Tie2 and Axl  (Cell Applications, INC, San 

Diego, CA, USA), and supplied by European collection of cell cultures (ECACC). 

HUVEC were sub-cultured according to the supplier’s protocol with minor 

modifications. In brief, the cells were grown in flasks or on plates coated with gelatin 

(diluted 1:1 (v/v) with PBS), in growth medium, prepared according to the recipe 

described by Hastings et al. (2004). Basal medium M199 (+ Earle’s, + L- glutamine) 

was supplemented with 20% (v/v) foetal bovine serum, 100 µg/ml 
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penicillin/streptomycin, 20 µg/ml endothelial cell growth supplement, 10 µg/ml heparin, 

20 mM HEPES, and 2 mM sodium pyruvate as an additional source of energy. HUVEC 

were grown in a humidified incubator at 37ºC, 5% CO2, passaged every 3-4 days, until 

they reached 80% confluence, determined by visual assessment. During sub-culturing, 

the cells were lifted using Trypsin/EDTA (0.05%/0.02%), and gentle agitation. HUVEC 

were counted using a haemocytometer, and plated in 75-cm
2 

flasks (7.5 x 10
5
 cells) for 

further culture, or onto 6-well and 24-well plates (1 x 10
5
 and 2 x 10

4 
cells per well, 

respectively) for experiments. All studies were performed on 80% confluent HUVECs 

cultures at the sixth passage. Morphology of the cells was assessed with phase-contrast 

microscopy: cell cultures that did not confirm to the recognized “cobblestone’ shape 

(e.g. were spindle shaped) were discarded (Figure 2.3). 

 

Figure 2.3 HUVEC morphology – healthy cells and spindle shape cell (green circle) 

(magnification x 200). 

 

Uniform cell distribution in multi well plates was deemed to be very important. Due to 

the fact that the cells had a tendency tosettle down in the centre of the well, leaving the 
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periphery unoccupied, special care was undertaken during plating the cells. Cells, 

growing in a pile in the centre of the well were not exposed to the treatment evenly, thus 

could give a spurious result. In order to overcome this problem, plates were gently 

shaken and left undisturbed in the laminar flow cabinet to settle for 5 min. The cell 

distribution was checked under the microscope before the plates were cautiously 

transferred into the incubator. 

2.5 Assessment of cell viability: 

2.5.1 Trypan blue exclusion 

Trypan blue is a vital dye that is not absorbed by healthy viable cells. It only enters cells 

with a compromised plasma membrane and stains them blue (Khosravi – Far et al., 

2008). This method was used in some studies for routine cell counting, but occasionally 

used for determining level of cytotoxicity.  Following trypsinization, trypan blue was 

added to the cell aliquot (1:1, v/v) at a final concentration of 0.1% for at least 5 min, 

giving cells sufficient time to absorb the dye. Then cells were directly counted on a 

haemocytometer. The percentage of viable cells was calculated according to the formula 

below: 

 

 

2.5.2 MTT assay 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) is yellow in 

colour when dissolved in culture medium (without phenol-red) or in PBS. MTT can be 

reduced by mitochondrial dehydrogenase of viable cells to formazan crystals, which are 
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insoluble in aqueous solution. Dissolution of the crystals in acidified isopropanol results 

in formation of purple solution that is measured spectrophotometrically. The amount of 

produced formazan allows the assessment of the degree of cell viability (Molinari et al., 

2005, Wang et al., 2010), although this should more accurately be described as a 

measure of mitochondrial function. 

 

The MTT assay was conducted following the manufacturer’s protocol, with minor 

modifications. Briefly, HUVECs were seeded at 2 x 10
4
 cells per well in 24–well plates, 

and treated as required. 24 hours after a treatment, 50 µl of MTT (5 mg/ml) was added 

to each well. The cells were incubated at 37ºC for 4 h to ensure complete reduction of 

MTT to formazan crystals. Then the culture medium was carefully removed, and 500 µl 

of MTT solubilisation solution was added. Plates were placed on an orbital shaker for 

10 min to facilitate dissolution. The absorption values were measured at = 570 nm 

using a plate reader. Background absorbance at = 630 nm was also measured for 

subsequent subtraction from = 570 nm readings. Analysis was made in 6 separate 

experiments (n = 6), each was carried out in triplicate. 

2.6 Coomassie (Bradford) protein assay 

The Coomassie protein assay is a well-known colorimetric method for total protein 

quantification. The principle of this assay is based on the change in absorption 

maximum of coomassie dye, which shifts from = 465 nm to = 595 nm after binding 

protein in an acidic medium and is associated with simultaneous colour change from 

brown to blue. 
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Protein content was measured using a commercial kit (Thermo Fisher Scientific), 

following the manufacturer’s protocol, with some alterations. In brief, Coomassie 

reagent was brought to room temperature prior to use. 10 µl of unknown or standard 

sample was pipetted into each microplate well. 250 µl of Coomassie reagent was added 

to each well and mixed by placing the plate on an orbital shaker for 30 seconds prior to 

incubation for 10 minutes at room temperature, taking care to remove air bubbles by 

gentle tapping of the plate. Absorbance was measured at = 595 nm using a plate 

reader. Bovine serum albumin (BSA, 2 mg/ml, stock solution) was used as a reference 

standard. Results were expressed in mg protein/ml. Stock and working solutions were 

prepared in PBS and 50 mM potassium phosphate containing 1 mM EDTA 

respectiviely. 

 

Figure 2.4 Protein standard curve (in PBS). The protein stock and working 

solutions were prepared in PBS. 10 µl of sample of known concentration was 

mixed with 250 µl of Coomassie reagent.  The absorbance was measured at = 595 

nm using a plate reader. Obtained absorbance values were plotted on the graph, 

on the Y axis, versus the known concentration on the X axis. The unknown 

concentrations were calculated using the equation for the standard curve. 
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Figure 2.5 Protein standard curve (in 50 mM potassium phosphate buffer 

containing 1 mM EDTA). The protein stock and working solutions were prepared 

in 50 mM potassium phosphate buffer containing 1 mM EDTA. 10 µl of sample of 

known concentration was mixed with 250 µl of Coomassie reagent.  The 

absorbance was measured at = 595 nm using a plate reader. Obtained 

absorbance values were plotted on the graph, on the Y axis, versus the known 

concentration on the X axis. The unknown concentrations were calculated using 

the equation for the standard curve. 

 

Due to the fact that certain substances interfere with the Coomassie reagent, resulting in 

its precipitation, BSA stock and working solutions were prepared in the following lysis 

buffer: 50 mM potassium phosphate containing 1 mM EDTA as well as PBS, in order to 

verify their compatibility with the reagent. Concentration of lysis buffer was established 

by manufacturers. Measurements were compared to results obtained from BSA 

standards prepared in PBS. Substances were compatible with the Coomassie reagent 

only if the error in the protein concentration estimation caused by the presence of the 

substance in the sample was less than or equal to 15% when compared to the values of 

the standard curve prepared in the PBS: Figure 2.4 and 2.5. 
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2.7 Electron paramagnetic resonance (EPR) spectroscopy 

Electron paramagnetic resonance (EPR) is a spectrometric technique that facilitates the 

detection of chemical species that possess one or more unpaired electrons, such as free 

radicals and transition metal ions. EPR spectroscopy is a unique technique because it 

detects free radicals unambiguously (Gallez and Swartz, 2004). 

 

2.7.1 The principle of EPR spectroscopy 

EPR measures the absorption of energy by unpaired electron(s) of the free radical 

species in the presence of a magnetic field (Figure 2.6) (Vasquez-Vivar et al., 2000). 

 
 

Figure 2.6 The principle of EPR spectroscopy 

 

Each electron has a spin magnetic moment (ms = + 1/2 and ms = - 1/2), which makes the 

electron behave like a magnet. In the presence of an external magnetic field (B0 ≠ 0) 

under fixed energy of the microwave irradiation, the paramagnetic electrons align 

themselves either parallel (ms = -1/2) or antiparallel (ms = + 1/2) to the direction of the 
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magnetic field (Figure 2.6). The two alignments have a distinct energy. Parallel 

alignment corresponds to the lower energy level (E-1/2) and antiparallel alignment to the 

upper energy level (E+1/2). Under a fixed frequency of microwave irradiation, unpaired 

electrons can switch position between the two energy levels by either absorbing or 

emitting energy. However, transition occurs only when the external magnetic field of a 

specific strength is applied simultaneously. Due to the fact that the difference between 

the energy levels (ΔE) is proportional to the strength of the magnetic field, increasing 

the field causes widening of the gap between the upper and lower energy levels (Figure 

2.6). The transition occurs only when the energy level (ΔE) matches exactly the fixed 

microwave frequency. In order to achieve the necessary conditions, the sample is 

exposed to fixed microwave irradiation, while the magnetic field is varied. Microwave 

energy is absorbed at a magnetic field strength specific to the chemical environment of 

the unpaired electron (Rana et al., 2010, Bruker Biospin, 2008).  

Figure 2.7 EPR spectra. Energy absorbed by electrons from the lower energy level 

is detected by EPR and converted into a spectrum (top). However, in order to 

reduce the signal to noice ratio, obtained EPR spectra are traditionally displayed 

as first derivatives (bottom). 
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According to the Maxwell–Boltzman distribution, there are more electrons in the lower 

than the upper energy level. Energy is mainly absorbed by unpaired electrons in the 

lower energy level. This absorption is detected and converted into a spectrum. Most 

EPR spectra are displayed as first derivatives of the obtained absorptions, mainly in 

order to reduce the signal to noise ratio (Figure 2.7). 

2.7.2 Spin trapping 

Free radicals are highly reactive chemical species and are very short-lived as a result. 

EPR spin-trapping is a technique that is based on the reaction of a free radical with an 

EPR-silent spin trap. The product of this reaction, the EPR-active adduct, is more stable 

than the parent radical and exhibits characteristic multi-lined EPR spectrum. The EPR 

spectrum of a single unpaired electron consists only of one line. Multi-lined EPR 

spectra are generated as a consequence of the interaction between the magnetic spin of 

the unpaired electron and the nuclear spin of a neighbouring nucleus within the spin 

trap; this is called hyperfine splitting (Figure 2.8) (Vesques-Vivar at al., 2000, Dikalov 

et al., 1997 (a), Dikalov et al., 1997 (b), Rana et al., 2010). 

Figure 2.8 An example of a spin trapping reaction. Addition of superoxide radical 

to the EPR-silent spin trap (TEMPONE-H), forms a persistent adduct (4-oxo-

TEMPO) which is EPR-active and displays multi-line spectrum characteristic of 

an unpaired electron in the vicinity of a N nucleus. 
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2.7.3 EPR measurements 

Anti- and/or pro- oxidant properties of selected polyphenols were assessed by EPR 

(spin trapping). Polyphenols, gallic acid and delphinidin were introduced into the 

reaction with a hydroxyl spin trap, TEMPONE-H (1-hydroxy-2,2,6,6-tetramethyl-4-

oxo-piperidine hydrochloride), frequently used in detection and quantifying superoxide 

and hydroxyl radicals (Dikalov et al., 1997 (a), Collauto et al., 2012, Dikalov et al., 

1998).  

The reaction was initiated by adding 10 mM TEMPONE-H (made up in ultrapure 

water) into the sample containing the desired polyphenol, in the ratio 1:4. The reaction 

mixture was vortexed. The 4–oxo–TEMPO radical was detected by EPR in glass 

capillary tubes (50 l) immediately after the reaction was initiated. EPR spectra were 

recorded every 15 min for the subsequent hour in order to monitor the level of 

TEMPONE-H oxidation over time. EPR spectra were recorded on a Miniscope MS200 

spectrometer under the following conditions: 37ºC, in dark, magnetic field (B0) 3343.48 

G, sweep 49.10 G, sweep time 60 sec, smooth 1 sec, 4096 steps, modulation 2000 mG, 

microwave attenuation 10 dB and gain 2 E 1. EPR spectra were acquired as first 

derivatives.   
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Figure 2.9 Level of 4–oxo-TEMPONE radical in PBS and tissue culture medium 

containing 0.2% DMSO. The amount of free radicals detected in the medium was 

higher than in PBS, due to the presence of iron and HEPES buffer, both free 

radical generating substances. 

 

EPR signal intensity, the difference between the intensities of maximum and minimum 

of the EPR spectrum, corresponds to the amount of obtained 4–oxo–TEMPO adduct, 

therefore the amount of free radicals present in the sample. The amount of the radicals 

generated in the medium was slightly higher than in PBS, mainly due to the presence in 

the medium free radical generating substances like: iron (Fe
2+

) and HEPES buffer 

(Figure 2.9) (Scarpato et al., 2011).  

 

Polyphenols were dissolved in PBS (pH 7.4) and tissue culture medium (pH 7.4; both 

containing 0.2% dimethyl sulfoxide; DMSO). DMSO is known to be a free radical 

scavenger, and competitive inhibitor of TEMPONE-H (Dikalov et al., 1997 (b), Phillis 

et al., 1998). Thus, its concentration in the samples was kept to a minimum. Despite 

possible interference with the spin trap, DMSO was maintained in the solution at low 
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concentration in order to increase solubility of phenolic compounds, and to retain 

correlation with previous experiments conducted in this laboratory. Additionally, in 

order to avoid possible interference with the spin trap, tissue culture medium was 

deprived of sodium pyruvate, the compound which provides an additional source of 

energy to the cells, but also scavenges hydrogen peroxide (Jagtap et al., 2003). Due to 

the fact that delphinidin has low solubility in the PBS and has a tendency towards self-

aggregation, 5 mM EDTA was added in order to improve its solubility in the solution 

(Oak et al., 2006). 

 

PBS and tissue culture medium were pre-treated with a range of concentrations of 

delphinidin and gallic acid (1 nM - 100 µM) in order to measure oxygen-centred free 

radical production. Radical generation was measured over 1 h, and compared to vehicle-

treated control. Figure 2.10 illustrates the nature of the EPR spectra obtained. 

 

Figure 2.10 4–oxo-TEMPONE radical detected in the samples containing 100 µM 

gallic acid (A) and 100 µM delphinidin (B). The amount of free radicals generated 

was measured by EPR spectroscopy, 30 minutes after the reaction with the spin 

trap was initiated.  EPR signal intensity generated by the delphinidin was far 

greater when compared to gallic acid, which is equivalent to the amount of free 

redicals genereted by both phenolics. 
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2.8 Statistical analysis 

Unless otherwise stated, each experiment was performed at least 6 - 8 times. The results 

were expressed as mean ± S.E. Details of specific statistical tests applied can be found 

in the individual experimental chapters. Statistical analysis was performed using 

GraphPad Prism software version 5.01 (GraphPad Software, San Diego, USA). P values 

of less than 0.05 were considered to be significant. All graphs were produced using 

GraphPad Prism version 5.01.  
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3. Phytocharacterisation of target fruits: raspberries, 

blackberries and blackcurrants 
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3.1 Introduction 

Many epidemiological studies have shown that daily consumption of fruit significantly 

reduces the risk of numerous degenerative diseases, including cardiovascular disease 

(CVD) (Jimenez et al., 2007, Chen et al 2010, Wang et al., 2011). Berries have received 

particular interest because they contain so-called health-promoting factors, including 

fibre, high concentrations of phenolic compounds, vitamins and minerals (Borges et al 

2010).  Phenolics are phytochemicals that, although not essential for survival, may be 

amongst the factors that contribute notably to the protective effects of a fruit-rich diet.  

 

Numerous studies have followed the paradigm that explains the health benefits of soft 

fruit in humans. The hypothesis states that berries are a rich source of antioxidants 

(phenolic compounds, vitamin C, carotenoids and xanthophylls) (McDougall, et al 

2008), capable of scavenging free radicals, thereby protecting endothelial cells that line 

blood vessels, and by association, reducing the risk of CVD (Borges et al., 2010, Han et 

al., 2007).  However, more recent developments and the reported limited bioavailability 

of these phytochemicals (phenolics especially), have suggested a role for these agents in 

several other protective mechanisms, including metal ion chelation, enzyme 

modulation, cell signalling, and modulation of gene expression (Fraga et al., 2010). 

Despite extensive research on the subject, the mechanisms which lead to health 

protection remain ambiguous.  

 

Berry health attributes have been demonstrated repeatedly: they are known to reduce 

atherosclerotic lesions and lipid peroxidation, to cause vasodilatation, and to induce 

changes in expression of anti-inflammatory and antithrombotic mediators (Gonzalez-
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Sarrias et al., 2013, Shaughnessy et al., 2009, Kivimaki et al., 2012, Xie et al, 2011). 

However, identification of the specific components of berries responsible for the 

beneficial effects against CVD, and determining their metabolic fate and mechanism of 

action remains a challenge.  

 

The high content of phenolic compounds in berries, their unique composition and their 

variety of biological and chemical properties (including antioxidant activity) makes 

them likely candidates for at least some of the health benefits attributed to soft fruit. 

Due to the considerable potential for synergistic effects between different berry 

components and within polyphenol components (Scheepens et al., 2010), many 

laboratories utilised fresh fruit, berry juices or extracts in their in vitro and in vivo 

experiments. Other in vitro studies have been based on single isolated phenolic 

compounds or commercially available standards. A widespread limitation of the work to 

date, however, is that few studies take into consideration the relevant concentration and 

the changes in composition that might take place under physiological conditions, either 

through auto-oxidation or via active metabolic modulation.   

 

Before valuable assessment of beneficial effects of polyphenols in cells or tissues can be 

meaning fully conducted, it is important to determine a number of key characteristics 

that will impact on subsequent studies, such as the form of the agent in question (e.g. an 

extract or a single compound). Studies involving individual polyphenols studied in 

isolation should take into account bioavailability, chemical structure, concentration and 

potential activities. Alternatively, work utilising extracts requires detailed analysis of 
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the composition, assessment of antioxidant potential and determination of the 

physiologically relevant concentrations of each component. 

 

The first aim of the project described in this thesis was to fully characterise the content 

and composition of polyphenols in raspberry (Rubus idaeus cv. Glen Ample), 

blackcurrant (Ribes nigrum cv. Ben Dorain) and blackberry (Rubus fruticosus cv. Loch 

Tay), and to identify a component or components that might be particularly relevant for 

further research that will constitute the remainder of this thesis. 
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3.2 Materials and methods 

3.2.1 Plant material 

The berries studied were of Scottish origin. Raspberries (Rubus idaeus vs, Glen Ample) 

and blackberry (Rubus fruticosus vs, Loch Tay) were obtained from P. Marshall & Co. 

(Muirton, UK), blackcurrants (Ribes nigrum vs, Ben Dorain) were harvested from East 

Adamston Farm (Muirhead, UK). All fruit were picked at full ripeness. On the day of 

collection, the berries were delivered to the James Hutton Institute (Dundee site), 

immediately weighed (100 g per batch), labelled and stored at -20°C.  

 

3.2.2 Extraction and fractionation of phenolic compounds 

3.2.2.1 Extraction 

Berry extracts and specific phenolic-enriched fractions were obtained using 

methodology previously described by McDougall et al., (2008) and Ross et al., (2007) 

with minor modifications.  

 

Briefly, berries (100 g) were homogenized in 100 ml of 0.2% (v/v) formic acid in 

acetonitrile, using a Waring blender (5 times for 15 seconds, full power). The extract 

was filtered through tripled muslin, then centrifuged (10 min, 3,130 g, 4°C) to remove 

suspended sugars and pulp. The obtained crude berry extract (CBE) was concentrated 

by rotary evaporation (45°C). An appropriate amount of pectinase (1µl of enzyme per 1 

ml of CBE) was added to the extract. The mixture was stored in a cold room (4°C) for 

24 h, then centrifuged in order to eliminate the pectin breakdown products.  
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3.2.2.2 Solid phase extraction (SPE) 

The extract was applied to C18 solid phase extraction cartridges (GIGA units, 10g 

capacity) pre-washed with 0.2% (v/v) formic acid in acetonitrile and then pre-

equilibrated in 0.2% (v/v) formic acid in water. Unbound material, containing free 

sugars, organic acids and vitamin C, was collected. The cartridges were washed with 

three column volumes of 0.2% (v/v) aqueous formic acid. The phenolic-enriched bound 

extracts were eluted with three volumes of 0.2% (v/v) formic acid in acetonitrile. The 

extracts enriched in phenolic compounds were concentrated by rotary evaporation 

(45°C), followed by evaporation to dryness in a SpeedVac and stored (- 20°C) prior to 

analysis.  

 

3.2.2.3 Fractionation using Sephadex LH-20 

Binding of phenolic compounds to Sephadex LH-20 in aqueous ethanol and selective 

de-binding with aqueous ethanol is a method designed for separating tannins from non-

tannin phenolics (Ross et al., 2007). The method was adapted and supplemented by 

technical information supplied by the manufacturer (GE Healthcare) relating to the 

Sephadex LH - 20 column.  Briefly, 40 g of Sephadex LH-20 was left to swell in 80% 

(v/v) aqueous ethanol for 24 h. The medium was poured into aglass column. Next, the 

Sephadex LH-20 column was washed in 80% (v/v) ethanol in water, then 50% (v/v) 

aqueous acetone. The column was equilibrated to a starting condition with three column 

volumes of 80% (v/v) ethanol in water. The dry berry extract was dissolved in 100 ml of 

80% (v/v) aqueous ethanol and applied to the column. The run-through material and 

three column volumes of 80% (v/v) ethanol were considered as an unbound fraction. 

This fraction was red-coloured, which indicated the presence of anthocyanins. The 
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bound fraction was eluted with three column volumes of 50% aqueous acetone. The 

volume of both fractions was reduced by rotary evaporation, followed by evaporation to 

dryness in a SpeedVac. The samples were stored in the freezer at - 20°C. 

 

Figure 3.1. Schematic representation of the conducted experiment (total phenol 

and anthocyanin assays were performed in order to quantify total polyphenol and 

anthocyanin content in obtained extracts (#), and to assess the quality of extracts 

and extraction process carried out (*), as is necessary prior to analysis on  LC - 

MS). 

 

 

3.2.3 Characterisation of obtained fractions and extracts 

The total anthocyanin concentration was estimated according to a pH differential 

method, and phenol content was measured using a modified Folin-Ciocalteu method 

(Figure 3.1). The protocols for both assays were described in chapter 2.2.  
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Total antioxidant potential was measured by two widely accepted and commonly used 

methods in the soft fruit industry, FRAP and TEAC (Figure 3.1). The protocols for both 

assays were presented in chapter 2.3. 

 

3.2.4 Identification of the phenolics LC -MS 

Berry extracts and fractions were resuspended in 10% methanol containing 0.1% formic 

acid (v/v). The samples (2 to 10 µM of gallic acid equivalents by Folin-Ciocalteu) were 

analysed on an LCQ Fleet system, comprising an Accela autosampler, Accela 600 

pump, photodiode array detector (PDA) and LCQ Fleet mass spectrometer ion trap 

(Thermo Scientific). The PDA scanned the wavelength range = 200 - 600 nm. 

Samples were eluted over a gradient (Table 3.1) of 0.1% formic acid in 95% aqueous 

acetonitrile (B) and 0.1% formic acid in ultra-pure water (A) (for positive and negative 

mode) on a Synergi Hydro-RP C18 column with polar end capping (4 micron, 4.6 mm x 

150 mm) over 50 min. at rate 200 µL/min. The LCQ Fleet LC-MS was fitted with 

electrospray ionization (ESI) interface and analyzed the samples in positive and 

negative mode.  

Table 3.1 Sample elution gradient. Mobile phases: (A) ultra-pure water containing 

0.1% formic acid, (B) 95% aqueous acetonitrile containing 0.1% formic acid 
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3.2.5 Statistics 

Values are means of triplicate experiments ± standard error. The figures and statistical 

analysis were performed with GraphPad Prism 5 for Windows.   
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3.3 Results 

3.3.1 Total phenol and anthocyanin content in raspberry, blackberry and 

blackcurrant crude berry extracts (CBE) 

 

The total phenol and total anthocyanin content in raspberry was 160 and 16.8 mg per 

100 g of fresh weigh (FW), respectively; anthocyanins accounted for ~ 10% of the total 

polyphenol content. Blackberries had a similar composition: total phenol content was 

180 mg per 100 g of FW and anthocyanins accounted for ~ 20% of the total phenol 

content (Figure 3.2). Blackcurrants had the highest phenol and anthocyanin content 

compared with the other tested berries with values of 500 and 170 mg per 100 g of FW, 

respectively (Figure 3.2). 
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Figure 3.2 Total phenol and anthocyanin content in crude berry extracts (CBEs). 

The aim of the experiment  was  to characterise polyphenol content of the crude 

berry extracts. Blackcurrants had the highest phenol and anthocyanin content. 

Raspberries and blackberries had a similar phenolic profile. Anthocyanins,  in 

both cases, accounted only for a small proportion of the extract. 
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3.3.2 Identification of phenolic compounds in berry extracts using liquid 

chromatography mass spectorometry (LC- MS) 

3.3.2.1 Quality of the extracts obtained from solid phase extraction (SPE) - total 

phenol and anthocyanin assay 

Solid phase extraction was applied in order to separate phenolic compounds form non-

phenolic compounds (organic acids, sugars, pectin breakdown products). The clean-up 

process is a standard procedure applied prior to analysis on LC-MS involving  C-18 

silica-based SPE cartridges with high affinity for diverse phenolic compounds to 

generate extracts enriched with phenolic compounds. 

 

Total phenol and anthocyanin assays were used in order to estimate the quality of 

obtained extracts (Figure 3.3).  

                
R

s
b

 (
P

E
E

)

R
s
b

 (
U

B
F

)

B
c
b

 (
P

E
E

)

B
c
b

 (
U

B
F

)

B
c
c
 (

P
E

E
)

B
c
c
 (

U
B

F
)

0

5 0

1 0 0

1 5 0

2 0 0

m
g

/1
0

0
g

 o
f 

F
W

to ta l a n th o c y a n in  c o n te n t

to ta l p h e n o l c o n te n t

 

Figure 3.3. Total phenol and anthocyanin content in raspberry (Rsb), blackberry 

(Bcb) and blackcurrant (Bcc) SPE fractions (bound fraction (phenolics-enriched 

extract, PEE) and an unbound fraction (UBF - containing organic acids, sugars 

and pectin breakdown products)).  

 

The bound fraction contained the majority of the phenolic compounds. Given that few 

phenolic compounds were found in the unbound fractions of raspberry and blackberry, 
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they were not taken for further analysis. However, the blackcurrant unbound fraction 

contained substantial amount of polyphenols. In that case, the SPE had to be repeated in 

order to recoverthe fraction of polyphenolslost in the unbound fraction. 

 

3.3.2.2 LC-MS analysis 

The obtained phenolic enriched extracts (PEEs) (containing bulk of polyphenols, 

deprived of sugars, organic acids and, vitamin C) were analysed by LC-MS in order to 

determine their phenolic profile (Figure 3.1).  Phenolic compounds were identified 

based on UV/visible absorbance and mass spectra characteristics. The summary of the 

putative identifications of major phenolic compounds found in the berry extracts can be 

found in Table 3.2. 

 

Figure 3.4 LC MS chromatograms of raspberry (A), blackberry (B) and 

blackcurrant (C) extracts enriched in phenolic compounds. Two main groups, 

anthocyanins and tannins have been highlighted. Red lines denote peaks discussed 

in the text and referred to in Table 3.3.   
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Raspberry extracts 

UV/vis and mass spectra analysis revealed nine major peaks in raspberry phenolic 

enriched extract (PEE) which were identified on the basis of their MS fragmentation 

profiles (Figure 3.4 A). Peak 1and 2 corresponded to cyanidin-3-O-glucosylrutinoside 

and cyanidin-3-O-sophoroside, respectively and they were two major anthocyanins 

found in raspberries,  followed by four phenolic compounds found in the neighbouring  

peak, pelargonidin-3-O-glucosylrutinoside, cyanidin-3-O-rutinoside, pelargonidin-3-O-

spohoroside and cyanidin-3-O-glucoside (peak No. 3, 4, 5 and 6, respectively). The 

extract also contained the ellagitannins, sanguiin H6 (11), lambertinian C and sanguiin 

H10, both found under the third and fourth major peak (12, 13) (Figure 3.4, A). 

 

Table 3.2 An example of the polyphenol putative identification process based on 

LC-MS characteristics 

UV/vis spectral peaksat = 280 and 518 nm are characteristic for anthocyanins. The 

main ion at 465 m/z fragments into two smaller ions at 303 and 162 m/z. The molecular 

weights of delphinidin and glucose are 303.24 g/mol and 180 g/mol, respectively. 162 

m/z plus 18 amu (water lost in reaction of the aglycone witha sugar moiety) gives 180 

m/z. Therefore, the compound of interest has been tentatively identified as delphinidin-

3-O-glucoside. All putative identifications of phenolic compounds were based on the 

work of McDougall et al., 2008, Mertz et al., 2007, Aaby et al., 2007, Hakkinen, et al., 

999, Mikkonen, et al., 2001, and McDougall et al., 2005, Ros et al., 2007. 

 

The ellagitanins were the main contributors to the raspberry extracts, representing ~70% 

of the total content. Anthocyanins were identified in positive mode, tannins in negative 

mode. 

 

All compounds found under the first major peak exhibited absorption maxima between 

= 280 - 281 and 515 and 517 nm, considered to be typical UV/vis spectra for 
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anthocyanins. Peak 1 had pseudo-molecular ion at m/z 757 and fragmentation (MS
2
) ion 

at m/z 287, which indicated, that the aglycone was cyanidin. This compound was 

putatively identified as cyanidin-3-O-glucosylrutinoside. Peak 2 had major ion at m/z 

611 and fragmentation ion (MS
2
) at m/z 287, which suggested the aglycone was also 

cyanidin. The compound was tentatively identified as cyanidin-3-O-sophoroside. 

 

The fragmentation ions (MS
2
) of compounds found under the second major peak were 

of two types, m/z 287 and m/z 271, perhaps suggesting the presence of two overlapping 

anthocyanins: cyanidin and pelargonidin. The major ions identified under that peak 

were at m/z 741 and m/z 595 for pelargonidin and m/z 449 and m/z 595 for cyanidin. 

These anthocyanins were ultimately identified as pelargonidin-3-O-glucosylrutinoside, 

pelargonidin-3-O-spohoroside and cyanidin-3-O-rutinoside, and cyanidin-3-O-glucoside 

(3, 4, 5 and 6, respectively). 

 

The next two major UV/vis spectral peaks were between = 223 and 261 nm, 

characteristic for tannins. Peak 11 was identified as sanguin H6 in view of the presence 

of two major ions at m/z 1868 and at m/z 1566 and fragmentation ions (MS
2
) at m/z 

1265, m/z 633.13 and m/z 301.11. The last major peak contained two overlapping 

phenolic compounds (12, 13). The first one was putatively identified as lambertanin C 

due to the presence of two pseudo-molecular ions at m/z 1401 and at m/z 934.40, as well 

as fragmentation ions (MS
2
) at m/z 1250, m/z 935 and m/z 633.22. The second tannin 

displayed two main pseudomolecular ions at m/z 1868 and m/z 1401 and fragmented 

ions at m/z 1250 and at m/z 935, and was classified it as sanguiin H10 (Figure 3.4, Table 

3.3). 
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Peaks with absorption maxima at around = 265 nm and 348 nm were identified as 

flavonols. The pseudo-molecular and fragmentation ions for those peaks and their 

putative identification are shown in table (Table 3.3). 
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Table 3.3 Major polyphenol peaks and their spectroscopic properties from 

raspberry, blackberry and blackcurrant extracts. 
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Blackberry  

Similarly to raspberry, the main phenolic compounds found in the blackberry extract 

were anthocyanins and tannins (Figure 3.4 B). The first major peak contained two 

overlapping compounds (1, 2) identified as cyanidin-3-O-glucoside and cyaninin-3-O-

rutinoside (the second one, localised on the arm of the peak). Those two cyanidins were 

the main anthocyanins found in blackberries. The extract also contained tannins 

(lambertinian C and Sanguiin H10), as well as falavonols: myricetin, kaempferol and 

quercetin conjugates. 

 

Moreover, blackberry extract contained compounds that were not identified earlier in 

the raspberry extracts, cyanidin-3-O-xylose with UV/vis spectra at = 280 and 517 nm, 

pseudomolecular ion at m/z 419 and fragmentation ion (MS
2
) at m/z 287. The UV 

spectra at 279, 288 nm, the major ion at m/z 290 and fragmentation ions (MS
2
) at m/z 

138.99 and 164.95 were characteristic for catechin and epicatechin. However, the 

available data were not sufficient to distinguish them. 

 

UV spectra, the pseudomolecular ions and the fragmented ions of cyanidin-3-O-

glucoside, cyaninin-3-O-rutinoside, and tannins found in blackberry extract were the 

same as those found in raspberry.   
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Blackcurrant 

LC-MS analysis revealed 13 peaks in the blackcurrant extract, which were identified on 

the basis of UV/vis spectra and the MS fragmentation profiles (Table 3.3). Delphinidin 

and cyanidin conjugates were major components of the extract.  

 

All compounds found under the first (1, 2) and the second (3, 4) major peaks exhibited 

absorption maxima at = 280 and 515 or 517 nm and were identified as anthocyanins. 

The pseudo-molecular ions of compounds located under the first peak were at m/z 465 

and m/z 611; the fragmentation ions (MS
2
) were at m/z 303, which suggested the 

aglycone was delphinidin. Those compounds were putatively identified as delphinidin-

3-O-glucoside and delphinidin-3-O-rutinoside, respectively.  

 

Two major pseudomolecular ions found under the second major peak (3,4) were at m/z 

449 and m/z 594 and had fragmentation ions (MS
2
)  at m/z 287. Those compounds were 

putatively identified as cyanidin-3-O-glucoside and cyanidin-3-O-rutinoside, 

respectively. The LC-MS characteristics for the remaining phenolic compounds present 

in the extract  can be found in Table 3.3. 

 

3.3.3 Fractionation of phenolics enriched extract (PEE) by Sephadex LH-20 

The raspberry, blackberry and blackcurrant extracts were fractionated by 

chromatography on a Sephadex LH-20 column into an unbound fraction that evidently 

contained the bulk of the original anthocyanins content (due to the pink tint of the 
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fraction), and a bound fraction that was likely to contain tannin-like compounds (Ross 

et al., 2007).   
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Figure 3.5 Total phenol and anthocyanin content in berry fractions, raspberry 

(Rsb), blackberry (Bcb) and blackcurrant (Bcc). BF corresponds to a bound 

fraction, enriched in tannins. UBF stands for “unbound fraction” enriched in 

anthocyanins and other found in berries phenolic compounds. 

 

Total phenol assays confirmed the presence of phenolic compounds in both fractions. 

Blackcurrant bound fraction, as the only one, contained a relatively small quantity of 

polyphenols. The bound fractions did not contain anthocyanins (raspberry) or contained 

only trace quantities (blackberry, blackcurrants) (Figure 3.5). Both the unbound and the 

bound fractions were further analysed on LC-MS. Anthocyanins were detected in 

positive mode and tannins in negative mode.  
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3.3.3.1 LC-MS analysis 

 

Figure 3.6 LC- MS chromatogramsof major polyphenols identified in the unbound 

(A) and the bound fractions (B) of raspberry, blackberry and blackcurrant 

extracts. Peak numbers refer to Table 3.3. 

 

Figure 3.6 shows the effect of fractionation achieved by chromatograpy on Sephadex 

LH-20. Two major groups of polyphenols found in tested berries were separated into 

two fractions. Anthocyanins, together with other phenolic compounds (flavanols, 

flavonols, phenolic acids) were found in the unbound fraction eluted with ethanol. The 

bound fraction was primarily composed of tannins. Despite a small quantity of sanguiin 

H10 detected earlier in the blackcurrant phenolic-enriched extract (PEE), tannins were 

not identified in the bound fraction. Both fractions, with characterised phenolic profile 

were taken for further analysis. 
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3.3.4 Assessment of chemical capacities of anthocyanins and tannins - enriched 

fractions 

Two commercially available assays (FRAP and TEAC) were used to assess the 

reducing and antioxidant capacities of berry extracts and fractions.  

Phenolic-enriched extracts expressed strong iron reducing capacity (FRAP assay), with 

the blackcurrant extracts being nearly two times stronger in this regard when compared 

to the raspberry extract (Table 3.4). In the Rubus family, tannin-rich extracts were more 

powerful than extracts enriched in anthocyanins.   

 

Compared to the other berries, the unbound fraction of the blackcurrant extract showed 

stronger iron reducing activities when compared to the bound fraction. 

 

Table 3.4 Reducing and antioxidant capacities of berry extracts and fractions 

measured by FRAP and TEAC assays (values are mean +/- SE). Tested samples 

included: phenolics - enriched extracts (PEEs), containing bulk of polyphenols, 

and two fractions obtained from Sephadex LH-20 fractionation: an unbound 

fraction, rich in anthocyanins (UBF) and a bound fraction (BF) containing tannins. 
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The results obtained from the TEAC assay showed a similar pattern: blackcurrant 

extract showed the most pronounced antioxidant activity, with raspberry extracts being 

the weakest. In addition, tannin-rich fractions (bound fraction) were more efficient 

antioxidants, compared to anthocyanin-rich fractions (unbound fraction). 
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3.4 Discussion 

3.4.1 Polyphenolic profile 

The study showed that berries – and blackcurrants in particular - are a very good source 

of polyphenols. The total content of polyphenols and anthocyanins in blackcurrant 

extracts was the highest compared to the other tested berries. Two major groups of 

polyphenols were identified in their extracts: anthocyanins and tannins.  

 

The berries of the Rubus family (raspberries and blackberries) had a similar polyphenol 

profile. Their extracts were composed primarily of anthocyanins such as pelargonidin 

and/or cyanidin and their derivatives. The most abundant tannins were sanguiin H10 

and lambertinnian C (Table 3.3). The other polyphenols found in the extracts belonged 

to the group of flavanols and flavonols, however their content was low. The amount of 

anthocyanins in the extracts varied between berries and was higher in blackberries than 

raspberries. Tannins themselves accounted for a large proportion of the content of the 

extracts.  

 

Interestingly, blackcurrant extract was composed mainly of two anthocyanins: 

delphinidin and cyanidin, and their derivatives. Additionally, a small amount of 

phenolic acids and flavonols were detected in the extract. There was only one tannin 

identified (sanguiin H10), but its content was very low and was probably affected by 

losses during the Sephadex LH-20 fractionation process. Therefore, none was detected 

in the bound fraction (tannin - enriched).  
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3.4.2 Reducing capacity of berry extracts 

Berries are known to be a good source of antioxidants, due to their high content of 

vitamin C, carotenoids, xanthophylls and polyphenols. Therefore, the antioxidant 

capacity of the phenolic-enriched extracts was tested. FRAP and TEAC are two 

inexpensive, simple and fast methods commonly used in the food industry. Thaipong et 

al., 2006 reported a low correlation between some of the antioxidant assays (e. g. 

ORAC and ABTS), so both were applied and the results obtained were compared, in 

order to assess the reducing capabilities of the extracts under different conditions. 

 

ABTS
·+

 radicals were effectively reduced by phenolic compounds found in all the tested 

extracts. Blackcurrant phenolic-enriched extracts (PEE) showed the highest reducing 

activity when compared to the other tested berry extracts, with raspberry extract being 

the weakest. The difference in the reducing power between the extracts could result 

from a difference in polyphenol content and composition. 

 

The raspberry tannin-enriched fraction exhibited a stronger reducing power when 

compared with the fraction enriched in anthocyanins. However, the total phenol content 

was also higher in tannin-rich fraction, suggesting that the difference in reducing power 

between fractions was partially caused by the difference in the total phenol content. 

However, the composition of the extract could also play a pivotal role. The blackberry 

tannin-rich fraction, for example, had equivalent reducing capacity to the anthocyanin-

rich fraction, despite of containing only ~ half the phenol content. This suggests that 

tannins can have stronger reducing capacities than anthocyanins. However, tannins are 

not bioavailable in their native state (Scalbert and Williamson, 2000, Yoshida et al., 
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2000, Manach et al., 2004), questioning their importance in health benefits attributed to 

berries. 

 

The blackcurrant bound fraction, which was primarily composed of anthocyanins, was 

the most effective, when compared with fractions from the other tested berries. The 

fraction also contained the highest phenol and anthocyanin content. 

 

All berry extracts and fractions had high ferric ion reducing capacity: there was a 

similar trend between FRAP and TEAC assay.  

 

3.4.3 Selection of subject of study 

The fractionation method facilitated successful separation of the two main groups of 

polyphenols from each other. Each fraction, however, consisted of a few different 

phenolic compounds. As well as anthocyanins, the unbound fraction contained 

flavanols, flavonols and phenolic acids. Therefore, it was not possible to determine 

which compound contributed the most to the observed reducing activities. It is also 

worth noting that phenolic reducing activity can be additive or synergistic (Scheepens et 

al., 2010), meaning that the total antioxidant effects can vary widely, depending on the 

precise mix of polyphenols present in an extract.  

 

Anthocyanins and flavonols found in extracts were present in the form of glycosides, 

tannins, in conjugation with ellagic acid. Many polyphenols undergo extensive 

metabolism in the body. Therefore, cells in vivo might be exposed to some of those 
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compounds in a modified form, as a consequence of metabolism and/or the degradation 

process that they go thorough in vivo. Moreover, tannins are very complex structures: 

they have relatively high molecular weights (500 - 3000 g/mol; Yoshida et al., 2000), 

1871 g/mol for Sanguiinin H 6 (Coates at al., 2007). Therefore, it is unlikely that they 

are absorbed, and are available to the cells in that particular form. Phenolic compounds 

of such high molecular weight are metabolised in the colon by the microflora (Scalbert 

and Williamson 2000, Manach et al., 2004). Phenolic acids and urolithins are the 

products of tannin metabolism. Their bioavailability is low however, probably due to 

the low ability of epithelial cells in the colon to absorb such compounds (Manach et al., 

2004). 

 

Some of the anthocyanins, on the other hand, have been found in the plasma in the form 

of glycosides, perhaps on account of early absorption in the stomach (Wiczkowski et 

al., 2010). The compounds, however, are cleared and excreted rapidly from the body 

(Wiczkowski et al., 2010). Those anthocyanins that are not absorbed in the stomach are 

degraded in the gut (Scalbert and Williamson, 2000). Therefore, it is potentially not the 

parent compounds found in the berry extracts, but their degradation products and/or 

metabolites that are likely to reach the target cells. 

 

Summarising, the obtained extracts are composed of a variety of polyphenols, present in 

the form that is unlikely to be found in vivo. Additionally, berry extracts for in vitro 

testing could contain residual amounts of extraction/fractionation solution that could 

impact on cell viability. Therefore, the concept of applying extract enriched in phenolic 

compounds into the cell model systems was considered to be flawed for in vitro study. 
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Instead, attention was drawn to selecting a single compound present in berry extract, in 

a form that is more likely to be found in the body.  

Anthocyanins are seen to have potential cardioprotective effects (Oak et al., 2006, 

Shaugnessy et al., 2009, Xie at al., 2011). Their content in berry extracts was high. 

Delphinidin and cyaninin and their derivatives were the major components found in the 

blackcurrant extracts. Anthocyanin aglycones, (deprived of sugar moiety) are more 

likely to be found in the gut, compared to their glycosides (Wu et al., 2005). The form 

in which they are absorbed in the bloodstream remains ambiguous. On balance, it was 

decided that delphinidin aglycone should be selected as the primary subject for further 

studies, mainly because of its widely described cardioprotective and antioxidant effects, 

as well as its relatively high availability (Oak et al., 2006, Shaugnessy et al., 2009, 

Kahkonen and Heinonen, 2003, Deighton et al., 2000). As well as blackcurrants, 

delphinidinis are found in blackberries, elderberry, cranberries, grapes and red wine. 

The chemical modifications that occur in delphinidin in response to pH modulation 

have implications for the bioactivity of this particular agent and require substantial 

investigation in advance of in vitro testing in cells and tissues: chemical characterisation 

of delphinidin constitutes the subsequent chapter in this thesis. 

 

3.4.4 Methodological limitations 

 

Total anthocyanins assay 

Anthocyanins were the main phenolic compounds found in the blackcurrant extract, as 

determined by LC-MS. However, the total anthocyanin content determined by the 

colorimetric method, suggested otherwise, with anthocyanins accounting for only one 
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third of the total phenol content. While it is unclear which of the methods used is 

inaccurate, there are a number of issues relating to the colorimetric assay that should be 

explored. 

 

The total anthocyanin assay is relatively simple, fast and low cost method for 

determination of total anthocyanin content in food samples. The assay is commonly 

used in the food industry and many research institutions. The methodology applied in 

this study uses the molar extinction coefficient calculated for a single anthocyanin, 

cyanidin-3-O-glucoside (29,600 M
-1

at = 520 nm) (Delazar et al., 2010, Deighton et 

al., 2000, Jakobet et al., 2007). This wavelength and extinction coefficient was used 

because cyanidin was the only anthocyanin common to all the tested berries. Results 

were expressed here as milligrams of cyanidin-3-O-glucoside equivalents per 100 gram 

of fresh weight. However, the wavelength of the absorbance maximum and molar 

extinction coefficient of anthocyanins depends on the solvent properties (polarity, pH, 

concentration of impurities) (Tonutare et al., 2014). There is contradictory information 

in the literature, giving different molar extinction coefficients for single anthocyanins. 

For instance, Tonutare et al., (2014) found four different molar extinction coefficients 

(15,600, 22,400, 27,300 and 36,000 M
-1

) calculated for pelargonidin-3-O-glucoside 

alone. 

 

In short, the results from the current study indicate that the total anthocyanin assay, 

though simple should be used with a great deal of caution because assumptions have to 

be applied at the outset that are generally unsafe. Most importantly, the choice of 

wavelength at which to measure and the corresponding extinction coefficient is only 
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relevant to some anthocyanins and will likely miss others. Equally, use of published 

extinction coefficients is particularly risky for these compounds because absorption 

peaks for specific anthocyanins will be different under different conditions (for 

example, pH). However, recognition of these limitations of the technique are unlikely to 

have a rapid impact on utilisation of the technique because it is so well established in 

industry and academic institutions, where it is used routinely to establish annual 

variations in crop anthocyanin concentrations. 

 

Antioxidant potential (FRAP, TEAC) 

There is an increasing notion that TEAC and FRAP assays are not the most appropriate 

methods for determining antioxidant activities. Both assays measure reducing capacity 

of compounds, not oxygen-centred free radical scavenging properties. The FRAP assay 

for instance, measures the ability of compounds to reduce the ferric (Fe
3+

) ion to the 

ferrous (Fe
2+

) ion. TEAC on the other hand measures capacity of compounds to reduce 

a stable radical - the 2,2-azinobis 3-ethylbenzothiazoline 6-sulfonate (ABTS
·+

) cation to 

its reduced form, ABTS. ORAC, a competition assay, could be used as an alternative. 

This method measures the oxidative degradation of a fluorescent molecule (detector) 

mixed with an oxygen-centred free radical generator (e.g superoxide generator) and the 

test antioxidant of interest (Balk et al., 2009). The ORAC assay therefore represents a 

slightly more realistic scenario. 

 

FRAP or TEAC assays are still used by food manufacturers and research institutions all 

over the world, and are considered as the gold-standard antioxidant activity measuring 

assays in some institutions. This traditional approach was also applied here in order to 
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be able to compare the results with historical results from the same berry crops in 

previous years. Nevertheless, it is important to recognise the limitations of the assays 

and to have a deep understanding of what the results represent in order to avoid over-

interpretation. 

 

3.4.5 Conclusions 

Berries are rich in polyphenols. Two major groups of phenolic compounds were 

identified: tannins and anthocyanins. Both expressed strong reducing activities in vitro. 

One of the anthocyanins, delphinidin, was selected as the subject of subsequent studies 

on account of its relatively high bioavailability and its abundance in blackcurrants in 

particular. However, anthocyanins have a very complex nature, they are pH-sensitive 

and highly unstable in the aglycone form. Therefore, characterisation of delphinidin in 

simple model systems, simulating in vivo conditions, was deemed necessary before 

taking it to cell cuture. 
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4. Characterisation of delphinidin degradation in cell culture 

medium to inform subsequent tissue culture experiments 
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4.1 Introduction 

Delphinidin is a phenolic compound from the group of anthocyanins. The compound is 

a natural plant pigment dissolved in the vacuolar sap of the epidermal tissues of flowers 

(delphinium, viola) and fruit (grapes, blackcurrant, blackberries, cranberries, elderberry) 

(McDougall et al., 2008, Macheix et al., 1990). Delphinidin, like other anthocyanins, 

plays a significant role in plant defence mechanisms against environmental factors, 

including UV light, cold temperatures, and drought (Wallace et al., 2008). 

Anthocyanins are recognised to assist plants in their defence against other organisms 

(herbivores and parasites), by acting directly as chemical repellents (Gould et al.,  

2008). 

 

Figure 4.1 Chemical structure of delphinidin-3-O-glucoside. 

 

Delphinidin has a characteristic flavanoid structure, consisting of two phenol rings (ring 

A and B) bound together by three carbon atoms, to form an oxygenated heterocycle 

(ring C) (Macheix et al., 1990, Del Rio et al., 2013). Delphinidin differs for other 

anthocyanins on account of the presence of two hydroxyl groups attached to the A ring 

(C5 and C7) and the other three bound to the B ring (C3', C4' and C5'). Anthocyanins 

with a sugar moiety attached to the C ring (C3) are significantly more stable, and are 

called glycosides (Figure 4.1). 
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Delphinidin has absorption maxima between λ = 465 and 550 nm, as well as significant 

absorption in the UV range between λ = 270 and 280 nm, and its molecular weight is 

303.24 g/mol. 

 

Delphinidin, like other anthocyanins, is highly unstable in the aglycone form (deprived 

of the sugar substituent). Moreover, hydroxylation of the side rings leads to a decrease 

in delphinidin stability, whilst methylation has the opposite effect (Havlikova and 

Mikova, 1985). Compared to the other anthocyanins, delphinidin has the lowest stability 

in tissue culture medium, with pelargonidin being the most stable (delphinidin > 

cyanidin ≈ malvidin > petunidin > pelargonidin) (Kern et al., 2007). The degradation 

process of delphinidin aglycone is initiated mainly by light, pH and temperature change, 

as well as by oxidation. Very low pH (~ 2), glycosylation and low temperature enhance 

delphinidin stability. Delphinidin, like other anthocyanins, is pH-sensitive, mainly due 

to the presence of a positively charged oxygen atom on the C ring. Electron 

delocalisation causes the changes in the chemical structure of the compound, resulting 

in changes in colour from intense red to blue-violet, depending on the pH (He and 

Giusti, 2010). 

 

In aqueous solutions, anthocyanins exist as a mixture of four molecular species and 

their proportion and colour strongly depends upon pH. At pH 1- 4, the red flavylium 

cation dominates; at pH 5, the colourless carbinol pseudobase is generated, and at pH 7 

- 8, the blue quinoidal base is formed (Zafra-Stone et al., 2007, Rein, 2005) (Figure 

4.2). The flavylium cation is the most stable form of delphinidin.  
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Figure 4.2 Chemical structure and colour of delphinidin aglycone at different pH 

values. 

 

Prolonged exposure of anthocyanins to high pH and temperature leads to C ring fission 

and yellowish chalcone formation. This subsequently results in the release of two 

simple compounds, phenolic acid and phloroglucinol aldehyde, considered to be 

anthocyanin degradation products. The putative delphinidin degradation products are 

gallic acid and phloroglucinol aldehyde. 

 

Delphinidin undergoes extensive metabolism in the body, on account of rapid pH 

changes and temperature (~ 37°C) that act to destabilise the chemical structure. 

Delphinidin occurs naturally in the form of a glycoside. The compound is relatively 

stable in the stomach, mainly due to the low pH (~ 1.5 - 2) (Manach et al., 2004).  The 

main absorption and metabolism occurs in the small intestine with hydrolysation of 
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sugar moieties. The aglycone that is released is smaller in size and is more likely to 

penetrate the epithelial layer passively. Moreover, it has been proposed that delphinidin 

aglycone can undergo spontaneous degradation to form simple phenolics. This process 

is facilitated by the physiological conditions of the small intestine (relatively high pH 

value (~ 7.4) and temperature ~ 37°C (Fallingborg, 1999). The same degradation 

process can happen to the aglycones, if absorbed and released in the plasma, which 

could explain the difficulties in identifying aglycones in the circulation. This also 

suggests that ingested anthocyanins are likely to exist in the systematic circulation in the 

form of these degradation products (simple phenolic acids and/or adehydes), rather than 

the parent compounds. 

 

Anthocyanins, including delphinidin, have been shown to be associated with reduced 

cardiovascular disease risk and mortality (Ren-You et al., 2010, Gresele et al., 2011). 

However, current evidence poorly describes the human metabolism of delphinidin, 

especially the structural changes it undergoes. In particular, there is very little 

information available on the bioactivity and bioavailability of the metabolites of 

anthocyanins (Woodward et al., 2010). Therefore, in advance of testing the 

cardioprotective effects of delphinidin in cell model systems (human umbilical vein 

endothelial cells), it is essential to characterise the properties of delphinidin under the 

relevant culture conditions in the absence of cells.  

 

The primary aim of the experiments described in this chapter was to fully characterise 

the phenolic compounds that would be present under tissue culture conditions in order 
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to inform subsequent experimental procedures. Specifically it was important to test the 

hypotheses that: 

 Delphinidin degrades rapidly in cell culture medium and the rate is affected by 

redox conditions 

 Degradation generates simple phenolic compounds – specifically gallic acid and 

phloroglucinol aldehyde 

 Delphinidin and gallic acid have the capacity to be either pro - or antioxidant, 

dependent on the concentration used 

 Delphinidin and its degradation products at high concentrations are absorbed by 

HUVECs and induce a change in morphology that might be a defence against 

their toxicity 
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4.2 Methods 

4.2.1 Determination of delphinidin degradation pattern in solutions of different pH 

value - spectrophotometry 

Stability of delphinidin is affected by pH, temperature, concentration, accompanying 

substances and oxidation. Therefore, the degradation pattern of delphinidin at two 

different concentrations (200 µM and 750 µM) was tested in four solutions at different 

pH, in the presence of one of two pre-selected oxidising agents (pyrogallol and 

menadione) and ascorbic acid (antioxidant and reducing agent). The pH values and 

concentrations are given in Table 4.1. 

Table 4.1 Solutions and compounds used in the experiment 

 

The oxidants and ascorbic acid were prepared in the appropriate solution, at the 

concentrations provided previously. When ready, delphinidin (made in 0.2% DMSO) 

was added. Therefore, each sample contained a mixture of delphinidin and a single 

oxidising agent, or delphinidin and ascorbic acid. The samples were loaded into 96-well 
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plates and mixed by gentle agitation, taking care to remove air bubbles. Plates were 

incubated in the humidified incubator at 37°C, in the dark.  

 

The absorbance of delphinidin was measured on the plate reader (pre-heated to 37°C), 

every 10 minutes for the first hour and every hour for 7 consecutive hours, and 24h 

later. Delphinidin is subject to the bathochromic shift: a change in absorption peak to a 

higher value, depending on changes in environmental conditions. Therefore, the 

maximum absorbance of different delphinidin solutions was measured at previously 

established wavelengths (Table 4.1). The temperature and pH of the solutions were 

controlled during the experiment.  

 

The experiment was performed 3 times. The results were expressed as mean ± S.E.  

 

4.2.2 Identification of delphinidin degradation products 

4.2.2.1 Delphinidin in tissue culture medium 

Delphinidin (100 µM and 750 µM) was incubated in tissue culture medium for 30 

minutes (humidified incubator, 37°C, pH 7.4, in the dark). Control sample was treated 

with the vehicle only (0.2% (v/v) DMSO). All samples were collected after the 

specified period of time and extracted to obtain the parent compound and possible 

degradation products according to the protocol described below. The experiment was 

performed on 3 separate occasions. 
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4.2.2.2 Delphinidin with HUVECs 

HUVECs were cultured in 6-well plates according to the method described in Chapter 

2. The cells were treated with delphinidin at 100 µM and 750 µM and incubated in a 

humidified incubator (5% CO2, 37°C) for 30 sec, 2 h, 4 h, 6 h and 12 h. The 

concentrations were prepared in phenol red-free medium. After the allotted period of 

time, the medium and the cells were collected from each well and kept separately (-

80°C).  

 

4.2.2.3 Extraction of delphinidin and possible degradation products from the tissue 

culture medium 

Proteins were precipitated from the collected tissue culture medium (1 ml in total) by 

addition of 1 ml of extraction buffer (ice cold 100% methanol containing 0.2% formic 

acid (v/v)). The samples were kept on ice for 1 h, then centrifuged (5 min, 10,000 g). 

The supernatant containing delphinidin and its possible degradation products was 

removed and kept on ice. The pellet was resuspended in ice cold 50% methanol 

containing 0.1% formic acid (v/v) and centrifuged again. The extraction procedure was 

repeated three times in order to extract as many phenolic compounds as possible. All 

supernatants were combined and centrifuged once more (3 min, 5000 g). The collected 

supernatants were kept at - 80 °C until analysis on liquid chromatography-mass 

spectrometry (LC-MS). 
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4.2.2.4 Extraction of delphinidin and possible degradation products from the 

HUVECs 

HUVECs were washed three times with PBS. Then, 1 ml of extraction buffer (100% 

methanol containing 0.2% formic acid (v/v)) was added. The cells were harvested by 

scraping with a rubber policeman. An additional 0.5 ml of extraction buffer was added 

into each well in order to collect the remaining cell residues. The cell extracts were 

combined, sonicated for 5 min and centrifuged (5 min, 10,000 g). The supernatants were 

collected and kept at -80°C until analysis by LC-MS. 

4.2.2.5 LTQ Orbitrap LC- MS analysis of the cell extracts 

The volume of both cell and medium extracts were reduced by evaporation to dryness in 

a vacuum concentrator (SpeedVac) (no heat). Then, the extracts were re-suspended in 

50% methanol containing 0.1% formic acid (v/v). The samples were transferred into 

filter vials and analysed by LC-MS using a method designed by Dr. Sean Conner at the 

James Hutton Institute. The LTQ Orbitrap XL LC-MS was fitted with an Acella 600 

Pump, Acella PDA detector, and Acella autosampler. The Orbitrap MS analysed 

selected samples in positive and negative ion modes. The PDA scanned the wavelength 

range = 200 - 600 nm. There were two scan events: FTMS full scan (80 – 2000 m/z) 

analysis was followed by data-dependent MS/MS of the most intense ions using 

normalised collision energy of 45%. The capillary temperature was set at 300°C, with 

sheath gas at 40 psi and auxiliary gas at 5 psi. Samples (8 µl) were eluted over a 

gradient (Table 4.2) of 0.1% formic acid in ultra-pure water (A), 0.1% formic acid in 

50% aqueous acetonitrile (B) and 0.1% formic acid in 95% aqueous acetonitrile (C) 

(Table 4.2) on a column C18, 50 x 2.1mm, 1.9 Hypersil GOLD over 7.13 min at flow 
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rate of 700 µL/min. Exact mass data were analysed using the resident Xcalibur Qual 

Browser software. 

 

Table 4.2 Sample elution gradient. Mobile phases: (A) 0.1% formic acid in ultra-

pure water, (B) 0.1% formic acid in 50% aqueous acetonitrile,  (C) 0.1% formic 

acid in 95% aqueous acetonitrile 

 

4.2.3 EPR spectroscopy 

The anti- and/or pro-oxidant properties of delphinidin and its degradation product, gallic 

acid, were assessed by EPR spectroscopy. The detailed protocol was described in 

section 2.7.3. Briefly, two phenolic compounds, delphinidin and gallic acid, at 

concentrations considered to be physiologically relevant (1 nM – 1 µM with 10 - fold 

intervals) and two supraphysiological concentrations (10 µM and 100 µM), were 

prepared in PBS and tissue culture medium (TCM). The reaction was initiated by 

adding Tempone-H (a spin trap used in detection of superoxide and hydroxyl radicals) 

into each sample. The amount of the obtained 4–oxo–tempo adduct corresponded to the 

amount of free radicals generated in the sample and was measured by EPR 

spectrometry. Anti- and/or pro-oxidant activities of tested compounds were determined 

by comparison of the amount of free radicals produced by the samples with the amount 

of the free radicals generated by the PBS or TCM control solutions. Pro-oxidant activity 
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of phenolic compounds corresponded to an increase in radical formation compared to 

vehicle, whereas antioxidant activity resulted in reduced radical formation compared to 

vehicle.  

 

The experiment was performed 5 times and results expressed as mean ± S.E. Linear 

regression with 90% confidence band of the best-fit line was applied for samples 

containing PBS and medium. Statistical analysis was performed using GraphPad Prism 

software version 5.01 (GraphPad Software, San Diego, USA). 

 

4.2.4 Absorption and disposition of delphinidin and gallic acid in HUVECs 

4.2.4.1 Cultivation of human umbilical vein endothelial cells (HUVECs) on glass 

cover slips 

HUVECs were cultured in 6-well plates according to the method described in chapter 2 

with minor modifications. The cells were cultured on glass coverslips, activated 

according to the protocol described by Saunders and Hammer (2010), Damljanovic et 

al., (2005) and Grabowski and McDonnel (1993), with modifications. Briefly, square 

glass coverslips were incubated in 0.2 M HCl overnight, prior to rinsing three times 

with ultra-pure water, followed by 1 h incubation in 0.1 M NaOH. After re-washing 

with ultra-pure water, the coverslips were incubated in 1% 3-aminopropyl-

trimethoxysilane (APTES) in acetone (v/v) for 4 h. After washing thoroughly with ultra-

pure water, the coverslips were incubated in 0.5% (v/v) formaldehyde in PBS for 1 h. 

The coverslips were rinsed in ultra-pure water for a final time, then submerged in 80% 

ethanol (v/v) and allowed to dry. Finally, coverslips were submerged in pre-warmed 
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(37°C) gelatine and transferred into the wells, and left to dry. Then, the coverslips were 

covered again with 1 ml gelatin (37°C). Excess gelatine was removed and the plates 

containing coverslips were left to dry. The density of HUVECs plated per well was 

increased (1.3 x 10
5
) in order to facilitate network assembly. 

 

4.2.4.2 Crystal violet staining and microscopy 

HUVECs were treated with delphinidin and gallic acid at the following concentrations: 

700 µM, 500 µM, 100 µM, 10 µM and 1 µM. The cells were stained with crystal violet 

solution in order to visualize the vacuolisation of the cells induced by the tested 

phenolic compounds. HUVECs treated with high concentrations of delphinidin (750 

µM) and gallic acid (500 µM) were stained 4 h after the treatment. The remaining cells 

were stained 24 h later.  

 

HUVECs were stained with crystal violet according to the protocol described by Huerta 

-Garcia et al., (2013) and Menon et al., (2011) with modifications. At the end of the 

treatment, the cells were rinsed with PBS. Then, the glass coverslips covered with the 

HUVECs were removed from the wells and fixed with ice cold 4% formaldehyde in 

PBS (v/v) for 10 min. The glass coverslips were rinsed in PBS and submerged in 0.5% 

crystal violet solution (in 100 mM phosphate buffer, pH 6) for 30 seconds. After 

immediate aspiration of the crystal violet solution, the coverslips were washed with 

PBS, immediately mounted on microscope slides, sealed with clear nail polish 

(Maybelline New York, Forever Strong) and imaged. Several observations were carried 

out using a Leica microscope and Pixera Penguin digital camera (magnification 200 x 

and 400 x).  
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4.3 Results 

4.3.1 Effects of pH, concentration, oxidation and accompanying substances on 

delphinidin stability 

4.3.1.1 Delphinidin colour change depends on pH of the solution - visual 

observation 

The colour of delphinidin in the stock solution (10 mM) prepared in water containing 

2% DMSO (v/v) was deep purple. However, the hue of the delphinidin working 

solutions (750 µM and 200 µM) changed according to the pH of the solution the 

compound was dissolved in (Figure 4.3) and the duration of the incubation. Delphinidin 

was blue in Trizma HCl (pH 8), at the beginning of the experiment, violet in the tissue 

culture medium (pH 7.4) and light pink in acetic acid (pH 4). With the exception of the 

acetic acid treatment, at the end of the incubation time (24 hours later) the solutions 

become orange or brown (Figure 4.3).  

 

Figure 4.3 Delphinidin colour change of test delphinidin solutions before and after 

24 h incubations. 
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4.3.1.2 Water (37°C), pH 7.3 

Delphinidin aglycone was not stable in de-ionised water (37°C, pH 7.3); the degradation 

process was very rapid in the first hour, with loss of  ~ 20% in the first 20 minutes in 

case of delphinidin at 750 µM, and the loss of ~ 20% in the first 10 minutes in the case 

of delphinidin at 200 µM (Figure 4.4 A, B). The half-life was short and, unusually, 

concentration dependent (< 2 hours and ~ 1 hour for concentrations of 750 µM and 200 

µM, respectively (Figure 4.4, C)). The presence of oxidants and ascorbic acid did not 

affect the stability of delphinidin (Fig 4A, B). 
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Figure 4.4 Percent of delphinidin (750 µM and 200 µM) remaining in deionised 

water (pH 7.3), when alone and in the presence of oxidising agents (pyrogallol and 

menadione) and ascorbic acid (5 mM) (A & B).  Logarithmic representation of 

percent of delphinidin remaining in the solution, with highlighted half- life over the 

first 2 hours of incubation (C). The results were expressed as mean ± S.E (A &B) 

and mean only (C). 
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4.3.1.3 Tissue culture medium (37°C), pH 7.4 

Delphinidin was less stable in tissue culture medium (37°C and pH 7.4) than in 

deionised water. The degradation process started immediately and was also rapid in the 

first hour. As described above, delphinidin was more stable when present at 

concentration of 750 µM, than at 200 µM. The half-life was very short, ~ 1 h and ~ 30 

minutes for 750 µM and 200 µM delphinidin respectively (Figure 4.5, C). Nearly 80% 

of 750 µM delphinidin degraded in the solution in the first 2 hours. In the case of 200 

µM delphinidin the process was more rapid, and ~ 80% of it was lost in the first hour. 

Ascorbic acid (5 mM) slowed down the degradation process in both cases, especially at 

200 µM (Figure 4.5). The presence of oxidants did not significantly affect the stability 

of delphinidin.  

D e lp h in id in  7 5 0  M

0 1 2 3 4 5 6 7

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

2 4 2 5

D e l

D e l +  P y ro g a llo l

D e l +  M e n a d io n e

T im e  (h o u rs )

%
 o

f 
d

e
lp

h
in

id
in

 r
e

m
a

in
in

g

D e l +  A s c o rb ic  a c id

 =  5 8 5 n m

A

D e lp h in id in  2 0 0  M

0 1 2 3 4 5 6 7

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

2 4 2 5

D e l

D e l +  P y ro g a llo l

D e l +  M e n a d io n e

T im e  (h o u rs )

%
 o

f 
d

e
lp

h
in

id
in

 r
e

m
a

in
in

g

D e l +  A s c o rb ic  a c id

 =  5 8 5 n m

B

0 .0 0 .5 1 .0 1 .5 2 .0

0 .0

0 .5

1 .0

1 .5

2 .0

2 .5

T im e  (h o u rs )

lo
g

 %
 r

e
m

a
in

in
g

D e l 7 5 0 M

D e l 2 0 0 M

 =  5 8 5 n m

C

      
Figure 4.5 Percent of delphinidin (750 µM and 200 µM) remaining in tissue culture 

medium (pH 7.4, temperature 37°C), when alone and in the presence of oxidising 

agents (pyrogallol and menadione) and ascorbic acid (5 mM) (A & B). Semi-

logarithmic representation of percent of delphinidin remaining in the solution, 

with highlighted half- life (C). The results are expressed as mean ± S.E (A & B) 

and mean only (C). 
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4.3.1.4 Acetic acid buffered with sodium acetate (37°C), pH 4.2 

The stability of delphinidin in acidic solution (pH 4.2, 37°C) was difficult to determine 

spectrophotometrically. At pH ~ 4, a proportion of delphinidin is likely to be present in 

the form of a colourless carbinol. Therefore, the actual amount of delphinidin in 

solution may be considerably higher than the absorption spectrum might suggest (only 

delphinidin present in form of falvylium cation or quinonoidal base can be detected 

spectrophotometrically). It is more likely that the “decay” seen is due to gradual 

conversion to the colourless carbonyl rather than to true decomposition of delphinidin.  

 

Delphinidin was pink at first, but became colourless within the first hour. The amount 

of delphinidin detected in the acidic solution was low. It disappeared from the solution 

immediately, with a half-life of ~ 30 minutes in both cases (750 and 200 µM) (Figure 

4.6, C). The apparent loss was faster in case of 200 µM delphinidin than 750 µM 

(Figure 4.6, A, B). The presence of oxidants did not influence the delphinidin stability. 

Ascorbic acid, in contrast to the previous results, reduced the stability of 750 µM 

delphinidin; the half-life under these conditions was reduced to < 15 min. Interestingly, 

the yellowish colour indicating the occurrence of the delphinidin degradation process 

was not observed visually. The solution became colourless after 2 hours, and remained 

so for the next 24 hours. 
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Figure 4.6 Percent of delphinidin (750 µM and 200 µM) remaining in acidic 

solution (pH 4.2, temperature 37°C), when alone and in the presence of oxidising 

agents (pyrogallol and menadione) and ascorbic acid (5 mM) (A & B).  Semi-

logarithmic representation of percent of delphinidin remaining in the solution, 

with its highlighted half- life (C).  The results are expressed as mean ± S.E (A &B) 

and mean only (C). 

 

4.3.1.5 Trizma HCl (37°C), pH 8 

Delphinidin was least stable in the alkaline solution (pH 8) in which it  was hardly 

detectable after the first hour. Interestingly, the absorbance values exceeded 100%, 

when delphinidin was alone, or when incubated with ascorbic acid and menadione. This 

phenomenon occurred mainly in the first hour of the incubation. After an hour the 

values decreased significantly.  

 

Similarly to the previously described experiments, the apparent loss started almost 

immediately and was rapid over the first hour. Delphinidin was more stable when 
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present at an initial concentration of 750 µM, than at 200 µM. However, its half-life was 

very short, and was ~ 1 h, and < 30 min in case of 750 µM and 200 µM, respectively 

(Figure 4.7, C). After 1 hour, when alone or in the presence of the oxidising agents, 

delphinidin was hardly detectable in the solution. 

Ascorbic acid (5 mM) effectively slowed down the decomposition process at this pH 

(Figure 4.7). Table 4.3 summarises the kinetic data from the above figures. 
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Figure 4.7 Percent of delphinidin (750 µM and 200 µM) remaining in alkaline 

solution (pH 8, temperature 37°C), when alone and in the presence of oxidising 

agents (pyrogallol and menadione) and ascorbic acid (5 mM) (A & B).  

Logarithmic representation of percent of delphinidin remaining in the solution, 

with its highlighted half- life (C). The results are expressed as mean ± S.E. 
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Table 4.3  Delphinidin (200 µM and 750 µM) half-life in different solutions 

 

4.3.2 Identification of delphinidin degradation products 

The rapid disappearance of delphinidin from the tested solution suggests the existence 

of delphinidin degradation under the various experimental conditions tested. In order to 

test the hypothesis further, tissue culture medium (37°C, pH 7.4) containing 100 µM 

and 750 µM delphinidin was analyzed using LC-MS. Given that the degradation process 

was most rapid in the first hour, the probability of finding all delphinidin degradation 

products and intermediates in the equilibrium was much higher within that particular 

time zone: as a result, samples were analyzed after 30 minutes incubation. A mixture of 

standards, delphinidin and its possible degradation products, (gallic acid and 

phloroglucinol aldehyde), identified based on literature search (Kay et al., 2009, Kern et 

al., 2007, McDougall et al., 2005 ), was run in order to aid the identification process 

(Figure 4.8, A). 
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Figure 4.8 LC-MS chromatograms of sample containing standards (A), control 

sample deprived of delphinidin and delphinidin (750 µM (C) and 100 µM (D)) and 

its degradation products identified in the tissue culture medium (pH 7.4, 

temperature 37°C) after 30 minutes. 

 

Two delphinidin degradation products of relatively small molecular weight were 

identified: gallic acid (peak 1) and phloroglucinol aldehyde (peak 3) (Figure 4.8 C and 

D). The parent compound (peak 4) was also present. Moreover, one unknown 

compound, that was not present in the control samples, was identified. Based on the 

characteristics gathered from the LC-MS analysis (Table 4.4), the compound was 

putatively identified as chalcone (peak No. 2). Peak No. 2 exhibited characteristic for 
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chalcones absorption maxima at = ~ 220 and 320 nm (Szmat and Basso, 1952). 

Moreover, the peak contained a main ion at 321 (m/z) [M+H], which fragmented into 

two smaller ions at 303.03 and 152.97 (m/z), corresponding to delphinidin and 

aldehyde, respectively (Table 4.4, Figure 4.8).  

 

Table 4.4 Spectroscopic properties of delphinidin and its degradation products. 

 

 

4.3.3 EPR spectroscopy 

It has been reported that phenolic compounds might exhibit pro-oxidant activities 

(Babich et al., 2011). This contradicts with the widely described antioxidant properties 

of phenolic compounds. Therefore, anti- and/or pro-oxidant activities of delphinidin and 

its degradation product gallic acid were tested here.  

 

Both delphinidin and gallic acid showed pro-oxidant activities when present at 10 µM 

and 100 µM. Neither delphinidin nor gallic acid showed significant free radical 

scavenging properties under the conditions of this experiment (Figures 4.9 and 4.10). At 

delphinidin or gallic acid concentrations of ≤ 10 µM, the rate of radical generation  

remained in the control range, suggesting that neither had sufficient  pro- or anti-oxidant 
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properties at these concentrations to affect oxidation of tempone-H to 4-oxo-tempo 

(Figures 4.9 and 4.10).  

Figure 4.9 The amount of free radicals produced by dephinidin in tissue culture 

medium (top) and PBS (bottom) within 60 min. Pro-oxidant activity: tested 

compound generated more radicals than PBS or TCM alone. Antioxidant activity: 

tested compound reduced the amount of free radicals produced by PBS and 

medium alone. The results are expressed as mean ± S.E. 
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Figure 4.10 The amount of free radicals produced by gallic acid in tissue culture 

medium (top) and PBS (bottom) within 60 min. Pro - oxidant activity: tested 

compound generated more radicals than PBS or medium alone. Antioxidant 

activity: tested compound reduced the amount of free radicals produced by PBS 

and medium alone. The results were expressed as mean ± S.E. 
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4.3.4 Effect of delphinidin on human umbilical vein endothelial cells (HUVECs) 

4.3.4.1 Absorption of delphinidin by HUVECs and its accumulation in the vacuoles 

 

Figure 4.11 Accumulation of delphinidin (750 µM) in the vacuoles by HUVECs (A) 

2 and (B) 4 hours after the treatment (originally x 400) - visual observation 

 

Human umbilical vein endothelial cells were treated with delphinidin at 750 µM. The 

cells absorbed the phenolic compound dissolved in the medium. It was observed that 2 

hours after the treatment (Figure 4.11, A) the vacuoles increased in size and number; 

they also stained blue. The HUVECs changed in shape: they rounded up at the 

beginning of the treatment (Figure 4.11, A) and a few hours later (Figure 4.11, B) they 

shrank and became less numerous, perhaps suggesting cell death.  However, this was 

only a visual observation, and required further investigation. 

 

4.3.4.2 LC-MS analysis of the cell and tissue culture medium extracts 

The purpose of the experiment was to determine whether HUVECs have the ability to 

absorb delphinidin from the TCM. The results obtained confirmed what was observed 

earlier visually: HUVECs absorbed delphinidin from the solution. Two hours after the 

treatment, delphinidin, aldehyde, and chalcone were detected in the cell extracts (Figure 
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4.12). The compounds were still detectable 4 hours after the treatment. A small amount 

of delphinidin was identified in the cell extracts even after 6 hours after treatment 

began.  Interestingly, gallic acid was not found in the cell extracts at any time point. 

Simultaneously, the TCM from the cell culture experiments was analyzed. Delphinidin 

and its degradation products were found in the solution for a very short period of time. 

Two hours after the treatment delphinidin and chalcone were not found in the solution. 

The aldehyde was detectable in TCM for a further 4 h. The only phenolic compound 

that remained in the solution for a prolonged period of time was gallic acid, which was 

still detectable 12 h after the treatment (Figure 4.13). 

 

Figure 4.12 LC-MS chromatograms of the cell extracts. HUVECs were treated 

with delphinidin at 750 µM. The cells were collected at 0, 2, 4, 6 and 12 h. The 

parent compound and its putative degradation products were extracted and 

analysed by LC- MS. 
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A similar pattern was observed when the HUVECs were treated with delphinidin at 100 

µM (Figures 4.14 and 4.15). Delphinidin, chalcone and aldehyde were detected in the 

cell extracts, but only after 4 hours. At 6 hours, none of the compounds was detectable 

in the solution. Gallic acid was the only delphinidin-related compound not found in the 

cell extracts (Figure 4.14). 

 

Figure 4.13 LC-MS chromatograms of the tissue culture medium extracts. 

HUVECs were treated with delphinidin at 750 µM. The medium was collected at 0, 

2, 4, 6 and 12 h. The parent compound and its putative degradation products were 

extracted and analysed by LC- MS.  
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Delphinidin degraded rapidly to aldehyde and gallic acid in TCM. Delphinidin, 

chalcone and aldehyde were not present in the extracts 4 hours after the treatment. As 

previously, gallic acid was the only compound present in the medium extracts for a 

prolonged period of time (at least 6h; Figure 4.15). 

 

 

Figure 4.14 LC-MS chromatograms of the cell extracts. HUVECs were treated 

with delphinidin at 100 µM. The cells were collected at 0, 4, and 6 h. The parent 

compound and its putative degradation products were extracted and analysed by 

LC- MS.  
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Figure 4.15 LC-MS chromatograms of the tissue culture medium extracts. 

HUVECs were treated with delphinidin at 100 µM. The medium was collected at 0, 

4, and 6 h. The parent compound and its putative degradation products were 

extracted and analysed by LC- MS.  

 

4.3.5  Delphinidin and gallic acid - induced vacuolisation in HUVECs  

Treatment with delphinidin induced vacuole formation in HUVECs, confirming the 

previous observations (Figure 4.11). Delphinidin at 750 µM caused the most 

pronounced effect. The vacuolisation was detected relatively early, 4 hours after the 

treatment, and occurred in most of the cells. The vacuolisation was very intense and 

affected the whole cell. Numerous, large vacuoles were observed. The induction of 

vacuole formation by 750 µM delphinidin was associated with a change in cell 

morphology. A substantial number of the cells became elongated (Figure 4.16, B). 

Treatment with delphinidin at 1, 10 and 100 µM, also induced vacuolisation in 

HUVECs (Figure 4.16, C, D and E). The process was less intense, but nevertheless 
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striking when compared to the control. The cells did not change in shape in these cases. 

Single, large vacuoles as well as numerous small ones were observed. Interestingly, 

many of the small vacuoles, or vesicles, were concentrated around the nucleus. 

 

Figure 4.16 Induction of vacuoles in HUVECs by delphinidin. The cells were 

treated with delphinidin at different concentrations: 750 µM (B) for 4 hours, 100 

µM (C), 10 µM (D), and 1 µM (E) for 24 hours. The control (A) contained the 

vehicle only (0.2% DMSO). The cells were fixed in 4% formaldehyde and stained 

with 0.5% crystal violet (original magnification 400 x and 200x as indicated). Red 

arrows show examples of vacuolisation, green arrows show elongated cells.  
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Gallic acid was not found in the cell extracts, but was present in the TCM for a 

prolonged period of time. Therefore, it was interesting to see whether it mimics the 

parent compound bioactivity and induces vacuole formation. 

 

Treatment with gallic acid also induced vacuole formation in HUVECs. Gallic acid at 

500 µM caused the most pronounced effect. The concentration of gallic acid used in the 

experiment was lowered compared to that of delphinidin mainly because gallic acid 

caused immediate cell death when present at 750 µM. Vacuolisation had been detected 

4 hours after the treatment and occurred in most of the cells. The vacuolisation was also 

very intense and affected the whole cell. In contrast to delphinidin treatment, numerous, 

small vacuoles were observed. Moreover, gallic acid did not cause a change in cell 

morphology: elongated cells were not observed (Figure 4.17, B). Treatment with gallic 

acid at 1, 10 and 100 µM also induced vacuolisation in HUVECs (Figure 4.17, C, D and 

E). The process was equally intense when cells were treated with gallic acid at 100 µM. 

Numerous small vacuoles, or vesicles, concentrated around nucleus were observed in 

those cells (Figure 4.17, C). Treatment with gallic acid at 1 and 10 µM also induced 

vacuole formation. Contrary to the previously described gallic acid treatments, the 

vacuolisation had slightly different characteristics: single, large vacuoles as well as 

numerous small ones were observed.  
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Figure 4.17 Induction of vacuoles in HUVECs by gallic acid. The cells were treated 

with gallic acid at different concentrations: 500 µM (B) for 4 hours, 100 µM (C), 10 

µM (D), and 1 µM (E) for 24 hours. The control (A) contained the vehicle only 

(0.2% DMSO). The cells were fixed in 4% formaldehyde and stained with 0.5%  

crystal violet (original magnification 400 x and 200 x when stated). Red arrows 

show examples of vacuolisation. 
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4.4 Discussion 

Although delphinidin possesses a number of beneficial bioactivities, its bioavailability 

as an aglycone is poor (Wiczkowski et al., 2010, Kern et al., 2007). Previous studies 

have suggested that this is likely due to spontaneous degradation under physiological 

conditions (Woodward et al., 2010). It has been reported that the stability of 

anthocyanins, including delphinidin, can be affected by a variety of factors, including 

pH, temperature, oxidation, light, their concentration and other accompanying 

compounds (Worlstad et al., 2005, Rein, 2005). In this study, the aim was to 

characterise the stability of delphinidin under different conditions, to identify the 

plausible degradation products and to gain valuable insights into the likely exposure of 

cells in vitro under tissue culture conditions. 

 

4.4.1 Stability of delphinidin 

Delphinidin is more stable under physiological conditions when present as a glycoside 

(Sadilova et al., 2007). However, it loses its stability when deprived of the sugar moiety 

during transit through the gut. The results reported here indicate that delphinidin 

aglycone is not stable, with a very short half-life of ~1 hour, which is affected by its 

own concentration and a range of components in the environment. Importantly, 

delphinidin was highly unstable under physiologically relevant conditions (temperature 

37°C, pH 7.4, in TCM containing metal ions, glucose, amino acids and salts). Clearly, 

components of TCM had a substantial impact on decomposition, given that the half-life 

was significantly shorter than in ultra-pure water at a very similar pH (7.3). 

It is already known that the stability of delphinidin is affected by temperature (37°C) 

and high pH (> 5): Nayak et al., (2011) and Rein (2005) reported that anthocyanins, 
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including delphinidin, are more stable at low temperature and under acidic conditions 

(Nayak et al., 2011, Freidman et al., 2000). The results reported here broadly support 

the literature findings: certainly at pH >4.2, there was increased rate of loss of 

delphinidin with increasing pH, although the situation was complicated at pH 8, where 

the absorbance rose initially before declining rapidly. The data obtained at pH 4.2 

should be viewed with some caution because the low absorbance at the outset suggested 

that much of the delphinidin was not in its native form, but perhaps in the form of 

carbinol. 

 

There was an apparent acceleration of reaction of delphinidin in the presence of 

ascorbic acid, but it is not yet clear what the reason for this was. The most obvious 

options are that it accelerates colourless carbinol generation through a change in pH, but 

this is counter-intuitive, given that lowering the pH would be expected to drive 

conversion to the flavylium cation (red). Equally, it could be due to the altered redox 

conditions, but the lack of an opposing effect of the oxidants pyrogallol and menadione 

casts some doubt on this hypothesis. 

 

Addition of oxidants did not have any effect on delphinidin’s stability: this is an 

important finding for future experiments, where oxidants are included to stress 

endothelial cells. Ascorbic acid on the other hand, slowed down the degradation process 

in some solutions (tissue culture medium and Trizma HCl). The lack of effect of 

oxidising agents on delphinidin stability combined with the fact that ascorbic acid 

offered only selective protection, suggests that the impact of ascorbic acid on 

degradation was not caused by change in the redox conditions. Instead, it suggests that 
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the effect is mediated by a reduction in pH, which we already know induces increased 

stability. The concentration of ascorbic acid was chosen to mimic intracellular 

concentration, where buffering capacity is sufficient to prevent ascorbic acid-mediated 

changes in pH. With this in mind, it is reasonable to speculate that ascorbic acid is 

unlikely to substantially alter decomposition kinetics in the intracellular environment. 

 

In keeping with previous findings (Fallingborg, 1999, Rein, 2005), the results reported 

in this chapter suggested that the stability of the compound was reduced with the lower 

concentration tested: 200 µM delphinidin had a shorter half-life compared to 750 µM, 

irrespective of pH. This finding is curious because deeper analysis of the data using a 

semi-logarithmic plot confirms that the initial rate of decomposition is first order with 

respect to delphinidin, suggesting that the half-life should be independent of the 

concentration of delphinidin at the outset. However, the decomposition is complex 

because the later stages (> 2 h) of decomposition do not follow first order kinetics, with 

a substantial slowing of the process. Taken together, these data suggest that one or more 

of the products of the reaction can actively slow the reaction rate; this provides a 

plausible explanation for the slower decomposition rate with higher concentrations of 

delphinidin (which will rapidly generate higher concentrations of interfering product). 

Indeed, Gonzalez-Manzano et al., (2008) reported that increasing the content of 

anthocyanins improves their stability through self-association and/or copigmentation 

(Gonzalez-Manzano et al., 2008). However, the anthocyanin concentration needs to be 

above 3.5 x 10
-5 

M before the reactions are possible (Rein, 2005). Both co-pigmentation 

and self-association complexes can easily be disrupted by dilution. The complexes of 

self-association are formed by vertical stacking of the molecules of anthoyanins and are 

stabilized by the hydrophobic interactions that take place between their aromatic nuclei 
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(Rein, 2005). Co-pigmentation on the other hand occurs between anthocyanins and 

other molecules, for example other phenolic compounds (flavonoids and phenolic 

acids), organic acids and alkaloids (Rein, 2005, Gonzalez-Manzano et al., 2008). Gallic 

acid, a primary delphinidin degradation product, could participate in the co-

pigmentation reaction, slowing the degradation process down. The occurrence of self-

association and/or copigmentation could possibly explain why delphinidin at 750 µM 

was more stable than at 200 µM (the processes could not occur at lower concentrations), 

and why the degradation did not comply with the concept of first order kinetics. 

Moreover, the bathochromic shift, which is often the effect of self-association and/or 

copigmentation (Borkowski et al., 2005), was observed earlier (see section 4.2.1), 

supporting the hypothesis described above. 

 

Though an interesting chemical conundrum, it is difficult to know what importance the 

finding has on physiological disposition of delphinidin. For example, would sub-

micromolar concentrations of delphinidin decay even faster than those that are 

measurable by spectrophotometry, or is the rate observed for 200 M already maximal? 

The answer is unknown, but a short half-life of delphinidin could be part of the 

explanation for the lack of delphinidin aglycones in the systematic circulation 

(Wiczkowski et al., 2010). It would be reasonable to speculate that dephinidin would 

decompose fairly rapidly under physiological conditions, a factor that contributes to the 

low concentration of the parent compound in the plasma.  
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4.4.2 Degradation products from delphinidin 

LC-MS data described in this chapter indicates that delphinidin degrades spontaneously 

to gallic acid and, to a lesser extent, phloroglucinol aldehyde under physiologically 

relevant conditions in TCM. The fact that both degradation products appeared in the 

solution after 30 minutes, indicated how rapid the process was and confirms previous 

observations by Woodward et al., (2009) and Kern et al., (2007). The presence of the 

intermediate degradation product, chalcone, is perhaps indicative of the chemical 

process involved. Moreover, the appearance of chalcone confirmed that the relatively 

high pH in TCM causes C ring fission and release of two smaller compounds, phenolic 

acid and aldehyde, as described previously by Borkowski et al., (2005), Woodward et 

al., (2010), and Kern et al., (2007). 

 

Figure 4.18 Delphinidin degradation process. Under physiologically relevant 

conditions (temp. 37°C, pH ~7.4) delphinidin might go under spontaneous C ring 

fission, resulting in formation of two smaller compounds: phloroglucinol aldehyde 

and gallic acid. 
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It is not clear where this spontaneous degradation is likely to occur in the body. It could 

start in the small intestine, where delphinidin loses its sugar moiety, and/or in the 

circulation or inside target cells. It has not been reported to date which form of 

delphinidin reaches endothelial cells, the degradation products or the parent compound 

itself. It is very important, however, to take these findings into consideration when 

utilising delphinidin aglycone in cellular culture studies, or in interpreting data obtained 

from clinical studies. Degradation products might be more important than the parent 

compound in driving the cellular and clinical effects of these compounds. 

 

4.4.3 EPR spectroscopy 

EPR spectroscopy is a technique that detects free radicals unambiguously (Vasquez-

Vivar et al., 2000). Therefore, it provides sound information about pro-oxidant activities 

of tested compounds and solutions (detailed description of the methodology can be 

found in chapter 2).  

 

The EPR data generated showed that both delphinidin and its degradation product, 

gallic acid, exhibit pro-oxidant activities, when present at ≥10 µM, producing 

substantial increases in 4-oxo-tempo adduct, indicative of oxygen-centred radical 

production. Pro-oxidant properties of polyphenols, including gallic acid have been 

previously described (Tulyathan et al., 1989, Gil-Longo and Gonzalez-Vazquez, 2010, 

Babich et al., 2011). However, more attention has been paid to their widely described 

antioxidant capacities. Numerous health benefits have been attributed to their ability to 

scavenge free radicals. However, antioxidant properties have been established based on 

methodology often measuring reducing capacities of the tested compounds, rather than 
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antioxidant properties. Moreover, physiologically irrelevant concentrations have often 

been applied in those studies. Interestingly, neither of the compounds reduced the 

amount of free radicals produced by tissue culture medium or PBS, perhaps suggesting 

a lack of antioxidant capacity. Previous results from this laboratory have confirmed that 

ascorbic acid, glutathione, N-acetylcysteine (Gibson et al., 2009) and a range of 

phytochemicals have substantial antioxidant activities in the low micromolar range in 

this model, highlighting the unusual nature of the results for gallic acid and delphinidin. 

However, Tang and Halliwell, (2010), Gil-Longo and Gonzalez-Vazquez, (2010) and 

Eslami et al., (2010) reported that phenolic compounds, gallic acid in particular can 

oxidize readily in TCM, and produce free radicals, such as superoxide radical (O2
.-
), 

hydrogen peroxide (H2O2) and quinones. Autoxidation of phenolics, and consequential 

free radical generation, could explain their cytotoxicity towards cancer cells, especially 

when high concentrations are applied (Babich et al., 2011, Gil-Longo and Gonzalez-

Vazquez, 2010).  

 

The mechanism of autoxidation in tissue culture remains unexplained. The metal ions, 

iron and copper, can accentuate the pro-oxidant effects of polyphenols, including 

delphinidin and gallic acid, by catalyzing oxidation reactions, as well as by Fenton 

chemistry (Martin and Appel, 2010). However, the fact that both delphinidin and gallic 

acid exhibited equally strong pro-oxidant activities in PBS (devoid of iron and cooper 

ions), excludes the probability that it was simply iron and/or cooper-catalysed oxidation 

of polyphenols. 
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There is no evidence to date that confirms the occurrence of autoxidation of delphinidin 

and gallic acid in the body. However, the obtained data strongly suggest that this 

phenomenon can occur in TCM and that pro-oxidant activity, as opposed to antioxidant 

activity, will be a feature in cell culture models.  

 

The data obtained in this study contradict the traditional view of polyphenols as 

antioxidants, but also support an emerging theory of polyphenols acting as a mild toxin 

that can activate intracellular defence mechanisms. 

 

4.4.4 Delphinidin absorption by the cells and vacuolisation 

It is widely accepted to use delphinidin aglycone in cell model studies, with a pre-

conceived notion that any effects seen are due to delphinidin aglycone itself. The data 

presented in this chapter clearly indicate that this is not the case in cell culture models 

because under these conditions, delphinidin rapidly degrades. This finding strongly 

suggests that the effects that are often attributed to delphinidin might actually be 

mediated by, for example, gallic acid. 

 

In this study, the absorption and impact of high concentrations of delphinidin and its 

degradation products in HUVECs was tested. It was found that HUVECs absorbed 

delphinidin from the medium and stored it in vacuoles that appeared in response to the 

treatment (Figure 4.11).   
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Similarly to the previous cell-free experiments, delphinidin was found to degrade 

rapidly in the presence of the cells. Gallic acid, phloroglucinol aldehyde and chalcone 

were detected in the TCM after 30 sec. However, this early degradation may not only 

have been caused by the environmental conditions, but also during the extraction 

procedure: heat generated by prolonged use of a vacuum concentrator (SpeedVac) 

might well have influenced the results.  

 

Delphinidin, chalcone and aldehyde was absorbed by the HUVECs within the first 2 h 

(750 µM) and 4 h (100 µM). Gallic acid is the only delphinidin degradation product that 

was not absorbed by the cells and remained in the tissue culture medium for a prolonged 

period of time (~ 12 h). 

 

 

Figure 4.19 Degradation and selective absorption of delphinidin and its 

degradation products by endothelial cell - hypothetical scenario. 
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The fact that gallic acid was not absorbed by the cells suggests that HUVECs can 

absorb phenolic compounds in a selective manner.  

 

Based on the visual observation (Figure 4.11) and LC-MS analysis of the cell extracts, it 

was hypothesised that delphinidin, aldehyde and chalcone were absorbed by the cells 

and likely accumulated in the vacuoles. Lack of those compounds in the cell and 

medium extracts after 6 and 12 h (depending on the treatment) suggests that all 

compounds were digested in the vacuoles to smaller compounds (Figure 4.19). 

 

The observed pro-oxidant activities of delphinidin and gallic acid could be a reason for 

their noxious effect. Therefore, accumulation and possible digestion of delphinidin, 

chalcone and aldehyde in the vacuoles, as well as the lack of absorption of gallic acid, 

might be a way in which the cells are protecting themselves against a potential threat. 

The other fact suggesting that HUVECs activated a defence mechanism against the 

tested phenolics is an induction of vacuole formation. While the effect was most evident 

with supraphysiological concentrations were applied (750 µM, 100 µM), it is important 

to highlight that physiologically relevant concentration (1 µM) also induced 

vacuolisation, albeit less intense.  

 

Vacuolisation is a natural process associated with the sequestration, secretion and 

digestion of materials and fluids found in cells, but is also seen as an adaptive 

physiological response, presumably for damage limitation. It can occur spontaneously 

or via wide range of inductive stimuli (Henics and Wheatley, 1999). Both delphinidin 

and gallic acid activated vacuolisation in HUVECs even though gallic acid failed to 
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access cells. The characteristics of the vacuolisation process were slightly different 

between delphinidin and gallic acid treatment, suggesting that the compounds can 

activate the process in different manner.  

 

4.4.5 Implication for future studies 

Due to the tremendous interest in anthocyanins in both scientific and consumer 

communities, well designed studies to investigate their biological effects in vitro and in 

vivo are needed. Based on the data generated in this chapter, there are a range of 

important considerations that need to be incorporated into the design of tissue culture 

experiments to more closely mimic the in vitro situation: 

Firstly, gallic acid is likely to be the most abundant delphinidin-related compound seen 

by the endothelial cell of the blood vessels, due to its higher stability in physiologically 

relevant conditions. Delphinidin, chalcone and aldehyde are all likely to be degraded by 

cells in their transit from the gut.  

 

Secondly, physiologically relevant concentrations of the relevant compounds should be 

applied, although it is prudent to include concentrations below and above the accepted 

range to fully appreciate the range of effects that might be seen with these compounds. 

 

Thirdly, it is important to recognise that pro-oxidant rather than antioxidant activities 

might be the important factor in determining cellular effects: it is very unlikely that 

tested phenolics produce any antioxidant effects, especially at low concentrations (100 

nM - 1 µM) that might be considered as physiologically relevant. This concept is vital 
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because it negates the need for high concentrations of “antioxidant” that would be 

required to significantly impact on the antioxidant capacity of the plasma and of the 

intracellular environment: instead, sub-toxic concentrations of pro-oxidant agents might 

trigger beneficial cellular defences to induce benefits. 

4.4.6 Conclusions 

The results in this chapter revealed that delphinidin is a highly unstable compound in 

tissue culture medium: in most cases, the half-life of delphinidin was shorter than one 

hour. Under physiologically relevant conditions (tissue culture medium, 37°C, pH 7.4), 

delphinidin degraded spontaneously to a simple phenolic acid and an aldehyde.  

Although this finding was consistent with previous studies (Woodward et al., 2010, 

Kern et al., 2007, Sadilova et al., 2007), little attention has been paid to the contribution 

of degradation products to the biological activity seen. Moreover, it has been observed 

that delphinidin is readily absorbed by HUVECs and accumulated in the vacuoles. Both 

gallic acid and its parent compound induced vacuolisation in treated cells. The fact that 

both compounds also expressed pro-oxidant activities when present at ≥ 10 µM might 

provide a possible explanation for induction ofthe vacuolisation process, as a putative 

defence mechanism against a mild toxin. 
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5. The protective effects of delphinidin and its degradation 

products in a cultured endothelial cell model of oxidative 

stress 
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5.1 Introduction 

Delphinidin is an anthocyanin that is a common constituent of food of plant origin. This 

phenolic compound is widely found in berries (blackcurrants, strawberries, red grapes), 

purple sweet potatoes, red cabbages, and other pigmented foods, plants and vegetables 

(Hakkinen et al., 1999, McDougall et al., 2007, McDougall et al., 2005, Nicoletti et al., 

2008). Moreover, delphinidin, together with resveratrol, is a major phenolic compound 

found in red wine (Manach et al., 2004). 

 

Naturally occurring anthocyanins are usually found in the glycosylated form, which 

makes them more stable. During consumption, anthocyanins undergo a series of 

digestive processes which deprive them of the sugar moiety, releasing the less stable 

aglycone. Under physiological conditions (37°C, pH 7.4), sugar-free anthocyanins can 

degrade further into smaller phenolic compounds, phenolic acids and aldehydes. 

Delphinidin degrades rapidly to gallic acid and phloroglucinol aldehyde (Kern et al., 

2007, Kay  et al., 2009). 

 

Anthocyanins and their aglycones have been associated with a broad spectrum of 

potentially positive health effects, including anti-inflammatory, anti-bacterial, 

antioxidant, anti-apoptotic, anti-aging and anti-carcinogenic properties (Kern et al., 

2007, Han et al., 2007). It has been reported that anthocyanins lower the incidence of 

cardiovascular disease by reducing blood pressure, inhibiting platelet aggregation, 

increasing antioxidant capacity in blood plasma and improving artery wall elasticity 

(Jimenez et al., 2007, Chen et al., 2010, Wang et al., 2011, Vauzour et al., 2010). It has 

also been reported that moderate consumption of red wine rich in polyphenols, such as 
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delphinidin and resveratrol, might contribute to reduced morbidity and mortality from 

coronary heart diseases in the French population (Auger et al., 2011, Lijima et al., 

2002).  

 

Anthocyanins are thought to mediate, at least in part, the health benefits attributed to 

soft fruit and red wine. However, the mechanisms by which they act have not been fully 

elucidated. The role of anthocyanins in CVD prevention is strongly linked to protection 

against oxidative damage and modulation of vascular function (Seis, 2010, Nicholson et 

al., 2008). 

 

Animal and human studies have shown that ROS play an important role in 

cardiovascular-related disorders. ROS have a cytotoxic and pro-inflammatory effect on 

endothelial cells (Yang et al., 2011). Furthermore, superoxide (O2
.-
) alone, rapidly reacts 

with the cardioprotective agent, NO, generating peroxynitrite (ONOO
.-
), which is 

harmful to cells (Pankaj and Jain, 2007). Moreover, ROS-mediated oxidation of critical 

lipids, and low-density lipoprotein (LDL) in particular, is considered to be a key event 

in the pathogenesis of atherosclerosis (Vari et al., 2011). ROS are also considered to be 

and pro-thrombotic through harmful effects on platelets (Le Brocq et al., 2008). Taken 

together, these characteristics of ROS are understood to impact on all of the critical 

stages of atherothrombotic disease, from endothelial dysfunction and inhibition of 

protective NO, to oxidative modification of LDL, promotion of inflammation and 

thrombosis. 
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Anthocyanins have been largely studied on account of their strong antioxidant capacity. 

The mechanism of action for the beneficial effects of polyphenols on CVD was 

previously thought to be associated with this antioxidant activity. It is believed that their 

free radical scavenging properties are associated with their peculiar chemical structure. 

The electron deficiency and numerous hydroxyl (-OH) groups of anthocyanins make 

them highly reactive towards various artificially generated ROS. However, the 

antioxidant properties of relatively high concentrations of delphinidin aglycone and the 

related glycosides have only been reported in vitro (Kahkonen and Heikonen, 2003, 

Hanif et al., 2008). 

 

Depending on the pH, anthocyanins exist in protonated, deprotonated and hydrated 

forms (chapter 4); under physiological conditions, they are also rapidly degraded to 

simpler phenolic compounds (Woodward et al., 2009).  It is not known, however, which 

form(s) of anthocyanins reach cells in vivo and which are responsible for any 

antioxidant effects therein. Moreover, direct antioxidant action requires high 

concentrations of anthocyanins (> 100 µM) than have not been reported in vivo. The 

maximum concentrations of polyphenols found in the plasma after consumption of 

polyphenol-rich foods or beverages is between 0.1 – 1 µM (McDougall et al., 2005, 

Nicholson et al., 2005, Halliwell, 2007), which would appear to be too low to have a 

significant impact on endogenous antioxidant capacity.  However, other biological 

effects (e.g. indirect antioxidant actions) can be mediated by more specific mechanisms, 

such as cell signalling, where markedly lower polyphenol concentrations (< 100 µM) 

are required to exert an action (Halliwell, 2007, Stangl et al., 2007).  
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To date, there is no evidence confirming direct free radical scavenging by anthocyanins 

in vivo. It has been suggested that they may also offer indirect protection by activating 

endogenous defence systems and by modulating cellular signalling processes that can 

lead to the observed in vitro multiple health beneficial effects (Han et al., 2007, Fraga et 

al., 2010, Finley et al., 2011). Nevertheless, their mechanism of action still remains 

ambiguous. 

 

HUVECs are frequently used as a model to explore the mechanisms involved in the 

pathogenesis of CVD. Endothelial cells lining the luminal surface of all blood vessels 

play a key role in the control of vascular tone in part via the release of potent 

vasodilators including NO. Moreover, these cells are particularly susceptible to free 

radical damage (Lehoux, 2006). Therefore, HUVECs represent a relevant model to 

study antioxidant activity with a view to cardiovascular benefits. 

 

It has been demonstrated, that delphinidin can induce an endothelium-dependent 

relaxant effect, which is related to its ability to stimulate NO production through an 

increase of cytosolic calcium (Chen et al., 2010). Moreover, multiple in vivo and in 

vitro studies have shown the ability of anthocyanins to prevent LDL oxidation, and 

scavenge a range of artificially generated free radicals (Wallace, 2011, Auger et al., 

2011, Scalber et al., 2005). 

 

Previous unpublished data from this laboratory indicated that delphinidin at 

physiologically relevant concentrations (10 nM – 1 µM) has protective effects in a 
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model of oxidative stress, but it is not known whether delphinidin itself or its 

degradation products are responsible was for observed antioxidant activity. 

In light of these issues, the aim of this study was to test the following hypotheses: 

 That the degradation products of delphinidin offer protection against 

oxidative stress in endothelial cells 

 That delphinidin and its degradation products act at a concentration that 

is below that necessary for an effective direct antioxidant action 
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5.2 Methods 

5.2.1 Phenolic compounds - preparation and optimisation 

The specific phenolic compounds used in the test were decided upon from experiments 

described in chapter 4. Therefore, delphinidin and its possible degradation products: 

gallic acid and "aged delphinidin" were used in the study.  

 

The maximum concentration of phenolic compounds found in the plasma after 

consumption of polyphenol-rich food or beverages is estimated to be between 0.1 and 1 

µM (McDougall et al., 2005, Nicholson et al., 2005, Halliwell, 2007, Rodrigo et al., 

2011). Hence, the concentrations chosen for incorporated this concentration range, but 

the concentration range was widened to include two supra-physiological concentrations 

(10 and 100 µM), and two substantially lower concentrations (0.001 and 0.01 µM). 

Samples containing phenolic compounds, were prepared in warmed (37ºC) phenol red-

free tissue culture medium (phenol red was excluded due to the possible interference 

with subsequent colorimetric tests), and deprived of sodium pyruvate because it is 

known to scavenge hydrogen peroxide and is therefore not appropriate for oxidative 

stress model studies (Jagtap et al., 2003). After a series of dilutions, the final 

concentration of the vehicle (DMSO) in the samples did not exceed 0.1% (v/v), and did 

not influence cell viability (measured by MTT assay). 

 

“Aged” delphinidin 

Delphinidin samples were incubated in culture medium for 1 h prior to application to 

cells. The procedure was executed in order to initiate delphinidin degradation and to 

obtain a mixture consisting of native delphinidin and its degradation products: chalcone, 
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gallic acid and phloroglucinol aldehyde. The obtained mixture will be referred to as 

"aged delphinidin".  

 

5.2.2 Oxidants - preparation and optimisation 

Three cell culture models of oxidative stress have been used in the study: hydrogen 

peroxide (H2O2), pyrogallol (superoxide radical generator, O2
.-
) and pyocyanin 

(intracellular O2
.-
 generator, via induction of mitochondrial dysfunction (Hassett et al., 

1992). All oxidants were prepared in warmed (37°C) phenol red-free tissue culture 

medium without sodium pyruvate.  

 

The concentrations of oxidising agents were optimised prior to the treatment, aiming to 

cause a sub-maximal, but easily detectable loss of cell viability (of 20 - 50% after a 24 h 

incubation; Figure 5.1). Due to the fact that HUVECs were pooled from different 

donors, their susceptibility to oxidants varied from batch to batch. Thus, the 

concentrations required for sub-maximal cell death were determined every time a new 

batch of cells was used. 
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Figure 5.1 Concentration optimisation of selected oxidants: pyrogallol (A), 

hydrogen peroxide (B), and pyocyanin (C). The concentrations that caused 20 to 

50% of cell death were used in the study (marked with a hashtag). 

 

All phenolic compounds and oxidising agents were prepared on the day of treatment, in 

the dark and kept on ice, in order to retard possible degradation or the radical generation 

process.  

 

5.2.3 Experimental design 

HUVECs were cultured in 24 well plates, according to the method described in chapter 

2. Cells were co-treated with oxidants and the selected phenolic compounds (Table 5.1). 

Figure 5.2 is a schematic representation of the study. Cell viability was determined by 
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MTT assay, and by trypan blue exclusion. Protocols for both assays were described in 

chapter 2. 

Table 5.1 Concentrations of phenolic compounds and oxidising agents used in the 

study 

 

When the cells reached 80% confluence, medium was replaced with fresh medium 

containing the test samples: a phenolic compound (delphinidin, gallic acid or "aged 

delphinidin"), followed by an oxidant at the appropriate concentration. The maximum 

time lapse between application of a phenolic compound and an oxidant did not exceed 5 

min. Treated plates were incubated in a humidified incubator at 37°C and 5% CO2 for 

24 h.  
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Figure 5.2 Schematic representation of the conducted experiment. 

 

The overall study consisted of 4 treatment regimens: a negative control (vehicle-treated 

cells); cells treated with phenolics alone; cells treated with an oxidising agent alone and 

cells co-treated with a selected oxidant and a phenolic compound at desired 

concentration. The entire experiment was performed on 5 to7 separate occasions. 

 

5.2.4 Statistics 

Statistical analysis was performed with GraphPad Prism 6 for Windows. All data were 

expressed as mean ± S.E.M.  Comparisons between groups were carried out by one-way 

ANOVA with Dunnett's multiple comparison post-hoc test. Differences were 

considered statistically significant at P < 0.05. 

 



143 

 

5.3 Results 

5.3.1 Effects of delphinidin and its degradation products on viability of HUVECs: 

MTT method 

Cell viability was unaffected in the presence of 10 µM or lower concentrations of 

delphinidin, aged delphinidin or gallic acid (Figure 5.3). However, exposure of 

HUVECs to the phenolic compounds at 100 µM led to a significant increase in 

formazan production. The difference in absorption values (λ = 570 nm) between the 

vehicle-treated control and the phenolic-treated cells ranged from ~ 20% (delphinidin 

and gallic acid) to ~ 30% (aged delphinidin). 
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Figure 5.3 Viability in HUVECs treated with various concentrations of (A) 

delphinidin, (B) aged delphinidin, and (C) gallic acid, measured by the MTT 

method. Values are shown as mean ± S.E.M. (n = 5); and *** P < 0.001 compared 

with the vehicle-treated control. 
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The MTT assay measures mitochondrial function and, whilst it is often used as an 

indicator of cell viability/proliferation, changes could also reflect alteration in 

mitochondrial number or activity. In this study, results from MTT assay did not 

necessarily match the visual state of the cells under light microscopy. Therefore, to test 

the viability of HUVECs under treatment with phenolics further, the experiment was 

repeated using trypan blue exclusion as the outcome measure. 

 

5.3.2 Effects of delphinidin and gallic acid on viability of HUVECs determined by 

trypan blue exclusion 

Contrary to the previous experiment, the 100 µM concentration of delphinidin and gallic 

acid both caused a significant (~30-50%) reduction in cell viability (Figure 5.4). In the 

case of gallic acid, this was partly explained by an increase in trypan blue positive cells 

(~5%; attached but with a loss of membrane integrity). The "unaccounted for" 25% of 

cells is likely explained by cells that are dead and have lifted off (Figure 5.4). 

Figure 5.4 Number of viable, dead and unaccounted for HUVECs treated for 24 h 

with increasing concentrations of delphinidin (A) and gallic acid (B), determined 

by trypan blue exclusion. Values are shown as mean ± S.E. (n = 5); and * P < 0.05, 

** P < 0.01 compared with the vehicle - treated control. 
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Analogous to the previous results, the number of HUVECs remained unaffected when 

treated with delphinidin and gallic acid at concentrations of ≤10 µM (Figure  5.3).  

 

5.3.3 Effects of delphinidin and its degradation products on the viability of 

pyrogallol-induced cell death in HUVECs 

 Figure 5.5 illustrates the protective effect of delphinidin, aged delphinidin or gallic acid 

on HUVECs treated with pyrogallol (140 M). The data show that pyrogallol induced a 

loss of cell viability of 20-50% and that delphinidin and its degradation products were 

able to at least partially protect against the cytotoxic effects of the oxidising agent. 

 

The effect was clearest for native delphinidin and aged delphinidin, where cell viability 

was substantially protected by concentrations between 10 nM and 10 M, peaking at ~1 

M; 100 M delphinidin induced an additional cytotoxic effect that was similar to that 

seen with delphinidin in the absence of pyrogallol (Figure 5.5). 

 

Gallic acid did not mimic precisely the effects of delphinidin in the presence of 

hydrogen peroxide ( 

Figure 5.5). However, it nevertheless significantly reduced pyrogallol-induced toxicity 

at 10 - 100 nM. 100 M gallic acid had an additional cytotoxic effect, increasing the 

proportion of dead cells to ~ 90%.  
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Figure 5.5 Viability in HUVECs co-treated with pyrogallol (140 µM) and phenolic 

compounds, measured by the MTT method.  (A) delphinidin treated cells, (B) aged 

delphinidin treated cells and (C) gallic acid treated cells.  Values are shown as 

mean ± S.E.M. (n =7); and * P < 0.05, ** P < 0.01 , *** P < 0.001, **** P < 0.0001 

compared with the pyrogallol - treated cells. 

 

5.3.4 Effects of delphinidin and its degradation products on hydrogen peroxide-

induced cytotoxicity in  HUVECs 

In this study, HUVECs were used to evaluate the protective effects of delphinidin, gallic 

acid and aged delphinidin in response to oxidative stress induced by hydrogen peroxide 

(130 µM) ( 
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Figure 5.6). The data show that hydrogen peroxide induced loss of cell viability by ~ 

50% and that delphinidin, aged delphinidin and gallic acid partially protected against 

the cytotoxic effects of the oxidising agent. 

 

Only gallic acid (10 µM) significantly reduced cell death in response to H2O2 (~50% 

protected). However, there was a trend across all the phenolics tested at 10 nM - 10 µM 

concentrations to induce a protective effect, but the study was underpowered to detect 

these small changes. In all cases, co-incubation with phenolics (100 M) and H2O2 

induced substantial cell death (~ 80% loss in viability), which was more dramatic than 

for H2O2 alone (Figure 5.6). 
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Figure 5.6 Viability in HUVECs co-treated with hydrogen peroxide (130 µM) and 

the selected phenolics, measured by MTT method. (A) delphinidin treated 

HUVECs, (B) aged delphinidin treated HUVECs, (C) gallic acid treated HUVECs.  
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Values are shown as mean ± S.E. (n = 6); and * P < 0.05, ** P < 0.01, *** P < 0.001 

indicates the difference from oxidising agent treatment. 

5.3.5 Effects of delphinidin and its degradation products on the viability of 

pyocyanin-induced cytotoxicity in HUVECs 

In this study, endothelial cells were exposed to pyocyanin, an intracellular superoxide 

radical generator (300 µM), for 24 h; this treatment resulted in a reduction of cell 

viability by ~30% (Figure 5.7).  

Delphinidin, aged delphinidin and gallic acid offered protection to the cells, particularly 

at concentrations of 10 µM and 1 M. The other tested concentrations failed to reduce 

cell death caused by the oxidising agent (Figure 5.7). 

 

Contrary to the data for H2O2 and pyrogallol-treated cells, pyocyanin treatment did not 

enhance cell death mediated by 100 µM phenolics. 
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Figure 5.7 Viability in HUVECs co-treated with pyocyanin (300 µM) and the 

selected phenolics, measured by MTT method.  (A) delphinidin treated cells, (B) 

aged delphinidin treated cells, (C) gallic acid treated cells.  Values are shown as 

mean ± S.E. (n = 6); and * P < 0.05, ** P <  0.01 compared with the oxidising agent 

- treated cells. 
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5.4 Discussion 

For nearly three decades, delphinidin, like other anthocyanins, was considered to be a 

powerful antioxidant, mainly due to its chemical structure, which favours direct free 

radical scavenging properties (Kahkonen and Heinonen, 2003, Deighton et al., 2000, 

Zafra-Stone et al., 2007, Delzar et al., 2010). Numerous studies of this period focused 

on in vitro anthocyanin antioxidant activity and extrapolated their health protective 

effects based on those properties (Han et al., 2007).  Nowadays, there are indications 

that assumptions relating to the concentrations used in vitro are unlikely and that 

phenolics, rather than acting as direct antioxidants might protect the cells against 

oxidative stress via intracellular antioxidant protection induced by cell signalling (Fraga 

et al., 2010, Auger et al., 2011). Previous research in this arena provided valuable 

knowledge, and gave a foundation to new studies. Taking into account the current facts 

on chemical and biological properties, as well as bioavailability, a number of previous 

assertions need to be challenged, including: 

 the relative importance of direct antioxidant effect, given the low bioavailability 

of phenolic compounds, 

 the relevance of in vitro data using high concentrations not relevant to in vivo 

circumstances (> 1 µM, reaching sometimes 250 µM of phenolics in cellular 

model studies and when their antioxidant properties were tested) (Kahkonen and 

Heinonen, 2003, Forester et al., 2010, Park and Suhn, 2012, Hafeez et al., 2008, 

Kay et al., 2009, Cvorovic et al., 2010), 

 the importance of evaluation of in vitro antioxidant properties using tests that 

measure reducing abilities of tested compounds rather than the actual free 

radical scavenging properties (e.g. FRAP, TEAC) (broadly discussed in chapter 

3), 
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 the relevance of using compounds for cell culture studies and evaluation the 

antioxidant properties by applying glycosides, plant extracts or compounds of 

high molecular weight, without considering their potential form when present in 

the plasma, 

 the risks associated with ignoring possible pro-oxidant properties of phenolic 

compounds, that have been reported (Babich et al., 2011, Prochazkova et al., 

2011, Gil-Longo and Gonzalez-Vazquez, 2010), 

 the importance of alternative mechanisms that might be involved in beneficial 

effects of anthocyanins as well as considering their direct antioxidant capacity 

Despite extensive research in vivo, direct antioxidant properties of phenolic compounds 

have not yet been conclusively shown and the mis-match between concentrations of 

phenolics that are necessary to carry antioxidant activity and to mediate the health 

benefits compared to those found in vivo have largely been overlooked. In this study, a 

more realistic approach has been applied in an attempt to gain a better understanding of 

what processes might be at play in driving the protective effects of phenolics, not least 

in terms of the metabolic products and relative concentrations necessary.  

 

5.4.1 Phenolic agents in the absence of oxidative stress 

When present at physiologically relevant concentrations, delphinidin and its degradation 

products were fairly innocuous to the cells in the absence of experimental oxidative 

stress. However, at supra-physiological concentrations (100 µM), all of the test agents 

were cytotoxic (as measured by trypan blue exclusion), although there was a hint that 

cytotoxicity was accompanied by an up-regulation of mitochondrial number or activity 

in the remaining cells, as illustrated by the findings with the MTT assay. In the presence 
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of superoxide in particular, delphinidin and its degradation products efficiently 

protected the cells against oxidative stress-induced loss of viability. The benefits of the 

native anthocyanin were matched by aged delphinidin and partially mimicked by gallic 

acid.  

 

Delphinidin, aged delphinidin and gallic acid at concentrations of ≤10 µM were found 

to have no significant impact on cell viability when the oxidant agent was absent; supra-

physiological concentrations (100 µM) reduced viable cell number by 30 - 50% (Figure 

5.4), as measured by trypan blue exclusion, but simultaneously caused on increase in 

mitochondrial function, as measured by MTT assay (Figure 5.3). This is a finding that 

not only highlights the fact that different “cell viability” assays can generate wildly 

different results, but also potentially uncovers another unexpected aspect of phenolic 

activity in these cells relating to an impact on mitochondrial function. From the limited 

data obtained in this study, it is reasonable to surmise that high concentrations of the 

test agents ultimately caused a loss of cell membrane integrity (necrosis), given that the 

overall number of adherent cells that could be counted was substantially reduced. There 

was also an increase in the proportion of adherent cells with compromised plasma 

membranes, indicative of early necrosis prior to detachment. However, the MTT assay 

suggests that the remaining living cells (~50%) actually have higher mitochondrial 

activity (~150%) than the untreated control, despite the much lower number of cells 

remaining. If a real effect, this might be explained by an increase in mitochondrial 

number and/or activity. These findings are consistent with previous studies in human 

microvascular endothelial cells (HMVEC) where 20 µM rottlerin (a polyphenol isolated 

from kamala fruit), significantly inhibited cell proliferation, with a simultaneous 

increase in formazan production (Maioliet et al., 2009).  Similarly, it has been shown 
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that 10 µM resveratrol induces mitochondrial biogenesis in endothelial cells (HUVEC 

and coronary artery endothelial cells) (Csiszar et al., 2010, Davinelli et al., 2013). 

Increased mitochondrial biomass and function may lead to excessive intracellular ROS 

generation. This, in turn, can lead to mitochondria-mediated cell death (Orrenius, 2007). 

Interestingly, only supra-phisiological concentrations (>1 µM) have been reported to 

cause such effects (Wang et al., 2010, Peng et al., 2005, Park and Suhn, 2012). In the 

present study, the treatment of HUVECs with physiologically relevant concentrations (≤ 

1 µM) of delphinidin and its degradation products did not cause significant alterations 

either to cell number or to mitochondrial function when compared with the vehicle-

treated control, as confirmed by both MTT and trypan blue exclusion methods. 

 

100 µM delphinidin and its degradation products could potentially induce mitochondria 

biogenesis or increase activity of mitochondrial dehydrogenase, causing a significant 

increase in formazan production. Excessive production of mitochondrial ROS, taken 

together with pro-oxidant activities of tested phenolic compounds (Chapter 4) could 

potentially lead to mitochondria-mediated cell aging and death, which could explain the 

observed loss of cell viability (Figure 5.4). However, it is also possible that the finding 

is the result of polyphenolic interference with the assay at this concentration, either on 

account of a direct colorimetric interference or perhaps through a redox-mediated 

effects. This is an area worthy of further exploration, but was out with the scope of this 

study, where the focus was primarily on the beneficial effects of delphinidin that are 

achievable with dietary ingestion. 
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5.4.2 Phenolic compounds protect against oxidative stress-induced cell death: a 

hormesic relationship 

Delphinidin, aged delphinidin and gallic acid at least partially protected HUVECs 

against chemically-induced oxidative stress. The effect was most pronounced in the case 

of HUVECs exposed to superoxide radical, generated by 140 µM pyrogallol (Figure 

5.5). The degree of protection was concentration-dependent, with concentrations of 100 

nM and 1 µM giving the most pronounced beneficial effects; in the case of both 

delphinidin and aged delphinidin, protection was sufficient to almost completely restore 

loss of cell viability. Interestingly, relatively low concentrations (1 - 10 nM) offered 

significant protection too. The effectiveness of gallic acid was significantly weaker, 

when compared to delphinidin and aged delphinidin. However, it is important to note 

that the extent of cell death induced by pyrogallol alone in the gallic acid experiment 

was considerably higher than that in the delphinidin and aged-delphinidin experiments, 

which might have contributed to the apparent weakness in the gallic acid effect.  

 

Pro-oxidant activities of some phenolic compounds, including gallic acid, are well 

documented in the literature (Babich et al., Prochazkova et al., 2011, Gil-Longo and 

Gonzalez-Vazquez, 2010), and were confirmed in our laboratory (Chapter 4). The 

assumption that delphinidin and its degradation products at concentrations of ≥10 µM 

behave as mild toxins, would at least partially explain their cytotoxic characteristics in 

the endothelial cells. However, the results described in this chapter also reveal an 

interesting interaction between the phenolic compounds tested and the pro-oxidants 

applied to the cells, whereby the combined effect of the highest concentration of the 

phenolic compounds and the oxidant is greater than the sum of the phenolic compounds 
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and oxidants alone; this is especially apparent, given that the MTT measure was used in 

these experiments and that the impact of phenolics alone in this assay was to apparently 

increase viability, as measured by an increase in formazan generation with MTT. A 

possible explanation can be posited in a direct reaction of the oxidant with the phenolic 

compound to generate a different product that is more toxic than the parent.  

The concentration range chosen for this study embraces those likely to be relevant to the 

in vivo situation (100 nM and ~1 µM). However, in order to obtain a better insight into 

the effectiveness of phenolic compounds, higher concentrations were included in the 

experimental design. The efficiency of delphinidin and its degradation products to 

protect cells against oxidative stress was dependent on concentration, but the 

relationship did not follow the traditional sigmoidal log-concentration response 

relationship in which increasing effect (antioxidant protection in this case) increases 

with concentration and then reaches plateau. Instead, higher concentrations were found 

to be toxic, whereas lower ones showed protective effects, with optimal benefit 

coinciding with the concentrations that are likely to be available from dietary ingestion. 

The phenomenon where the same agent can be harmful in larger concentrations and 

beneficial at lower concentrations is called hormesis (Calabrese, 2004) and has 

previously been described for resveratrol, where a protective effect at low doses but an 

adverse effect at higher dosesis observed (Calabrese et al., 2010). Delphinidin and its 

degradation products display classic hormesis in endothelial cells in the presence of an 

oxidant (particularly superoxide induced by pyrogallol or from pyocyanin) (Figure 5.5 

and 5.7 respectiviely). The fact that the degradation products are also effective in this 

capacity suggests that the effect is not restricted to polyphenols, but might be replicated 

by simple phenolic compounds that are ingested or metabolised at gut or hepatic level. 

This concept is important because it negates the requirement for bioavailability of the 
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parent molecule and instead points to the “total phenolic load” in the bloodstream as the 

ultimate determinant of protective effects. 

Figure 5.8 Idealised schematic of the hormesic concentration-response association 

with delphinidin and related compounds. 

 

The obtained results not only shed light on over-rated positive attributes of phenolic 

compounds, but also highlight the importance of understanding that natural does not 

automatically mean safe, and more does not necessarily mean better. Furthermore, it 

draws attention to the fact that consumption of (poly)phenolic-rich food may provide 

therapeutic benefits, but their excessive use might not only lead to a loss of benefit, but 

could actively induce negative effects. 

 

5.4.3 Possible implications and mechanism 

There is a growing body of evidence that phenolic compounds may be perceived by the 

body as typical xenobiotics (Forester and Waterhouse, 2010, Xia and Walle, 2006, 
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Duthie et al., 2003, Wiczkowski et al., 2010). Therefore, the extensive metabolism that 

they are exposed to, coupled with their low bioavailability, may be a result of natural 

defensive mechanism that aims to dispose of a potentially toxic insult. This concept 

would explain the relatively small amount of (poly)phenolics found in plasma (100 nM 

-1 µM), which seems to remain relatively unaffected by the increasing amounts of 

orally administrated phenolic-rich food (Scalbert et al., 2005, Nicholson et al., 2010, 

McDougall et al., 2005). In this thesis, it was hypothesised that the excess of the 

potentially toxic insult that enters the body is removed by extensive metabolism in the 

gut, then the liver, and finally rapid excretion by the kidneys. The small amount of 

polyphenolics that overcome the defence mechanism, impose a mild noxious effect, 

driving intracellular defences and xenobiotic-metabolising enzymes, leading to the 

overall cytoprotection that was also observed in the study. Importantly, in most cases, 

only phenolics at the concentrations considered as physiologically relevant (100 nM - 1 

µM) proved to be effective, and protected the cells against artificially-induced oxidative 

stress. 

If the hormesis concept proves correct, it might carry important dietary advice 

implications, given that there is a clear optimal concentration of polyphenolics in vivo 

and that exceeding the optimal concentration might lead to a loss of efficacy (Figure 

5.8). Given the log relationship between concentration and effect, the concept of grossly 

exceeding the optimal concentration is unlikely, but when the negative aspects of fruit 

consumption relating to their high fructose content are taken into account, a degree of 

moderation in fruit consumption might be advised, as is the case for patients with 

diabetes. 
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5.4.4 Conclusions 

The findings presented in this chapter show that delphinidin and its degradation 

products delivered in isolation (e.g. gallic acid) or as a mixture (e.g. aged delphinidin) 

can protect endothelial cells against ROS, with the effect most prominent for pyrogallol-

derived superoxide and pyocyanin-induced intracellular oxidative stress, but 

nevertheless present for H2O2. All of the treatments display a hormesic effect, with the 

optimum concentration coinciding with bioavailable concentrations after dietary 

ingestion: high concentrations induce cytotoxicity and the effect is exacerbated under 

oxidative stress. That the beneficial effects are optimal at concentrations way below 

those that would likely be required to make a substantial impact on the total antioxidant 

capacity of media, plasma or cytoplasm, strongly suggests that the benefits are unlikely 

to be mediated by a direct antioxidant effect. Instead, it is possible that the mild toxicity 

of these agents at low concentrations might drive an antioxidant defence response in 

cells – a notion that forms the basis of the hypothesis for the following chapter. 
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6. Impact of delphinidin and gallic acid on glutathione and 

catalase levels in HUVECs 
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6.1 Introduction 

Anthocyanins are considered to be a widely distributed class of flavanoids. Together 

with vitamin C, carotenoids and other phenolics, anthocyanins are usually recognised as 

one of the most important natural antioxidants (Skihama et al., 2002, McDougall et al., 

2008).  

The antioxidant activity of anthocyanins is attributed to the aglycone, mainly on account 

of the presence of numerous hydroxyl groups attached to the phenol rings and their 

unique position within the molecule (Fraga et al., 2010). It is the hydroxyl groups that 

are largely responsible for the direct free radical-scavenging properties. Glycosides 

(anthocyanins with a sugar moiety attached to the C ring), are considered to be less 

powerful antioxidants (Mazza, 2008). Both delphinidin and gallic acid are considered to 

be good in vitro antioxidants (Estevez and Mosquera, 2008, Park and Kim, 2012).  

In vivo free radical scavenging properties of these compounds are not well documented. 

Importantly, the in vivo antioxidant activities of various phenolic compounds, including 

anthocynanins are largely dependent on their bioavailability. Low concentrations (~1 

µM) of polyphenols found in the systematic circulation seriously undermine the 

potential for any direct antioxidant properties of phenolic compounds. 

Recently, the pro-oxidant activities of polyphenols have been reported (Babich et al., 

2011, Fukumoto and Mazza, 2000, Prochazkova et al., 2011, Halliwell, 2008). Results 

from previous experiment (described in chapter 4, subsection 3.3) are in accordance 

with the notion that delphinidin and gallic acid are not strong antioxidants and are more 

likely to have pro-oxidant effects under physiological conditions, especially at 

concentrations of  >1 M. Nevertheless, both delphinidin and gallic acid protected 
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endothelial cells against chemically induced oxidative stress, however only when 

present at physiologically relevant concentrations (~1 µM). 

Taking these facts together, it was hypothesised that delphinidin and gallic acid produce 

a mild noxious effect, and induce endogenous defence mechanisms. Therefore, rather 

than acting as direct free radical scavengers, delphinidin and gallic acid are more likely 

to act in vivo as indirect antioxidants. 

Glutathione (GSH) is a tripeptide (γ-glutamylcysteineglycine) critical in cellular 

defence mechanism, and one of the most important endogenous antioxidants (Curtin et 

al., 2002, Shaik and Mehvar, 2006). GSH not only acts as a free radical scavenger by 

donating an electron to GSH peroxidases (GPxs) in the reduction of hydroperoxides, but 

also as a co-substrate for GSH transferases in the detoxification of xenobiotics (Shaik 

and Mehvar, 2006). Importantly, GSH plays an essential role in the regulation of the 

intracellular redox state (Fitri et al., 2011, Martinez and Cayuela, 1995). The GPx 

system is effective in removing excess H2O2 from the cell, by reducing it to water. This 

occurs at the expense of reduced GSH, which is oxidised to the disulfide form (GSSG) 

(Muller, 2002).  

Catalase is a ubiquitous antioxidant enzyme present in most aerobic cells. It plays a 

crucial role in detoxification of hydrogen peroxide (H2O2) (Johanson and Borg, 1988). 

Catalase is one of the most powerful and fastest acting antioxidant enzymes. It cannot 

be saturated by hydrogen peroxide at any concentration likely to be reached in vivo 

(Curtin et al., 2002). Catalase converts H2O2 to molecular oxygen and water. Over-

expression of catalase in cytosolic and mitochondrial compartments protects cells 

against oxidative damage (Martinez and Cayuela, 1995, Curtin et al., 2002).  
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In the experiments described in the previous chapter, HUVECs were protected by 

delphinidin and gallic acid (peaking at 100 nM – 1 µM) against superoxide radical 

generated both in the extracellular and intracellular environment; they also inhibited the 

action of hydrogen peroxide to a lesser extent. Therefore it was hypothesized that: 

 delphinidin and its degradation product, gallic acid, protects endothelial cells against 

chemically-induced oxidative stress when present at physiologically relevant 

concentrations by activating intracellular defence mechanisms,  

 both delphinidin and gallic acid increase the level of glutathione in endothelial cells 

under oxidative stress induced by pyrogallol, 

 both delphinidin and gallic acid increase the level of catalase in endothelial cells under 

oxidative stress induced  by pyrogallol. 
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6.2 Methods 

6.2.1 Experimental design 

HUVECs were cultured in 6 well plates according to the method described in chapter 2. 

The cells were co-treated with pyrogallol (superoxide radical generator, O2
.-
) and two 

phenolic compounds, delphinidin and gallic acid, at concentrations that caused the most 

prominent protective effect against chemically induced oxidative stress (100 nM, 1 M; 

Chapter 5). The concentrations of oxidising agent (pyrogallol) and selected phenolic 

compounds are given in table 6.1.   

Pyrogallol, delphinidin and gallic acid working solutions were prepared according to the 

protocol described in chapter 5, in order to maintain the correlation between the 

experiments. Due to the fact that a new batch of HUVECs was used for this experiment, 

the concentration of pyrogallol was optimised prior to the treatment, aiming to cause a 

sub-maximal, but easily detectable loss of cell viability (of 20 - 50% after a 24 h 

incubation). In this case it was 180 µM (Table 6.1).   

Table 6.1 Concentrations of oxidising agent and phenolic compounds used in the 

study 

 

Similarly to the previous experiment (Chapter 5), the overall study consisted of 4 

treatment regimens: a negative control (vehicle-treated cells); cells treated with 

phenolics alone; cells treated with an oxidising agent alone and cells co-treated with a 

selected oxidant and a phenolic compound at the desired concentrations. Treated plates 

were incubated in a humidified incubator at 37°C and 5% CO2 and extracted for 
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glutathione and catalase assays immediately after the treatment and 8 h, 12 h and 24 h 

of the treatment. The entire experiment was performed on 6 separate occasions. 

  

6.2.2 Samples preparation  

HUVECs treated with oxidising agent and selected phenolics were collected at the time 

point indicated above. Old medium was removed and the cells were washed with PBS 

twice. 1 ml of ice-cold extraction buffer (50 mM potassium phosphate containing 1 mM 

EDTA, pH 7) was added to each well.  The cells were harvested using a rubber 

policeman, collected and kept on ice. A further 1 ml of extraction buffer was added to 

each well in order to collect the remaining cell residues. The extracts were combined 

and sonicated using a probe sonicator for 20 sec, power: 2 Watt. During sonication 

samples were kept on ice. Then, the cell extract were centrifuged at 10,000 g for 15 min 

at 4°C. Supernatants were removed and stored at -80° C prior to analysis for glutathione 

and catalase. All samples were analyzed within one month. 

 

6.2.3 Glutathione assay 

The GSH assay was performed according to the manufacturer's protocol (Cayman 

Chemical Company). Briefly, the assay is based on an enzymatic recycling method, 

where GSH reductase is used for the quantification of GSH (glutathione). The 

sulfhydryl group of glutathione reacts with a reagent 5,5-dithio-bis-2-(nitrobenzoic 

acid) (DTNB) and produces 5-thio-2-nitrobenzoic acid (TNB). TNB is yellow. The 

mixed disulfide, GSTNB (between GSH and TNB) that is continuously produced, is 

reduced by glutathione reductase to recycle the GSH and produce more TNB, as shown 

below (Figure 6.1 equation A). 
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Figure 6.1 The enzymatic recycling method for quantification of GSH 

The rate of TNB production is directly proportional to this recycling reaction, which is 

in turn is directly proportional to the concentration of GSH in the samples. The amount 

of TNB was determined colorimetrically by measuring the absorbance of TNB (λ = 405 

nm) in the samples. Importantly, GSH is easily oxidised to the disulfide dimer (GSSG) 

and the reverse reaction is catalyzed by GSH reductase. Since the manufacturer utilizes 

GSH reductase in the assay, both GSH and GSSG are measured and the assay reflects 

total glutathione (Figure 6.1 equation B).  

96-well plates were used for the assay. 50 µl of each sample was added into each well. 

A standard curve (using GSSG) was run simultaneously with each set of samples. All 

samples and standards were analyzed in duplicate.  

150 µl of freshly prepared assay cocktail was added into wells containing samples or 

standards. The assay cocktail contained buffer (MES buffer containing 0.4 M 2-(N-

morpholino) ethanesulphonic acid, 0.1 M phosphate, 2 mM EDTA), co-factors 

(NADP
+
, glucose-6-phosphate), enzyme mixture (glutathione reductase, glucose-6-

phosphate dehydrogenase) and DTNB.  Then the reaction mixture was mixed by gentle 
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pipetting. Plates were incubated in dark, on an orbital shaker. Absorbance was measured 

in the wells at λ = 405 nm using a plate reader. 

 

6.2.4 Catalase assay 

The catalase assay was performed according to the manufacturer's protocol (Cayman 

Chemical Company). Briefly, the assay utilises the peroxidatic function of catalase for 

determination of enzyme activity.  

       Peroxidatic activity      H2O2 + AH2     A + 2H2O 

The method is based on the reaction of catalase with methanol in the presence of an 

optimal concentration of hydrogen peroxide. Formaldehyde is the product of the 

reaction. The amount of formaldehyde produced in the samples is measured 

colorimetrically using a chromogen (Purpald reagent). Purpald specifically forms a 

bicyclic heterocycle with aldehydes, which upon oxidation changes from colourless to a 

purple colour.  

96-well plates were used for the assay. 20 µl of each sample was added into each well. 

A standard curve (using formaldehyde) was run simultaneously with each set of 

samples. Additionally, each set of samples contained a positive control, bovine liver 

catalase. All samples, standards and controls were analyzed in duplicate.  

100 µl of assay buffer (100 mM potassium phosphate pH 7), 20 µl of methanol and 20 

µl of sample/standard was added into each well. The reaction was initiated by addition 

of 20 µl of hydrogen peroxide. Then the reaction mixture was mixed by gentle 

pipetting. Plates were incubated, on an orbital shaker for 20 min at room temperature. 
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The reaction was terminated by addition of 30 µl of potassium hydroxide. 30 µl of 

chromogen (Purpad) was added. Plates were returned on an orbital shaker for further 10 

min. Next, 10 µl of Catalase Potassium Periodate was added. Plates were incubated on 

an orbital shaker for another 5 minutes, than absorbance was measured at λ = 540 nm 

using a plate reader. 

 

6.2.5 Coomassie assay 

The determined amount of GSH and catalase was normalized to the amount of the 

protein present in cutured cells using the Coomassie assay. The detailed protocol for the 

assay was described in the chapter 2.  

 

6.2.6 Statistics 

Statistical analysis was performed with GraphPad Prism 5 for Windows. All data were 

expressed as mean ± S.E.M.  Comparisons between groups were carried out by two-way 

ANOVA with Bonferronni post-test. Differences were considered statistically 

significant at P < 0.05. 
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6.3 Results 

6.3.1 Effect of delphinidin and gallic acid on total glutathione (GSH) level in 

HUVECs 

The amount of total GSH in HUVECs treated with delphinidin (100 nM and 1 µM) 

significantly increased with time (P < 0.05 and P < 0.01 respectively) when compared to 

the vehicle-treated control. The total GSH level was highest at 24 h of treatment. The 

amount of total GSH was increased by ~10% and ~25%, 12 h and 24 h of the treatment, 

respectively, when compared with control (Figure 6.2, left-hand panel). 

Gallic acid treatment did not cause a similar effect: there was no significant effect of 

gallic acid on total GSH, although a trend towards an increase was evident for 100 nM 

gallic acid (Figure 6.2, right-hand panel).  
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Figure 6.2 Total amount of GSH in HUVECs treated with delphinidin and gallic 

acid measured at 30 sec, 8 h, 12 h and 24 h. The data are represented as percentage 

value of the total GSH content at t = 30 sec. The amount of total GSH was 

normalized to the amount of protein in the sample. Values are shown as mean ± 

S.E. (n=6); and * P < 0.05, ** P < 0.01 compared with vehicle-treated control at 

each time point. 
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6.3.2 Effect of delphinidin and gallic acid on total GSH level in pyrogallol (O2
.-
) - 

induced HUVECs 

Pyrogallol present at 180 µM depressed the amount of total GSH in the HUVECs by 

~15%, after 8 h. The amount of total glutathione in the HUVECs remained around the 

same level throughout the 24 h treatment.  

Pyrogallol-induced oxidative stress depressed total GSH by ~25% at 8 h; the amount of 

total GSH increased modestly over the subsequent 16 h. Co-incubation with delphinidin 

or gallic acid failed to induce a significant impact on cellular total GSH, although there 

was a trend in both cases towards induction of GSH (Figure 6.3). 
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Figure 6.3 The total amount of glutathione in the HUVECs co-treated with 

pyrogallol (180 µM) and delphinidin or gallic acid measured at 30 sec, 8 h, 12 h 

and 24 h by glutathione assay. The data are represented as percentage value of the 

total GSH content at t = 30 sec. The amount of total GSH was normalized to the 

amount of proteins in the sample. Values are shown as men ± S.E. (n=6). 

 

6.3.3 Effect of delphinidin and gallic acid on catalase (CAT) level in HUVECs 

The level of catalase in the HUVECs treated with delphinidin, and gallic acid decreased 

with time when compared to vehicle-treated control. Both phenolics, when present at 1 

µM, caused a significant reduction in catalase at 24 h (P <0.01 and P <0.05 for 
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delphinidin and gallic acid, respectively). Catalase activity in HUVECs decreased by 

~60%, when treated with either delphinidin or gallic acid (1 µM). There was no 

significant effect of 100 nM delphinidin or gallic acid under these conditions (Figure 

6.4).  
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gure 6.4 The amount of catalase in the HUVECs treated delphinidin and gallic acid 

measured at 30 sec, 8 h, 12 h and 24 h by catalase assay. The data are represented 

as percentage value of the catalase content at t = 30 sec. The amount of catalase 

was normalized to the amount of proteins in the sample. Values are shown as men 

± S.E. (n=6); and * P < 0.05, ** P < 0.01 compared with vehicle-treated control. 

 

 

 

6.3.4 Effect of delphinidin and gallic acid on catalase (CAT) level in pyrogallol  

(O2
.-
) - induced HUVECs 

Pyrogallol treatment (180 µM) did not significantly change catalase activity in 

HUVECs at any of the time points tested. Co-treatment with an oxidising agent and 

delphinidn or gallic acid did not have any significant impact on catalase activity in 

HUVECs (Figure 6.5). 
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Figure 6.5 Treatment of catalase in the HUVECs co-treated with pyrogallol (180 

µM) and delphinidin or gallic acid measured at 30 sec, 8 h, 12 h and 24 h by 

catalase assay. The data are represented as percentage value of the catalase 

content at t = 30 sec. The amount of catalase was normalized to the amount of 

proteins in the sample. Values are shown as men ± S.E. (n=6). 
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6.4 Discussion 

The aim of the experiments described in this chapter was to establish the impact of 

delphinidin and gallic acid, at concentrations shown to be relevant for protection against 

oxidative stress-induced cell death (Chapter 5), on the expression of two major 

endogenous antioxidants, GSH and catalase. The results showed that delphinidin, but 

not gallic acid, in the absence of exogenous oxidative stress induced an increase (~25% 

compared to control at 24 h) in gtotal GSH, even at a concentration as low as 100 nM. 

Conversely, both delphinidin and gallic acid induced a significant reduction (~60% 

compared to control at 24 h) in catalase concentration in HUVECs in the absence of 

exogenous oxidative stress. Exogenous pyrogallol (superoxide generator) induced a 

~15% reduction in total intracellular GSH at 8 h that showed a trend towards rescue 

with delphinidin and gallic acid after 24 h, but did not reach statistical significance. 

Conversely, pyrogallol-induced oxidative stress did not have any impact on intracellular 

catalase concentrations and co-treatment with delphinidin or gallic acid was also 

ineffectual. Interestingly, the ability of delphinidin or gallic acid to reduce catalase at 24 

h was lost with pyrogallol co-treatment. 

 

6.4.1 Impact of delphinidin and gallic acid on GSH 

In recent years there has been growing interest in the health-promoting effects of 

phenolic compounds, including anthocyanins. However, the exact mechanisms by 

which they can promote the beneficial effects remain ambiguous. One of the hypotheses 

states that phenolic compounds act as mild toxins and stimulate a general xenobiotic 

or/and antioxidant response in the target cells, activating multiple defence genes 

(Scapagnini et al., 2011, Finley et al., 2011, Duthie et al., 2003). 
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It has been suggested that polyphenols, amongst other natural compounds, can activate 

the heterodimers of NF-E2-related factors 2 (Nrf2)/antioxidant responsive element 

(ARE) pathway, thereby lead to induction of detoxifying enzymes (Han et al., 2007, 

Scapagnini et al., 2011). ARE is the promoter region of a group of genes responsible for 

up-regulation of numerous detoxifying and antioxidant proteins such as: GSR (GSH 

reductase), NQO-1 (NAD(P)H:quinone oxidoreductase), HO-1 (heme oxygenase-1), γ-

GCL (γ-glutamyl cysteine ligase) (Johnson et al., 2008).  This up-regulation is mediated 

by transcription factor Nrf2, which can be activated by series of protein kinases (e.g 

phosphatidylinositol 3-kinase - PI3K, protein kinase C - PCK). Phosphorylation of Nrf2 

results in release of Nrf2 that is bound to Keap1 (cytosceleton-related Kelch-like ECH-

associated protein 1). Keap1 targets Nrf2 for ubiquitination and degradation (Johnson et 

al., 2008, Finley et al., 2011). Keap 1, the above mentioned protein kinases, as well as 

proteasomal degradation have been proposed by Finley et al., (2008) as potential targets 

for polyphenol action. 

 

The reported increase in total GSH content in HUVECs could be an effect of activation 

of NRF-2/ARE-1 pathway by delphinidin.  Romeo et al., (2009) reported induction of 

antioxidant HO-1 by the green tea polyphenol, epigallocatechin-3-gallate, in rat neurons 

(H-19-7), possibly via activation of the transcription factor Nrf2 (Romeo et al., 2009). 

Unpublished data from the James Hutton Institute reported that two phenolic 

compounds, quercetin and kaempferol increase expression of Nrf2 in rat liver 34 

epithelial cells as well as in MEF (mouse embryonic fibroblasts) cells (Xiao, 2010). 

Moreover, it has been reported in this lab, that curcumin substantially increased GSH 

concentrations and glutathione reductase expression in alveolar epithelial cells (Biswas 

et al., 2005). Gonlazes-Reyes et al., (2013) also reported that curcumin increased GSH 
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reductase, GSH S-transferase and superoxide dismutase activity in primary cultures of 

cerebellar granuleneurons of rats, possibly through the activation of Nrf2 (Gonlazes-

Reyes et al., 2013). 

 

Altogether, these previous findings suggest that phenolic compounds, including 

delphinidin, may act as xenobiotics  to produce a mild noxious effect, especially given 

their pro-oxidant activities (chapter 4) and abilities to induce apoptosis in cancer cell 

lines (Hafeez et al., 2008). Therefore, they may induce intracellular defence mechanism 

by activation of the NRF-2/ARE-1 pathway. For example, this might lead to induction 

of GST glutathione S-transferases (enzymes which are a family of phase II 

detoxification enzymes that catalyze the detoxification of variety of xenobiotics 

(McIlwain et al., 2006) and/or of GCL, the rate-limiting enzyme responsible for GSH 

synthesis.  

 

Moreover, oxidative stress induces a fall in glutathione concentration, which was seen 

with pyrogallol. In this study, delphinidin significantly increased the total glutathione in 

HUVECs when present in the absence of pyrogallol. Therefore it suggests that 

delphinidin-induced increases in GSH are not due to a pro-oxidant effect because it is in 

the opposite direction to that of pyrogallol. In the presence of oxidative stress induced 

by pyrogallol (superoxide generator), delphinidin and gallic acid show a trend towards 

protection; that the effect was clearer for gallic acid than delphinidin, but the effect size 

was small, so a larger study would be required to have sufficient power to assess 

whether the effect is significant or not. 
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Interestingly, delphinidin but not gallic acid increases GSH in absence of oxidative 

stress, which indicates a different mode of action for the two agents. Noteworthy, 

vacuolization in HUVECs (Chapter 4) induced by delphinidin and gallic acid had 

different characteristics. Additionally, the fact that gallic acid was not absorbed by 

HUVECs and delphinidin was (Chapter 4), suggests that the two agents might operate 

in different compartments with potentially different modes of action. 

These findings taken together indicate that an increase in total intracellular GSH in 

HUVECs is associated with delphinidin and gallic acid treatment. At present, the means 

by which these phenolics drive an increase in total glutathione is unknown, but 

activation of the NRF-2/ARE-1 signalling pathway leading to upregulation of GCL is a 

possible candidate. However, it has been reported that polyphenols such as 

epigallocatechin-3-gallate (EGCG) can interact with lipid raft proteins and/or lipids 

(Patra et al., 2008, Duhon et al., 2010, Fraga et al., 2010). Lipid rafts are membrane 

microdomains that are known to compartmentalise cellular processes by serving as 

organising centres for the assembly of signalling molecules (Shaw, 2006). Structural 

alteration of the platforms by EGCG activates important pathways involving MAP 

kinases (Patra et al., 2008). They also mediate the inhibitory effects and prevent 

activation of c-Met receptor/hepatocyte growth factor (HGF) in the nontumorigenic 

breast cell line (MCF10) and tumorigenic cell line (MDA-MB-231) (Duhon et al., 

2010). It is, however, important to highlight that the "lipid raft" theory is a contentious 

topic, mainly due to the inability to visualise membrane domains directly (Shaw, 2006). 

However, it supports the hypothesis that polyphenols can be involved in induction 

and/or inhibition of molecular mechanisms important to antioxidant defence.  
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This study did not bring a clear answer on the mechanism of protection against the 

oxidative stress in HUVECs. However, it has suggested a role for glutathione in the 

process. Whilst total glutathione does not give the full picture of the intracellular 

antioxidant defence mechanism, it provides a good starting point; it would be interesting 

to assess the expression of the full range of glutathione-related enzymes after treatment 

with delphinidin and gallic acid. 

 

6.4.2 Impact of delphinidin and gallic acid on catalase 

Catalase is an enzyme that plays a pivotal role in disposal of hydrogen peroxide in cells 

(Gaetani et al., 1989). Given this role, it was interesting to find that catalase activity did 

not change, despite of induction of oxidative stress by pyrogallol. Co-treatment with 

delphinidin and gallic acid did not have any significant impact either, but both 

delphinidin and gallic acid induced a surprising fall in catalase activity. Considering the 

catalase results in the light of the glutathione results above, one might speculate that the 

cellular response is via glutathione rather than catalase: after all, glutathione and 

catalase have similar antioxidant roles. Perhaps the increase in glutathione is also 

responsible for the fall in catalase activity. It would be interesting to know whether 

mitochondrial or cytoplasmic SOD expresion are altered by oxidative stress and/or 

delphinidin and gallic acid treatment. 

 

6.4.3 Conclusion 

Delphindin and gallic acid had a clear impact on the concentration of total GSH in 

HUVECs, especially in the absence of oxidising agent. The effect was induced by the 

tested phenolics at very low, and most importantly, physiologically relevant 
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concentrations (100 nM – 1 µM). Therefore, the observed effects were unlikely to be 

related to either a direct anti- or pro-oxidant activities. 

 

It has been hypothesised that the observed increase in GSH concentration and decrease 

of catalase content was more likely to be a pharmacological action. Fraga et al., (2010) 

in his review discussed plausible mechanisms of action of polyphenols. Interaction with 

enzymes, transcription factors, membranes (lipid rafts) and receptors (e.g. estrogen 

receptors) (Fraga et al., 2010) indicates that phenolic compounds are capable of 

inducing and/or amplifying cell signalling pathways. It is possible that they activate 

specific receptors or mimic endogenous signalling molecules, either via interaction with 

cell surface receptors or in the nucleus (similar to oestrogen). Either way, the NRF-

2/ARE-1 pathway is a good candidate for the ultimate signalling pathway to upregulate 

GCL and other glutathione-related enzymes. From a CVD perspective, endothelial 

protection against chemically induced oxidative stress was afforded by these agents at 

low (nM – µM) concentrations. Both delphinidin and gallic acid offered significant 

protection in the absence of oxidative stress, although the trend towards protection in 

the presence of oxidative stress requires further confirmation.  
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7. General Discussion 
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7.1 Introduction 

The association between berry consumption and diverse in vivo effects, with potential 

health benefits, including in CVD, have been intensively studied in recent years. The 

focus has been their high content in natural antioxidants (vitamin C and polyphenols) 

(Cheng et al., 1991, Diaz-Garcia et al., 2013, Mikkonen et al., 2001, McDougall et al., 

2008). Oxidative stress is considered to be a pivotal factor in CVD development 

(Taniyama et al., 2003). Antioxidant potential of berry components was considered to 

be the missing link between the apparent decrease in incidence of cardiovascular 

diseases and consumption of berry fruit.   

Polyphenols represent a group of plant secondary metabolites that possess strong 

antioxidant properties (Kahkonen and Heinonen, 2003, Kostyuk et al., 2011, Deighton 

et al., 2000, Zafra-Stone et al., 2007). Therefore, polyphenols have been considered to 

be good candidates as cardioprotective agents on account of their ability to reduce 

oxidative damage.  

However, the metabolic fate and mechanism of action of polyphenols turned out to be 

more complex than initially expected. Low bioavailability of polyphenols, which rarely 

exceeds ~ 1 µM (McDougall et al., 2005, Nicholson et al., 2005, Halliwell, 2007) on 

account of extensive metabolism in intestinal cells, liver, and other cells and tissues, 

coupled with fast elimination from the urinary tract (Wiczkowski et al., 2010, Wu et al., 

2005, Kay et al., 2004), as well as rapid thermal decomposition of anthocyanins in 

particular under physiological conditions, seriously questions the ability of polyphenols 

to drive a direct antioxidant effect in vivo. 

Therefore, there is a need for research into the behaviour and activity of polyphenols 

under conditions that are relevant to the in vivo scenario. Only research conducted on 
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the correct mixture of polyphenol-derived metabolites at the concentrations found in 

vivo will finally unravel the mechanism(s) involved in driving their protective effects. 
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7.2 Summary 

7.2.1 Chapter 3: Polyphenol components of berries 

Berries have received particular interest partially because they are rich in phenolic 

compounds, phytochemicals known for their health-promoting effects (Borges et al., 

2010, Han et al., 2007).  The first aim of the project was to characterise the content and 

composition of polyphenols in three types of indigenous Scottish berries: raspberries, 

blackcurrants and blackberries (Jeninngs et al., 2002). In addition, it was important to 

identify a component or components that might be particularly relevant for further 

research that was to constitute the remainder of this thesis. The study showed that tested 

berries – and blackcurrants in particular - are a very good source of (poly)phenolics. 

Two major groups of polyphenols identified in their extracts were anthocyanins and 

tannins. All berry extracts had high reducing capacities, but it was recognised that this 

potentially important characteristic would only translate into antioxidant capacity in 

vivo, if the bioavailability were several orders of magnitude than is the reality. One of 

the anthocyanins, delphinidin, was selected as subject for the subsequent studies, mainly 

due to its relatively high bioavailability over tannins in particular, as well as its well-

documented cardioprotective effects (Chen et al., 2010, Oak et al., 2006, Nile at al., 

2014, Shaugnessy et al., 2009, Xie at al., 2011). In selecting this particular polyphenol 

for study, it was acknowledged that it is only one of many polyphenols that could 

potentially confer beneficial effects, but that it might provide proof of principle in the 

sense of identifying a more complex mode of action than direct antioxidant activity.  
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7.2.2 Chapter 4: Chemical characteristics of delphinidin and gallic acid 

Anthocyanins have a highly complex chemistry; their chemical structure changes 

according to the environmental conditions, with temperature and pH being the main 

influential factors (Laleh et al., 2006). Therefore, characterisation of delphinidin 

behaviour and activity in model systems, simulating in vivo conditions was the next 

priority. It was observed in this chapter that delphinidin aglycone was highly unstable 

under physiologically relevant conditions (pH 7.4, 37°C, tissue culture medium); its 

half-life was found to be shorter than one hour. Using LC-MS, gallic acid and 

phloroglucinol aldehyde were identified as the main degradation products, with 

chalcones as possible transient intermediates. Although the low stability of 

anthocyanins, including delphinidin, have been reported previously (Sadilova et al., 

2007, Laleh et al., 2006, Kern et al., 2007, Key et al., 2009), little attention has been 

paid to the contribution of degradation products to the biological activity seen. Gallic 

acid was the main degradation product of delphinidin, characterised with the highest 

stability when compared to the parent compound and the phloroglucinol aldehyde 

(present in the tissue culture media even after 12 h). Preliminary cell culture 

experiments indicated that gallic acid was the only delphinidin-related compound that 

was not absorbed by HUVECs, suggesting that it might have a unique mode of action 

compared to native delphinidin, which was absorbed by the cells. Interestingly, 

however, both gallic acid and its parent compound induced vacuolisation in HUVECs, 

what was consistent with findings of Feng et al. (2010) in cancer cells (SMMC7721). It 

was noticeable, however, that there were subtle differences in the characteristics of the 

vacuoles between gallic acid and delphinidin. Moreover, both compounds expressed 

pro-oxidant activities when present at ≥ 10 µM. These findings were similar to those 

described previously (Babich et al., 2011, Prochazkova et al., 2011, Seis, 1997, Eslami 
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et al., 2010, Worlstad et al., 2005). Importantly, none of the tested compounds showed 

direct antioxidant activity. The fact that both delphinidin and gallic acid expressed pro-

oxidant activities might provide a possible explanation for induction of the 

vacuolisation process, as a putative defence mechanism against a noxious stimulus. 

The findings of this chapter lend considerable weight to the developing counter-

argument that, contrary to popular belief, phenolic compounds might convey benefit via 

pro- rather than antioxidant activity. The sea-change required in our understanding of 

phenolic activity is likely to have been responsible for the slow acceptance of the 

concept throughout the functional food community. However, the finding ties in with 

the need for a new mode of action of these compounds that aligns with their very low 

bioavailability. 

 

 

7.2.3 Chapter 5: Protective effects of delphinidin in an endothelial cell model of 

oxidative stress 

The role of anthocyanins in CVD prevention is strongly linked to protection against 

oxidative damage and modulation of vascular function (Kostyuk et al., 2011, Nicholson 

et al., 2008). The direct antioxidant properties of anthocyanins have been considered to 

be responsible for these protective affects (Jakobek et al., 2007, Borges et al., 2010, 

Yang et al., 2011, Esteves et al., 2008), but concentrations of polyphenols, including 

anthocyanins, in the plasma are insufficient to support this mode of action (McDougall 

et al., 2005, Nicholson et al., 2010). Moreover, it has been reported that polyphenol 

metabolites have much lower antioxidant capacities than their parent compounds (Xia et 

al., 2011, Wen and Walle, 2006). In this chapter, the hypothesis that delphinidin and its 
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degradation products, at nanomolar to low micromolar concentrations, protect 

endothelial cells against chemically induced oxidative stress was tested. The results 

showed that delphinidin, gallic acid and a mixture of degradation products (so-called 

“aged delphinidin”) offered a significant protective effect against chemically induced 

oxidative stress. The tested phenolics showed a significant protective effect when 

present at physiologically relevant concentrations. The effect was most pronounced 

against superoxide radical, generated by pyrogallol, but was also effective against the 

cytotoxicity of hydrogen peroxide and pyocyanin (which induces intracellular 

superoxide generation by inducing mitochondrial dysfunction). Interestingly, the 

phenolics when present at supraphysiological concentrations (≥ 10 µM) caused 

additional cytotoxic effects that were exacerbated under conditions of oxidative stress. 

One possibility is that the previously described pro-oxidant activities of the tested 

phenolics were responsible for the effect. Cytotoxic effects of polyphenols have been 

observed before, and used in cancer research. Hafeez et al., (2008) reported that 

delphinidin effectively induces apoptosis in PC3 cells (prostate cancer cells) when 

present at 180 µM (Hafeez et al., 2008). Whatever the mechanism by which phenolics 

induce cytotoxicity, it provides a reason for the evolution of a range of defences against 

efficient absorption of these compounds, as well as a need for rapid metabolism and 

excretion. Indeed, all of the treatments displayed a hormesic concentration-response 

profile, with the optimum concentration coinciding with reported bioavailable 

concentrations after dietary ingestion.  

 



187 

 

7.2.4 Chapter 6: Impact of delphinidin and gallic acid on glutathione and catalase 

Taken together, the pro-oxidant activities of delphinidin and gallic acid, their ability to 

induce vacuolization in HUVECs at high concentrations, together with their ability to 

induce additional cytotoxic effects when present at high concentrations, as observed in 

Chapter 5, point to the conclusion that these compounds are inherently cytotoxic. 

Despite effective screening of these agents in the gut and through metabolism, residual 

compounds are likely to have the capacity to act as xenobiotics and impose in the cells a 

mild noxious effect, thereby driving intracellular defences and activating xenobiotic-

metabolizing enzymes, leading to overall cytoprotection.  Based on this concept, it was 

hypothesised that delphinidin and gallic acid protects endothelial cells against 

chemically-induced oxidative stress by activating intracellular glutathione and catalase. 

Delphindin and gallic acid had a clear impact on the concentration of total glutathione in 

HUVECs, especially in the absence of an oxidising agent (pyrogallol). The 

concentrations of phenolics applied in this study were in the low range (100 nM – 1 

µM), more akin to pharmacological agents than antioxidants or pro-oxidants. Gonlazes-

Reyes et al. (2013) reported that curcumin increased activity of various antioxidant 

enzymes (GPx, SOD, GR) in primary cultures of cerebellar granuleneurons of rats, 

possibly through the activation of Nrf2 (Gonlazes-Reyes et al., 2013). Moreover, 

protocatechuic acid (a degradation product of cyanidin) has been reported to induce 

antioxidant/detoxifying enzyme expression (GPx, and GR) through Nrf2 activation in 

murine macrophages (Vari et al., 2011). The Nrf-2/ARE-1 pathway regulates expression 

of numerous detoxyfying and antioxidant proteins (Finley et al., 2011) and is therefore a 

good candidate for future research to fully characterise the mechanism of action of 

phenolics. 
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7.3 Limitations of the study and future prospectives 

In conclusion, the present study focused on delphinidin, an abundant polyphenol found 

in berries. However, its stability and antioxidant activity in physiologically relevant 

conditions were not consistent with it acting as a direct antioxidant. Delphinidin proved 

to be an unstable compound, which spontaneously degrades to a simple phenolic (gallic 

acid) and an aldehyde (phloroglucin aldehyde).  

Gallic acid protected human umbilical vein endothelial cells against chemically induced 

oxidative stress, mimicking the actions of its parent compound, delphinidin. 

Importantly, the protection was optimal when concentrations considered to be 

physiologically relevant were applied (≤ 1 µM) (Manach et al., 2004, Nicholson et al., 

2010). The exact mechanism(s) of action of the tested agents are unknown, but results 

from this study strongly suggest that it might be related to modulation of intracellular 

defence mechanisms driven by the Nrf2/ARE pathway.  GSH and its related regulatory 

enzymes is a credible mediator because of its dual antioxidant/detoxifying activity. 

 

The conducted experiments were designed in order to mirror physiologically relevant 

conditions.  However, tissue culture studies often raise the question whether the results 

of in vitro work can be extrapolated to the true in vivo scenario; a major limitation of all 

cell culture work. Nevertheless, the approach is merited as a first step towards 

identifying mechanisms of action because it provides the necessary control to 

systematically investigate which agents are active and the biochemical processes 

involved; such testing is much more difficult in vivo. A crucial future study would be to 

determine the bioavailability of delphinidin-related metabolites, including gallic acid, in 

human studies. Isotopic labelling of delphinidin, with subsequent identification of its 
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degradation products and/or metabolites in humans or animals as well as their metabolic 

fate would be the next step forward, prior to measurement of endothelial function in 

healthy volunteers and patients with coronary artery disease. Ultimately, outcome 

studies, whereby the impact of chronic polyphenol ingestion on clinical outcome or 

interim measures (e.g. carotid intimal thickness measurements) should be considered. 

 

A key aspect of the study was to use concentrations that are known to be 

physiologically relevant. The initial literature search revealed that the plasma 

concentration of any individual phenolic molecule rarely exceeds 1 µM (Scalbert et al., 

2005, Nicholson et al., 2010, Manach et al., 2004, McDougall et al., 2005). Therefore, 

these amounts were applied in most of the conducted experiments: importantly, it was 

revealed that these concentrations were the most effective. However, the experiments on 

delphinidin stability also revealed that the degradation products, rather than the parent 

compound, are more likely to be found in the circulation, but these compounds are 

never screened for when assessing polyphenols bioavailability in vivo. Therefore, it 

suggests that the total phenolic concentrations that are considered to be physiologically 

relevant, might be under-estimated because the amount of degradation products likely to 

be found in the plasma are unaccounted for. Determining the mechanism of action of 

polyphenols against oxidative stress is the subject of many studies. It has been 

hypothesised here that polyphenols can act as xenobiotics, producing a mild noxious 

effect, that induces intracellular defence mechanisms, rather than acting as direct 

antioxidants. The Nrf2/ARE pathway is a prime candidate for phenolic activation. This 

assumption was made based on the observed increase in total glutathione concentration 

in HUVECs treated with delphinidin and gallic acid. However, a change in total 

glutathione level in cells is insufficient on its own to be sure of the impact on the 
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activity of endogenous antioxidant defence mechanisms under oxidative stress. Future 

studies should focus on comprehensive analysis of the expression of various redox-

sensitive glutathione-related enzymes, such as: GPx, GSH reductase, glutamate 

cysteine-ligase, GSH transferases (GTs), as well as expression of other intracellular 

antioxidants such as SOD, haem oxygenase, as well as catalase using gene expression 

studies. All these, together with analysis of activity of a Nrf2 transcription factor and 

ARE-1 would give a deep insight into the functionality of Nrf2/ARE pathway under the 

influence of oxidative stress and with simultaneous presence of phenolics.  
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7.4 Contribution to the field 

This study provided support to the view that berry polyphenols have the capability to 

protect endothelial cells against oxidative stress, albeit via an unexpected route. This 

study reveals that, in contradiction to common opinion, the protection offered is not 

related to direct antioxidant properties of the tested phenolics. Instead, modulation of 

intracellular defence mechanisms is the most likely their mode of action. Moreover, this 

study suggests that degradation products are likely to be responsible for the observed 

biological activities, rather than the parent compound itself. This has profound 

implications for in vivo bioavailability studies, suggesting that our attention might have 

been misplaced in the past and that we should instead measure metabolites which could 

still confer bioactivity and might be present at concentrations higher than the parent 

compound(s).  

 

As it becomes clearer that our dietary intake has important health-promoting properties, 

conveyed in part by polyphenols, however their mode of action still remains equivocal. 

A full understanding of the bioactive agents in vivo and their mode of action will help to 

shape the advice given to consumers. Results from this study might, for example, shift 

the emphasis away from antioxidant activity to provision of simple metabolites that 

trigger intracellular defence mechanisms that coincidentally offer antioxidant 

protection. There are profound consequences to research practice: for example – how 

relevant is in vitro measurement of antioxidant activity of native polyphenols, given that 

the compounds are metabolised rapidly and that they might not act as antioxdants in 

vivo? It will be interesting to observe the response of research establishments and 

industry to such a profound change in direction: it is likely to be years before effective 

change in practice is achieved. 



192 

 

 

From a cardiovascular health prospective, berry consumption clearly might have some 

benefit, but it is always important to consider the balance between benefits conferred by 

phenolics and vitamin C, and the detrimental effect of high ingestion of the associated 

sugars, most notably fructose. Undoubtedly, the simplest dietary advice remains the 

most accurate: moderation and balance is the key and there are no magic bullet that can 

reverse unhealthy excesses in fat and sugars. 
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