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Abstract

Intake of blueberry polyphenols is believed to promote good cardiovascular health by preventing
endothelial dysfunction. However, ingested polyphenols have limited bioavailability and their phenolic
metabolites may be the active components in modulating their vascular bioactivity. Phenolic acids are
recognised as an abundant class of metabolites established in the circulation following intake of berry
polyphenols, but relatively little is known on how they affect vascular health at physiologically-relevant
concentrations. Cell culture studies exploring the effects of bioavailable blueberry-derived phenolic
acids on vascular function in endothelial cells are required to advance understanding of their potential
vascular bioactivity.

It was the aim of this thesis to identify bioavailable phenolic acid metabolites in human plasma
following consumption of blueberry juice, and to determine their plasma concentration-time profiles for
the design of phenolic acid mixtures that model circulating in vivo concentrations available to interact
with the endothelium at different time segments. Oxidative stress and inflammation are important
contributing factors of endothelial dysfunction. Therefore, the ability of each mixture to induce cellular
antioxidant response proteins regulated by nuclear factor erythroid 2-related factor 2 (Nrf2) or to
reduce endothelial cell monocyte adhesion under pro-inflammatory challenge with tumour necrosis
factor alpha (TNFα), was investigated in cultured human umbilical vein endothelial cells (HUVECs).
Nrf2 is a transcription factor that regulates the expression of cellular antioxidant response proteins
important for vascular protection such as heme oxygenase-1 (HO-1) which removes heme released
as a product of protein catabolism and glutamate-cysteine ligase modifier subunit (GCLM) which is
important for glutathione synthesis.

Blueberry-derived phenolic acid aglycones were able to significantly induce the expression of Nrf2regulated HO-1 and GCLM proteins in HUVECs in the presence of a sub-lethal oxidative challenge
presented by 2.5 µM H2O2. Furthermore, these metabolites were also found to significantly reduce
adhesion of monocytes to HUVECs challenged with the pro-inflammatory cytokine, TNFα. Altogether,
these findings suggest that at physiologically-observed concentrations achievable from a single
serving of blueberry juice, phenolic acid metabolites could contribute to the prevention of endothelial
dysfunction.
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Chapter 1

Introduction
1.1

Berry polyphenols and their health benefits

Diet is recognised as an important contributing factor in reducing the incidence and severity of many
important systemic diseases such as cardiovascular disease (CVD), cancer, diabetes, and
neurodegenerative diseases. Accumulating evidence from epidemiological, animal and human
intervention studies support the inclusion of berry fruits and/or their processed products in the normal
diet to manage the pathology of these diseases. The favourable associations between berry intake
with specific health outcomes are often ascribed to their abundance in polyphenols [1, 2].

Polyphenols are compounds found in a variety of plant-based foods, with berries being particularly
rich in them. These compounds are popularly thought to confer the health benefits associated with
consuming berries by virtue of their potential for antioxidant activity. The basis for this is that many
phenolic derivatives act as radical scavengers: this property is likely important in protecting the fruit
from damaging free radical species arising from sunlight-derived ultraviolet radiation, and is proposed
to translate to protective in vivo antioxidant activity [3, 4]. Despite the abundance of in vitro work
demonstrating their strong antioxidant activity, many of these investigations did not consider the
limited systemic bioavailability and extensive metabolism of berry polyphenols [2, 5]. This oversight
raises a doubt on antioxidant activity being the main protective mechanism in vivo. Hence, at present
relatively little is known regarding how bioavailable berry polyphenols and in particular, their
metabolites, confer protective effects at systemically-relevant concentrations. This information is
important for linking the mechanisms underlying beneficial health effects associated with berry
polyphenol intake. The primary aim of this thesis was to study the vascular bioactivity of bioavailable
blueberry-derived polyphenols and phenolic metabolites at systemically-relevant concentrations. The
following introduction will explore our current understanding on the health benefits associated with
intake of berry polyphenols, their systemic bioavailability and metabolism, and will test some current
hypotheses on how their phenolic metabolites might confer health benefits at the molecular level.
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1.2. Epidemiological evidence for Health benefits of berries
1.2.1. Protective effects of berry polyphenols against cardiovascular
disease
Regular intake of berry polyphenols is generally associated with reducing risks of chronic diseases.
The association between intake of berry polyphenols and protection against CVD in large human
populations is based on the findings of six major epidemiological studies [6-11]. In the Iowa Women’s
Health prospective study, the association between intake of seven different polyphenol subclasses;
anthocyanins, flavanones, flavones, flavan-3-ols, proanthocyanidins, flavonols and isoflavones, with
CVD-related mortality was examined after a follow-up period of 16 years in 34,489 post-menopausal
women [7]. Strawberries were identified as one polyphenol-rich food item associated with significant
reductions from coronary heart disease mortality. This reduction was associated with the level of
intake of the polyphenol subclass anthocyanins, which were abundant in strawberries.

The Nurses’ Health study [10] that examined the relationship between intake of polyphenol-rich food
items with risk of myocardial infraction in a large cohort of 93,600 healthy women 25-45 years of age
after a follow-up period of 18 years, found that intake of blueberries and strawberries was strongly
inversely associated with risk of myocardial infarction (risk ratio of 0.66; 95% confidence interval of
0.40-1.08) [10]. The authors showed that the association was partly attributable to the presence of
anthocyanins found in berries, with a 17% reduction in risk of myocardial infraction for every 15 mg
increase in dietary anthocyanin intake.

Another epidemiological study examined the associations between habitual intake of polyphenol-rich
food items and direct measures of arterial stiffness and central blood pressure for 11 years in 1,898
women aged between 18-75 years old [11]. The study reported that daily intake of 1-2 portions of
berries such as blueberries, cranberries or raspberries was inversely associated with arterial stiffness
and central blood pressure in women. In good agreement to the findings from the epidemiological
studies described above [7, 10], the associations were linked to higher intake of anthocyanins.

The inverse associations between high daily intake of berries with CVD events are also reported in
large populations of men. In the Kuopio Ischemic Heart Disease Risk Factor Study, the association
between daily consumption of berries with all-cause CVD-related mortality was examined with a
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follow-up period of 12.8 years in a cohort of 1,950 middle-aged men with no prior history of CVD
events [6]. The study found that the risk of CVD-related deaths in men with the highest daily
consumption of berries was significantly lower compared with men with the lowest daily intake (risk
ratio of 0.59; 95% confidence interval of 0.33-1.06).

A large prospective study involving a follow-up period of 14 years on 23,043 men from the Health
Professionals Follow-Up Study, 46,672 women from the Nurses’ Health Study I, and 87,242 women
from the Nurses’ Health Study II, all aged ≤ 60 years old, showed that individuals that had the highest
daily intake of anthocyanins obtained predominantly from consumption of blueberries and
strawberries showed an 8% reduced risk of incident hypertension compared to individuals with the
lowest quintile of anthocyanins intake [8]. Similarly, another large prospective study reported an
inverse association between consumption of polyphenols obtained from food such as berries with the
risk of CVD-related death in 98,469 elderly men and women in the Cancer Prevention Study II
Nutrition Cohort [9].

In summary, current epidemiological evidence supports the potential beneficial relationship between
intake of berries and risk of developing CVD, with protection being related to the content of
polyphenols, especially the anthocyanins.

1.2.2. The protective effects of berry polyphenols on other chronic diseases
Similar to CVD, accumulating epidemiological evidence indicate inverse association between high
daily consumption of berries with risks of a number of important chronic systemic diseases, such as
type-2 diabetes mellitus, cognitive and neurodegeneration diseases.

At present, there is strong epidemiological evidence to support a likely relationship between reduced
risks of type-2 diabetes mellitus in adult populations with greater intake of berries, with the protective
effects linked to the polyphenol content. Specifically, in a Finnish cohort study involving 10,054 men
and women, an inverse relationship between intake amount of berries and type-2 diabetes mellitus
risk was observed, where those in the highest quartile showed lower risks compared to those in the
lowest quartiles (risk ratio of 0.74; 95% confidence interval of 0.58-0.95) [12]. Similarly, in the Kuopio
Ischaemic Heart Disease Risk Factor Study, middle-aged men who reported >59.7 g daily
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consumption of berries had a considerably lower risk of type-2-diabetes mellitus compared to those
reporting daily consumption <1.3 g (risk ratio of 0.65; 95% confidence interval of 0.49-0.88) [13].
Interestingly, there was no significant association between total fruit or vegetable consumption with
risk of type-2 diabetes mellitus, suggesting a potent role of berries in modulating diabetes risk. Other
epidemiological studies carried out in different countries have similarly reported an inverse
relationship between intake of berries such as blueberries and strawberries with type-2 diabetes
mellitus risk, and have linked the associations to the presence and abundance of anthocyanins [1417].

Accumulating epidemiological evidence suggests a potential inverse relationship between flavonoidrich food intake and risks of age-related cognitive decline [18] and neurodegenerative diseases such
as dementia [19] or Alzheimer’s disease [20, 21]. More recently, populations that had higher intake of
strawberries and blueberries were found to have more markedly reduced risks of cognitive decline
[22] or Parkinson’s disease [23] than those consuming higher amounts of other flavonoid-rich foods
such as apples, onions, red wine, oranges, and tea. These findings collectively suggest that intake of
flavonoids present in berries may offer better protection against risks of age-related
neurodegenerative diseases and cognitive decline.

In a large prospective study, the relationship between flavonoid intake in midlife with the prevalence of
healthy aging, which is defined as the absence of; (1) major chronic diseases, (2) cognitive
impairment, (3) impaired physical functions, and (4) impaired mental health, was examined in a
population of 13,818 women in their late fifties, whom were followed up on average 15 years later
[24]. Their findings revealed that amongst the women who survived until ≥ 70 years of age, those
reporting consistently higher intake of food items rich in flavonoids including berries were associated
with greater likelihood of health and wellbeing, compared with those reporting lower intake of
flavonoids. Their analyses also revealed that among the flavonoid subclasses documented, higher
intake of anthocyanins or flavonols – both of which are abundant in berries – was well-associated with
indices of healthy aging and wellbeing.

In summary, there is convincing epidemiological evidence regarding the potential role of berry
polyphenols in reducing risks of major chronic systemic diseases. Many of the reported effects appear
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to be associated with potential modulation of oxidative stress, inflammation and vascular homeostasis
[25, 26].

1.3. Polyphenol profiles of berries and their bioavailability
1.3.1. Blueberry as a model for studying the bioavailability and bioactivity of
berry polyphenols
To determine whether the positive association between intake of berry polyphenols and apparent
health benefits observed in epidemiological studies has a molecular basis, an overview is provided in
this section on differences in polyphenol profiles of different berries and the extent to which they are
absorbed and/or metabolised prior to reaching the circulation and redistribution to organs and tissues.

It is important to realise that only blueberries meet the botanical definition of a true berry fruit [1], and
it is also a good model fruit for studying the bioavailability and bioactivity of berry-derived polyphenols
given its high content and diverse content of polyphenols, especially anthocyanins [27]. Thus, the
research focus in this thesis explored the bioavailability of blueberry-derived phenolic compounds and
their activity in vascular cells.

1.3.2. Characteristics of polyphenols, their classes and subclasses relevant
to berries
Polyphenols are aromatic compounds containing at least one aromatic ring with ≥ 1 hydroxyl group
which are found in many fruits and vegetables [2, 27]. In many berry types including blueberries,
phenolic acids and flavonoids are two of the most common and major polyphenol classes [27]. In this
thesis, the term “polyphenols” is used when collectively referring to aromatic compounds including
phenolic acids, flavonoids, as well as other aromatic compounds that are neither a phenolic acid nor a
flavonoid, such as the stilbenes and the ellagitannins [28, 29, 30]. The term “phenolic compounds” on
the other hand, will be used in this thesis when referring specifically to a mixture of polyphenolic
compounds that include the flavonoids, the phenolic acids, and if applicable, the breakdown products
derived from them.
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A. Phenolic acids
Phenolic acids are a class of polyphenols distributed in nature, found predominantly throughout the
plant kingdom [28, 29]. Their defining characteristic is the presence of an aromatic compound with at
least one of its hydrogen atoms substituted for a hydroxyl group. The main phenolic acids present in
berries are derivatives of (1) benzoic or (2) cinnamic acids (Figure 1.1). The benzoic acid moiety in
benzoic acid derivatives have ≥ 1 hydroxyl group(s), while cinnamic acid derivatives contain a basic
cinnamic acid moiety with ≥ 1 hydroxyl group(s). There are three possible positions of substitution
within the benzoic or cinnamic acid moiety (R1, R2, R3) where different chemical groups can be
bonded to give rise to a great variety of unique phenolic acid compounds.

Figure 1.1. Chemical structures of phenolic acids.
General structures of C6-C1 benzoic (left) and C6-C3 cinnamic (right) acid derivatives. R1, R2, R3
each denotes a side-chain substituent.

B. Flavonoids
Flavonoids are a large class of polyphenolic compounds whose general structure comprises a 15carbon skeleton consisting of two phenyl rings; annotated as ring A or B, joined by a heterocyclic ring;
annotated as ring C (Figure 1.2). In edible plant crops such as fruit and vegetables, the main
subclasses of these C6-C3-C6 compounds include anthocyanidins, flavonols, flavan-3-ols, flavones,
isoflavones and flavanones [30]. Of these, anthocyanidins, flavonols, flavan-3-ols and
proanthocyanidins are amongst the most abundant flavonoids subclasses found in common berries.
With the exception of flavan-3-ols, the remaining three major flavonoid subclasses occur in berries as
glycosides rather than aglycones.
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Figure 1.2. Basic structure of the flavonoid aglycone and its main subclasses found in edible
plant crops. Information adapted from [30].

1.3.3. Major polyphenol subclasses of berries
The main phenolic acids present in most berry types include derivatives of benzoic and cinnamic
acids [31-36]. The main subclasses of flavonoids in most types of common berries include
anthocyanins (anthocyanidins with sugar conjugates), monomeric flavan-3-ols, proanthocyanidins
which are composed of ≥ 2 monomers of flavan-3-ols, and flavonols [2, 37, 38].

Table 1.1 summarises the content of phenolic acid and flavonoid subclasses found in various berries.
In general, anthocyanins are amongst the most abundant flavonoids in berries, with blueberries and
elderberries showing the highest content (Table 1.1). Berries are also especially rich in
proanthocyanidins, which are flavan-3-ols with at least two covalently-bonded monomeric units. A
great majority occur in berries as oligomers and polymers, with estimated content as high as those of
the anthocyanins. Flavan-3-ol monomers and flavonols are present in berries at lower amounts than
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anthocyanins and proanthocyanidins. Phenolic acids are also present in high amounts in most berries
and are generally well-characterised in berries.

The marked variation in the content of each flavonoid or phenolic acid subclass is likely influenced by
various factors including environmental and geographical conditions, degree of ripeness, cultivar,
processing and storage of the fruit prior to analyses [39, 40]. Regardless of this variation, patterns on
their relative abundance between different berry fruit types are clear and are discussed below.
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Table 1.1. Content of flavonoids and phenolic acids in whole fruits of commercial cultivars of berry types from various
countries.Summarised data are mean ± standard error of the mean (SEM) values between different studies (mg/100g fresh weight).

Berry

Flavonoids
Anthocyanins

Blackcurrant
(Range )

198.7 ± 69.7
(149.4-248.0)1,2

0.9 ± 0.9
(0.0-1.8)1,12,13

1.9 ± 1.6
(0.0-2.9)1,12,13

15.1 ± 12.0
(6.6-23.5)12,13

Blueberry
(Range)

267.9 ± 255.2
(116.0-719.7)1,3-5

3.3 ± 4.6
(0.0-6.5)1,12-14

9.6 ± 6.8
(0.0-17.5)1,12-

41.7 ± 15.1
(26.5-60.3)12-

14

14

24.912

19.2 ± 18.8
(5.9-32.5)

16.4 ± 19.3
(0.037.6)1,12,13
21.6 ± 10.1
(10.0-28.9)

1,12,13

1,12,13

Flavan-3-ol
monomers

Proanthocyanidins (DP≥2)
Flavan-3-ol
Flavan-3-ol
dimers
DP 3-10

Phenolic acids
Chlorogenic
BA+CAsb
acids

Flavan-3-ol
DP > 10

Flavonols

90.1 ± 45.7
(57.7122.4)12,13
129.8 ±
130.2
(0.0-260.4)12-

13.4 ± 16.8
(1.5-25.2)1,2

2.81

28.8 ± 6.4
(17.334.7)1,4

39.1 ± 33.3
(0.392.1)1,3,14,17

80.5-113.812
(0.0-161.0)

3.21

0.8 ± 1.1
(0.0-1.5)1,18

21.2 ± 11.0
(8.6-29.0)18

100.2 ± 48.3
(48.3152.1)12,13

135 ± 139.4
(36.4233.5)12,13

19.91

4.21

12.019

183.5 ± 227.0
(23.0344.0)19,20
147.5 ± 170.5
(5.3-406.8)19-22

14

Red raspberry
(Range)

35.2 ± 6.5
(30.6-39.8)1,6

Cranberry
(Range)

32.61

6.0 ± 8.4
(0.0-11.9)
1,12,13

Redcurrant
(Range)

16.2 ± 2.1
(14.7-17.7)1,2

1.2 ± 1.7
(0.0-2.4)1,12

1.5 ± 2.1
(0.0-2.9) 1,12

6.512

11.012

1.8 ± 2.4
(0.0-3.5)1,2

n.d.1

8.019

Strawberry
(Range)

30.5 ± 32.8
(7.3-53.7)7,8

3.2 ± 1.1
(2.0-4.2)12,15
3.713

43.4 ± 45.8
(11.075.8)12,13
1.513

2.918

181.4 ± 45.2
(114.4-241.5)4

41.4 ± 42.2
(24.358.5)12,13
15.113

15.015

Black berry
(Range)

4.5 ± 3.3
(0.76.5)12,13,15
6.513

12.4 ± 2.1
(10.2-16.0)4

no data

Black
raspberry
Boysenberry
(Range)

3209

no data

no data

no data

no data

no data

no data

128.2 ± 164.7
(11.7244.7)18,23
139.2 ± 159.4
(47.2323.3)20,22
no data

105 a,10

1.9 a,10

1.2a,10

n.d.a,10

no data

3.26a, 10

no data

no data

Elderberry
1270.3 ± 475.7
8.7 ± 9.5
5.0 ± 10.1
no data
no data
61.2 ± 44.5
39.3 ± 28.1
no data
(Range)
(190.0-2020.0)11
(0.0-23.2)16
(0.0-23.0)16
(4.9-111.4)16 (15.6-84.6)16
Reference: 1[27], 2[41], 3[37], 4[42 ], 5[43], 6[44], 7[45 ], 8[46], 9[47], 10[48], 11[49], 12[50], 13[51], 14[52], 15[53], 16[36], 17[54], 18[32], 19[55], 20[33], 21[34], 22[31],
23[35] Abbreviations: DP: Degree of polymerization; BAs: Benzoic acid derivatives; CAs: Cinnamic acid derivatives; n.d.: Not detected
aJuice sample: Concentration reported in mg/100 mL juice;
bValues in this column represent the sum of the concentration of free aglycone and acid-labile and/or alkali-labile conjugated forms of benzoic and cinnamic
acid derivatives.
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A. Phenolic acids
In berries, phenolic acids occur as a mixture of free aglycones and esters and/or sugar conjugates
[28]. A great proportion of the total phenolic acids found in berries occur as ester and/or sugar
conjugates, with the aglycones typically contributing to relatively smaller proportions (Table 1.2-1.3)
[31-35].
Table 1.2. Relative proportions of aglycone and conjugated forms of
phenolic acids characterised in whole blueberries.Each % value refers to
%(w/w) of total amount of aglycone and conjugated forms of the phenolic acid
[34].
Phenolic acid

% Free aglycone

1

% conjugated

Syringic acid
5
95
Caffeic acid
n.d.
100
Protocatechuic acid
4
96
Vanillic acid
19
81
p-Hydroxybenzoic acid
n.d.
100
Gallic acid
16
84
Ferulic acid
20
80
p-Coumaric acid
n.d.
100
Gentisic acid
n.d.
100
Salicylic acid
78
22
Sinapic acid
n.d.
100
m-coumaric acid
n.d.
100
1
Quantified with respect to the aglycone form after acid- and base-hydrolyses. n.d., not detected
Table 1.3. Relative proportions of aglycone and conjugated forms of
phenolic acids characterised in whole blueberries. Each % value refers to
%(w/w) of total amount of aglycone and conjugated forms of the phenolic acid
[35].
1
Phenolic acid
% Free aglycone
% conjugated
Gallic acid
0
100
Protocatechuic acid
9
91
p-Hydroxybenzoic acid
23
77
Gentisic acid
n.d.
100
Caffeic acid
15
85
Vanillic acid
n.d.
100
Syringic acid
46
54
p-Coumaric acid
1
99
Ferulic acid
39
61
Sinapic acid
61
39
Salicylic acid
n.d.
100
1
Quantified with respect to the aglycone form after acid- and base-hydrolyses. n.d., not detected

Figure 1.3 shows a selection of phenolic acid conjugates occurring as quinic acid and glucose esters
of cinnamic acid derivatives, as well as the glucose conjugates of benzoic and cinnamic acid
derivatives found in significant quantities in various berry types [28, 36]. Chlorogenic acids are a
quinic acid ester of cinnamic acid derivatives, and because of their greater abundance relative to
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other phenolic acids in some berries, their content is reported independently of the other benzoic and
cinnamic acid derivatives in Table 1.1. Among the quinic acid esters of cinnamic acid derivatives,
caffeic acid esters are predominant, with 5-O-caffeoylquinic acid being a highly abundant phenolic
acid conjugate in blueberries and elderberries. In blackberries and blackcurrants, 3-O-caffeoylquinic
acid is the most abundant chlorogenic acid (Table 1.1). Both blackcurrants and redcurrants contain 1O-p-coumaroyl-β-D-glucoside, and, 1-O-caffoyl- β-D-glucoside, respectively, as one of their most
abundant phenolic acid conjugates. Finally, p-hydroxybenzoic acid-4-O-β-D-glucoside is a
widespread glucose conjugate of benzoic acid derivative found in high amounts in strawberries, red
raspberries, blackberries, redcurrants and blackcurrants (Figure 1.3). Blueberries have a high
diversity of glucosides of benzoic acid derivatives compared to most other berry types [28].

While there is a big variation in the content of aglycone and conjugated phenolic acids between
different cultivars of the same berry type (Table 1.1), it can be said that blueberries, blackcurrants,
strawberries and blackberries have relatively higher total phenolic acid content compared to other
berry types listed. Therefore research into the bioavailability and bioactivity of the phenolic acids
belonging to these four berry types is likely to be important.
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Figure 1.3. Phenolic acid conjugates found in various berries.
Quinic acid and glucose esters of cinnamic acid derivatives, and glucose conjugates of benzoic and
cinnamic acid derivatives found in various berries. Information adapted from two references [28, 36].
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B. Anthocyanins
In nature, over 500 anthocyanins have been documented [56] and are composed of 23 unique
anthocyanidin backbones, six of which occur in berries conjugated to various sugars (Figure 1.4).
These sugars can be further conjugated with other chemical groups such as acetyl groups, giving rise
to more complex forms of anthocyanins [57].

A

B

Figure 1.4. Structures of anthocyanidins and their sugar conjugates found in berries.
(A) Structures of the six anthocyanidins and (B) the five common sugar conjugates bound to them, as
found in berries.

The anthocyanin profile in different berries can vary from being very simple to complex (Figure 1.5).
Strawberries and blackberries have a relatively simple anthocyanin profile [42, 45], with only three
anthocyanins in strawberries, and the pelargonidin-based forms being dominant. In blackberries, all
anthocyanins are cyanidin-based (Table 1.4). In contrast, the profile of anthocyanins of blueberries
and blackcurrants is relatively more complex [27]. Blueberries have arguably the most diverse
composition of anthocyanins characterised by the presence of five different anthocyanidin skeletons;
malvidin-, petunidin-, delphinidin-, cyanidin-, and peonidin-based anthocyanins. Blackcurrants also
show a diverse anthocyanin profile (Table 1.4).
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Figure 1.5. Major anthocyanins found in different berry types.
The sugar conjugation patterns of berry anthocyanins can also range from being simple to complex.
The major anthocyanins found in raw and processed cranberries [27, 58], strawberries [45] and
blackberries [42] are known to be glycosylated exclusively to a monosaccharide; glucose, galactose,
or arabinose. In raw and processed products of blackcurrants [27, 59], the major anthocyanins are
found glycosylated to either a monosaccharide, glucose or a disaccharide, rutinose. For blueberries
[27, 37], boysenberries [48], red raspberries [27, 44] and black raspberries [47], their major
anthocyanins contain a mixture of simple sugars including the monosaccharides glucose, xylose, and
galactose, or disaccharides rutinose and sambubiose, through to more complex aceylated monoand/or di-saccharides such as cyanidin-3-O-(2”-glucosyl-6”-rhamnosyl)-glucoside in boysenberries
[48], and cyanidin-3-(2’-glucosyl)rutinoside in red raspberry [27] (Table 1.4).

Processing berries into juice, puree, or freeze-dried extracts does not appear to impact the
anthocyanin profiles. Raw whole fruit [27], pureed raw or blanched blueberries [37] all contain the
same five major anthocyanins; mal-3-O-galactoside, mal-3-O-arabinoside, delphinidin-3-Ogalactoside and cyanidin-3-O-galactoside, and delphinidin-3-O-glucoside, and the same 11-12 minor
anthocyanins (Table 1.4). Similarly, juice or the concentrated extract [59] of blackcurrants and
cranberries [58] all contain the same anthocyanin profile as whole fruit [27].
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Table 1.4. Profile of anthocyanins in berries in various food formats (fruit, juice, concentrated extract, freeze-dried extract, or pureed).
Anthocyanin profile
a
Berry
Major anthocyanins
Minor anthocyaninsb
Cranberries
Blueberry

Blackcurrant

Strawberry
Red raspberry

Black
raspberry
Blackberry

peo-3-gal: (44%)1, (34%)2; peo-3-arab: (26%)1, (17%)2; cyn-3-arab:
(15%)1, (19%)2; cyn-3-gal: (11%)1, (22%)2
mal-3-gal: (21%)2, (27%)9.1, (23%)9.2; mal-3-arab: (18%)2, (14%)9.1,
(13%)9.2
del-3-gal: (15%)2, (16%)9.1, (23%)9.2;
cyn-3-gal/del-3-arabc: (12%)2, (13%)9.1, (17%)9.2
del-3-rut: (40%)2, (38%)10.1, (33%)10.2; cyn-3-rut: (31%)2, (50%)10.1,
(45%)10.2;
del-3-gluc: (15%)2, (8%)10.1, (14%)10.2
Pel-3-gluc: (92%)4
cyn-3-soph: (42%)2, (55%)3
cyn-3-(2”-gluc)-rut/cyn-3-samb/cyn-3-gluch: (35%)2, (22%)3
cyn-3-rut: (10%)2 ; cyn-3-gluc: (13%)3
cyn-3-rut: (67%)7 ; cyn-3-xyl-rut: (18%)7
cyn-3-gluc: (80%)8

peo-3-gluc: (3%)1, (5%)2; cyn-3-gluc: (1%)1; mal-3-arab: (4%)2
pet-3-gal: (9%)2, mal-3-(6” -acetyl-gluc): (7%)2; pet-3-arab/peo-3-gald:
(4%)2, (7%)9.1
cyn-3-arab: (2%)2; peo-3-arab: (2%)2; pet-3-(6”-acetyl)-gluc: (2%)2
del-3-gluc: (1%)2, 9.1, 9.2; mal-3-gluc, pet-3-gluc, peo-3-gluc, del-3-gluc,
cyn-3-gluc: (<3%/anthocyanin)9.1, 9.2
peo-3-rut: (2%)2 ; pet-3-rut/peo-3-gal:d (2%); del-3-(6”-pC)-gluc: (1%)2;
mal-3-gal/peo-3-gluc:f(1%)2; del-3-gal:(1%)2;
cyn-3-gluc: (6%)2,(4%)10.1,(9%)10.2
Pel-3-(6”-rham)-gluc: (5%)4; cyn-3-gluc: (3%)4
pel-3-gluc: (8%)2 ; pel-3-soph: (5%)2

Ref
1

[58];
2
[27]
2
[27];
9.1, 9.2
[37]

2

[27]) ;

10.1,
10.2

[59]

4

[45]
[27];
3
[44]
2

cyn-3-gluc: (9%)7 ; cyn-3-samb: (6%)7

7

cyn-3-xyl: (6%)8; cyn-3-O-(6”-dioxalyl-gluc): (6%)8; cyn-3-rut: (5%)8;
cyn-3-(6”-malonyl)-gluc: (2%)8
pel-3-gluc: (8%)2 pel-3-soph: (5%)2

8

5

Redcurrant

cyn-3-rut/cyn-3-(2”-xyl)-rutg: (75%)2 ;cyn-3-samb: (25%)2 ; cyn-3rut:(10%)2

Elderberry

cyn-3-gluc (54%)6: (>90%)i, 5, (54%)6 ; cyn-3-samb: (>90%)i, 5,(40%)6

-

Boysenberry

Cyn-3-(2”-gluc)gluc: (48%)11, cyn-3-gluc: (28%)11,
cyn-3-(2”-gluc-6”-rham)-gluc: (21%)11

cyn-3-(6”-rham)gluc: (3%)11

[47]
[42]

2

[27]

[60];
[61]
11
[48]
6

A major anthocyanin is one which accounts for ≥ 10% (w/w) or (mol/mol) of total characterised anthocyanins
%(w/w) of total anthocyanins content characterised in cranberry juice [58], elderberry extract [60], or black raspberry extract [47].
2, 3, 4
%(mol/mol) of total anthocyanins content characterised in whole cranberry fruit [27], whole strawberry [45].
b
A minor anthocyanin is one which accounts for < 10% (w/w) or (mol/mol) of total characterised anthocyanins
Compound abbreviations: peo-3-gal: peonidin-3-O-galactoside; peo-3-arab: peonidin-3-O-arabinoside; cyn-3-arab: cyanidin-3-O-arabinoside; cyn-3-gal: cyanidin-3-O-galactoside; peo-3-gluc:
peonidin-3-O-glucoside; cyn-3-gluc: cyanidin-3-O-glucoside; mal-3-arab: malvidin-3-O-arabinoside; mal-3-gal: malvidin-3-O-galactoside; del-3-arab: delphinidin-3-O-arabinoside; mal-3-(6”acetyl)gluc: malvidin-3-O-(6”-O-acetyl)glucoside; pet-3-arab: petunidin-3-O-arabinoside; peo-3-gal: peonidin-3-O-galactoside; pet-3-gal: petunidin-3-O-galactoside; pet-3-(6”-acetyl)-gluc:
petunidin-3-O-(6”-O-acetyl)glucoside; del-3-gluc: delphinidin-3-O-glucoside; del-3-rut: delphinidin-3-O-rutinoside; cyn-3-rut: cyanidin-3-O-rutinoside; peo-3-rut: peonidin-3-O-rutinoside; del-3-(6”pC)-gluc: delphinidin-3-O-(6”-p-coumaroyl)glucoside; pel-3-gluc: pelargonidin-3-O-glucoside; pel-3-(6”-rham)-gluc: pelargonidin-3-O-(6”-rhamnosylglucoside); cyn-3-soph: cyanidin-3sophoroside; cyn-3-(2”-gluc)-rut: cyanidin-3-O-(2”-O-glucosyl)rutinoside; cyn-3-samb: cyanidin-3-O-sambubioside; pel-3-soph: pelargonidin-3-O-sophoroside; cyn-3-xyl-rut: cyanidin-3-Oxylosylrutinoside; cyn-3-xyl: cyanidin-3-O-xyloside; cyn-3-(6”-dioxyal-gluc): cyanidin-3-O-(6”-dioxalyl-glucoside); cyn-3-(6”-malonyl)gluc: cyanidin-3-O-(6”-malonyl)glucoside; cyn-3-(2”-xyl)-rut:
cyanidin-3-O-(2”-xylosyl)rutinoside; cyn-3-(2”-gluc)gluc: cyanidin-3-O-(2”-glucosyl)glucoside; cyn-3-(2”-gluc-6”-rham)gluc: cyn-3-O-(2”-glucosyl-6”-rhamnosyl)glucoside; cyn-3-(6”-rham)gluc:
cyanidin-3-O-(6”-rhamonsyl)glucoside.
a

1, 5, 6, 7, 8, 9
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C. Flavan-3-ols and proanthocyanidins
Flavan-3-ols are one of the most complex flavonoid subclasses characterised in berries as they can
occur as monomers, or as proanthocyanidins [50, 51, 62]. The number of monomeric units present in
a proanthocyanidin is described by the parameter, degree of polymerisation (DP), where as
examples, a DP of 2 describes a dimer and a DP of 3 describes a trimer [38]. Each flavan-3-ol
monomer has two chiral centres at C2 and C3 of the C-ring heterocycle and can thereby exists in four
enantiomeric forms. Six different monomeric forms of flavan-3-ols have been characterised in berries
(Figure 1.6) [51, 62]. (-)-Epicatechin and (+)-catechin are the most commonly occurring monomers,
found in a variety of berry types [50, 51, 62]. In contrast, epiafzelechin and afzelechin are found in
strawberries and red raspberries, while epigallocatechin and gallocatechin appear to be found
exclusively in blackcurrants [51]. Flavan-3-ols are unique in that they are the only flavonoid subclass
in food that occur exclusively as aglycones, not known to be conjugated to sugars.

Figure 1.6. Structures of flavan-3-ol monomers found in berries.
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The covalent bonds linking flavan-3-ol monomers together in proanthocyanidins, the interflavan
bonds, are important for classifying the chemical nomenclature. B-type proanthocyanidins contain
monomeric flavan-3-ols covalently linked through C4  C8 or C4  C6 linkages as found in berries
including blueberries and cranberries (Figure 1.7) [50, 51]. A-type proanthocyanidins have a more
limited distribution in berries and are characterised by the presence of an extra ether bond between
C2  O7 in addition to the C4  C8 or C4  C6 interflavan bond (Figure 1.7). Cranberries,
strawberries, red raspberries and blackcurrants contain B-type procyanidins and other unique
proanthocyanidins. Specifically, cranberries have A-type procyanidins, A-type propelargonidins, and
B-type prodelphinidins [63]; strawberries and red raspberries have B-type propelargonidins;
blackcurrants have B-type prodelphinidins [51].

In berries, proanthocyanidins are far more abundant than the flavan-3-ol monomers (Table 1.1).
Oligomeric (DP 3-10) and polymeric (DP > 10) proanthocyanidins generally outweigh the amount of
dimers. For most berry types including blueberries, the content of proanthocyanidin oligomers and
polymers are similar to that of their anthocyanins, while in cranberries and red raspberries, the
content of proanthocyanidins can be higher than their corresponding anthocyanin content (Table 1.1).

Figure 1.7. Structures of common berry proanthocyanidin dimers.
Structures of A-type and B-type dimers of procyanidin, prodelphinidin, and propelargonidin identified
in various berries [36, 48, 50, 51, 62, 63].
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D. Flavonols
Flavonols are ubiquitious throughout the plant kingdom [30], and occur in berries predominantly
conjugated to various sugar molecules, with glycosylation occurring primarily at the 3 position of the C
ring. However, glycosylation at the 5, 7 positions of the A ring, the 3’, 4’, or 5’ position of the B ring of
the flavonol aglycone backbone has also been reported. There are four major flavonol aglycone
backbones in berries, with quercetin being the most common and abundant form [27] (Figure 1.8).

Figure 1.8. Structures of the four major flavonol aglycone backbones in berries.
The profile of flavonols in different berry types in the form of whole fruit, juice, or concentrated extracts
is summarised in Table 1.5. Quercetin is the most common aglycone flavonol backbone found in
virtually all the 10 different berry types listed. Myricetin, kaempferol, and isorhamentin have more
limited distributions, although they can also be one of the characterising flavonols in some berry
types. For example, myricetin-based flavonols are a major flavonol in blueberry and blackcurrant.

Sugar conjugation patterns of berry flavonols vary from relatively simple to complex. The
monosaccharides, galactose and glucose, and the disaccharide, rutinose are common sugar
conjugates of flavonols found in most berries (Table 1.5). Berry flavonols can have complex sugar
conjugation patterns such as quercetin-3-(6”-malonyl)glucoside, kaempferol-3-(6”-Pcoumaroyl)glucoside, or myricetin-3-(6”-malonyl)glucoside, and in red raspberry, blackberry and
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elderberry flavonols with complex sugar conjugates are one of their major flavonols such as
Quercetin-3-O-galactosylrhamnoside (red raspberry), Quercetin-3-xylosylglucuronide (blackberry),
and Quercetin hexoside pentoside (elderberry). Figure 1.9 summarises the structures of a selection
of major flavonols found in various berry types.

Some of the flavonols found in berries occur as O-glucuronides of quercetin, myricetin, or kaempferol,
as found in blackcurrant, strawberry, black raspberry and boysenberry (Table 1.5). Another unique
feature of berry flavonols is that in some berries, particularly cranberries and strawberries, significant
amounts of quercetin and/or myricetin can be found as aglycones (Table 1.5).

The flavonol profiles of whole fruits and their processed products may differ. A case in point is
cranberries: [27, 58] where quercetin-3-O-galactoside and quercetin-3-O-arabinosylfuran are found in
high amounts in whole fruit and in juice, whereas quercetin-3-O-rhamoside is a major flavonol in the
juice format, but a minor component in the fruit (Table 1.5). Similarly, the flavonol aglycones
quercetin, and myricetin contribute to a great proportion of the total flavonols but, these were not
detected in the cranberry fruit.
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Table 1.5. Profile of flavonols in different berry types in various food formats. Whole fruit, juice, or freeze-dried concentrated extract are the forms
included.
Flavonol profile
Berry
Major flavonolsa
Minor Flavonolsb
Ref
Cranberries
Blueberry
Blackcurrant
Strawberry

Red raspberry
Black
raspberry
Blackberry

Myr-glr: (27%)1, Myr-3-rut: (26%)1, Quer-3-gluc: (16%)1,
Quer-3-rut: (15%)1
Quer-3-glr: (70%)4, Quer: (13%)4

Redcurrant
Elderberry

Quer-3-rut: (50%)2, Quer-3-gluc: (13%)2, Quer-hexpent: (10%)2

1

[27];
[58]

7
1

[27]

1

[27]

4

[53]

1

Quer-3-gluc: (42%)1, Quer-3-gal: (37%)1, Quer-3-galrham: (11%)1,
Quer-3-(2”-gluc)rut: (10%)1
Quer-3-glr: (Major)6,d, Quer-3-gluc: (Major)6,d
Quer-3-gal: (34%)5, Quer-3-gluc + Quer-3-rut: (28%)5,c, Quercetin-3xylglr: (20%)5, Quer-3-xyl: (13%)5
Quer-3-rut: (33%)1, Quer-3-gluc: (16%)1, Quer-3-gal: (12%)1

Boysenberry

Myr-3-arab: (9%)1, Quer-3-(2”-xyl)pyran: (5%)1, Quer-3-O-arabpyran:
(4%)1, Quer-3-rham: (4%)1
Quer-3-arab: (5%)1, Quer-3-(6”-acetyl)gluc: (5%)1, Quer-3-rut: (4%)1,
Quer-digluc: (1%)1
Myr-3-(6”-mal)gluc: (6%)1, Kaemp-3-gal: (4%)1, Quer-3-(6”-mal)gluc:
(3%)1, Kaemp-3-rut: (2%)1
Kaemp-3-glr: (5%)4, Quer-3-gluc: (4%)4, Kaemp: (4%)4, Quer-3-rut:
(2%)4, Quer-3-malgluc: (1%)4, Kaemp-3-coumgluc: (1%)4, Kaemp-3malgluc: (1%)4

Quer-3-gal: (40%)1, (36%)7, Myr-3-gal: (25%)1, Quer-3-arabfuran:
(13%)1, (ca. 10%)7, Quer-3-rham: (16%)7, Quer: (28%)7, Myr: (10%)7
Quer-3-gal: (49%)1, Quer-3-gluc: (21%)1, Myr-3-gal: (15%)1

[27]

Quer-3-arab: (55%)3, Quer-3-glr: (42%)3

Quer-3-rham: (Trace)6,e Quer-3-rut: (Trace)6,e Kaemp-3-(6”-pcoum)gluc: (Trace)6,E
Quer-3-glucxyl: (6%)5

6

Kaemp-3-gluc: (8%)1, Kaemp-3-rut: (7%)1, Quer-3-(6”-mal)gluc: (7%)1,
Myr-3-rut: (7%)1, Myr-O-rham: (5%)1
Isorham-3-rut: (8%)2, Quer-3-gal: (6%)2, Kaemp-3-rut: (6%)2, Isorhamhex: (5%)2, Quer-acetylhex: (2%)2
Kaemp-3-(6”-p-Coum)gluc: (3%)3

1

[64]

5

[42]
[27]

2

[36]

3

[48]

A major flavonol is one that accounts for ≥ 10% (w/w) or (mol/mol) of total characterised flavonols, A minor flavonol accounts for < 10% (w/w) or (mol/mol) of total characterised flavonols
1
%(mol/mol)of total flavonols content characterised in whole berry fruits [27].
2
%(w/w) of total flavonols content characterised in whole fruits of four elderberry species and an interhybrid species (Sambucus nigra var. viridis) [36].
3,4,5,7
%(w/w) of total flavonols content characterised in boysenberry juice [48], freeze-dried whole strawberries [53], whole blackberries [42], or cranberry juice [58]; cQuercetin-3-O-glucoside and
Quercetin-3-O-rutinoside were quantified together [42].
d
Both flavonols were reported as the dominant flavonols in the black raspberry ‘Litacz’ variety, but were not quantified; eThese flavonols were found in trace amounts in this variety [64].
Compound abbreviations: Quer-3-gal: Quercetin-3-O-galactoside; Quer-3-gluc: Quercetin-3-O-glucoside; Myr-3-gal: Myricetin-3-O-galactoside; Quer-3-arab: Quercetin-3-O-arabinoside; Quer3-(6”-acetyl)gluc: Quercetin-3-O-(6”-acetyl)glucoside; Quer-3-rut: Quercetin-3-O-rutinoside; Quer-digluc: Quercetin diglucoside, Quer-3-arabfuran: Quercetin-3-O-arabinosylfuranoside, Myr-3arab: Myricein-3-O-arabinoside; Quer-3-(2-xyl)pyran: Quercetin-3-O-(2”-xylosyl)pyranoside; Quer-3-O-arabpyran: Quercetin-3-O-arabinosylpyranoside; Quer-3-rham: Quercetin-3-O-rhamnoside,
Myr-glr: Myricetin-O-glucuronide; Myr-3-rut: Myricetin-3-O-rutinoside; Myr-3-(6”-mal)gluc: Myricetin-3-O-(6”-malonyl)glucoside; Kaemp-3-gal: Kaempferol-3-O-glucoside; Quer-3-(6”-mal)gluc:
Quercetin-3-O-(6”-malonyl)glucoside, Kaemp-3-rut: Kaempferol-3-O-rutinoside, Quer-3-galrham: Quercetin-3-O-galactosylrhamnoside; Quer-3-(2”-gluc)rut: Quercetin-3-O-(2”-glucosyl)rutinoside;
Quer-3-glr: Quercetin-3-O-glucuronide; Quer: Quercetin (aglycone); Kaemp-3-glr: Kaempferol-3-O-glucuronide; Kaemp: Kaempferol (aglycone); Quer-3-malgluc: Quercetin-3-Omalonylglucoside; Kaemp-3-coumgluc: Kaempferol-3-O-coumaroylglucuronide; Kaemp-3-malgluc: Kaempferol-3-malonylglucoside; Quer-3-xylglr: Quercetion-3-xylosylglucuronide; Quer-3-xyl:
Quercetin-3-O-xyloside; Quer-3-glucxyl: Quercetin-3-O-glucosylxyloside.
a

b

Chapter 1: Introduction

22

1.3.4. Systemic bioavailability and metabolism of berry polyphenols
1.3.4.1.

Basic concepts and definitions

A. Systemic bioavailability
To be biologically active, orally-ingested polyphenols must be absorbed from across the lumen of the
gastrointestinal tract (GIT) and reach the circulation to be transported to their target tissues and
organs [65]. The fraction of ingested amount as well as the rate at which a particular polyphenol
reaches the circulation can be determined by assessing a collective measure termed ‘bioavailability’.

Bioavailability is variously defined; in pharmacology, it is defined as the fraction of the administered
dose of a substance that reaches the circulation that is neither metabolised, complexed, nor excreted
prior to exerting its intended biological effect [66]. In polyphenol research, this pharmacological
definition cannot be directly applied [66, 67], because the bioactive forms of the polyphenols may not
be the parent compounds [67] and furthermore, the extent to which any metabolites contribute to the
overall biological effects of polyphenols in the body is largely unclear at present [57, 65, 68, 69].
Accordingly, in polyphenol research, bioavailability has a broader meaning than that typically applied
for drugs [57]. For the purpose of understanding how the bioavailability of polyphenols is often studied
and reported, an attempt is made here to define and conceptualise three important terms [57]:

(1) Apparent systemic bioavailability: The fraction of ingested dose of a particular polyphenol
that is absorbed through the GIT and reaches the circulation in its original form as found in
the food item. Apparent systemic bioavailability of a polyphenol is typically determined by
measuring its plasma concentration as a function of time, as well as the amount recovered in
urine collected over a period of time, expressed as a % of ingested dose.

(2) Total systemic bioavailability: The fraction of ingested dose of a particular polyphenol that
reaches the circulation in its original form plus all its metabolite(s). While this is a more
comprehensive bioavailability parameter than ‘apparent systemic bioavailability’, in practice, it
remains extremely difficult to accurately determine as it requires the combined use of multiple
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radioactively- or isotopically-labelled polyphenol standards and remains a major bioanalytical
challenge [69-71].

(3) Metabolism: A series of biochemical processes mediated by host tissues and/or GIT
microbiota that causes a particular polyphenol to be converted into products called
metabolites with different biochemical properties to the original form.

B. Absorption and Metabolism of polyphenols
Absorption is a physical process in which a polyphenol gets transported from the GIT into the
circulation [65]. Metabolism carried out by the GIT wall and the liver is termed ‘first-pass metabolism’
[57, 65] to contrast it to metabolism by the gut microbiota residing in the lower GIT [72, 73].

Ingested polyphenols travel along the GIT and can be absorbed from various sites [65]. Polyphenols
absorbed from the stomach can be found in the blood stream within minutes following intake in
humans, typically reaching maximal plasma concentration (Cmax) within 0.5 to 1 h following ingestion
[30]. Polyphenols that are taken up from the small intestine appear in the circulation with maximal
plasma concentrations at ~2 h post-ingestion. The polyphenol fractions that bypass absorption from
the upper GIT and end up in the colon are exposed to the gut microbiota and may undergo extensive
microbial biotransformation into simpler phenolic metabolites prior to absorption into the circulation
from ~4 hours following ingestion [30, 73].

After primary absorption from the GIT, polyphenols undergo extensive first-pass metabolism
principally in the liver, before appearing in the circulation as a mixture of unchanged or metabolised
forms [30, 73]. First-pass metabolism involves the activity of phase I and II enzymes present in the
small and large intestinal epithelial cells and mainly in the liver which play a major part in hostmediated metabolism of polyphenols [65, 74]. Phase I enzyme-mediated reactions generally include
oxidation, reduction and hydrolysis of specific functional group(s) present on a polyphenol [65]. These
reactions are proposed to equip the molecule with the necessary chemical groups for phase II
metabolism, although it is important to clarify that phase I metabolism does not necessarily have to
precede phase II metabolism, as polyphenols already containing the compatible chemical groups
such as an o-dihydroxy functionality can directly undergo phase II metabolism [74]. Oxidation is the
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most predominant reaction implicated in phase I metabolism of xenobiotics such as polyphenols, and
is principally conducted by members of the cytochrome p450-dependent mixed-function oxidase
(CYP). In humans, the isozymes; CYP1A, CYP2C, CYP2D, and CYP3A are all responsible for
metabolising the majority of xenobiotics that enter the body via the oral route [75]. CYP3A4/5 has
broad substrate specificity and is particularly important in metabolising xenobiotics, and it is estimated
to make up 30-70% of total CYPs that are found in the intestines and the liver [76].

The parent polyphenols or their phase I metabolites can undergo phase II enzyme-mediated
conjugation reactions with endogenous compounds that are proposed to increase their hydrophilicity
to facilitate their active transport out of the cells and eventual excretion from the body principally via
the kidneys [65, 74]. The principal phase II conjugation reactions that increase the hydrophilicity of
parent polyphenols include the formation of β-glucuronides through addition of a glucuronate
molecule, catalysed by the uridine diphosphoglucuronosyl transferase (UGT) family of enzymes,
and/or conjugation with a sulphate group (SO42-) or glutathione, catalysed by sulphotransferase
(SULT) family of enzymes or glutathione-S-transferases, respectively. Less polar polyphenol
conjugates may also be formed through host-mediated phase II O-methylation involving the activity of
catechol-O-methyl transferase (COMT) which uses an endogenous methyl donor; S-adenosyl
methionine, to add a methyl group onto an existing hydroxyl group of the polyphenol structure. Many
recent studies have demonstrated that following ingestion of berry polyphenols, phase II conjugates of
the aglycone including the glucuronidated, the sulphated, and methylated metabolites predominate in
the circulation as opposed to the original plant glycoside or the aglycones (Section 1.3.4.3).

Part of the phase II conjugates formed in the small intestinal epithelial cells can be returned back into
the GIT lumen by phase III transporters [77], or the absorbed parent polyphenols and/or their phase II
metabolites can be re-exported back into the GIT lumen from the circulation via the bile excretion
pathway for elimination in feces or further microbial metabolism [30, 78]. These processes are usually
collectively termed “phase III metabolism”, which involve cellular transport mechanisms that do not
alter the compound’s existing chemical forms [65, 74].

The gut microbiota in the lower GIT are suggested to play a prominent role in metabolising
polyphenols, and that microbial metabolites can be further metabolised following absorption from the
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lower GIT [30, 65, 78]. The human GIT hosts up to an estimated 100 trillion microorganisms [79],
which have been classified into over 1000 species, with members of the Actinobacteria,
Bacterioidetes, and the Fermicutes bacterial phyla being the most predominant in the colon [80]. The
microbiota are capable of O- and C-deglycosylation, hydrolysis of esters and amides, deglucuronidation of excreted phase II polyphenol glucuronides, as well as catabolism of aglycones
which include a diverse range of events such as dihydroxylation, demethoxylation, demethylation,
hydrogenation, α-oxidation and β-oxidation [72, 78]. Many of these catabolites are phenolic and
aromatic acids [72, 78]. There is accumulating evidence (Section 1.3.4.3) to suggest that microbial
polyphenol metabolites prominently generated in the distal GIT contribute considerably to the total
systemic bioavailability of ingested berry polyphenols, with many researchers positing that these
compounds are likely the main modulators of the systemic bioactivity of their ingested parent
polyphenols [68, 81-83].

1.3.4.2.

Systemic bioavailability of berry polyphenols

Assessment of plasma/serum concentration-time kinetic profiles and urinary recovery data of ingested
polyphenols allow an estimation of the extent to which they are absorbed from the GIT and reach the
circulation [84]. In this section, a comparison of published plasma/serum concentration-time and
urinary recovery data in human bioavailability studies assessing the ‘apparent systemic bioavailability’
of berry phenolic acids, anthocyanins, flavan-3-ols, proanthocyanidins and flavonols is made to
determine the most abundant subclass with the greatest potential to regularly interact with the
endothelium, in vivo.

A. Phenolic acids
The most striking difference between phenolic acids versus the other major berry flavonoids lies in
their high urinary recovery, indicating their superior apparent systemic bioavailability. Berry phenolic
acids are recovered in urine at ~5-34% of their ingested dose, a much higher level than is achievable
for any other berry flavonoid subclasses which are typically much less than 5% (Table 1.6) [35, 85].
For wild blueberries, total recovery of phenolic acid metabolites in 0-24 h urine was 15-16%,
compared to only 0.1% for flavonols [86].
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The high urinary recovery of phenolic acids is supported by the high Cmax and area-under the curve
(AUC) observed in plasma after intake of berries: where over 75% of polyphenol metabolites
determined in 0-24 h plasma was attributed to the phenolic acid metabolites alone [87] (Table 1.7).

Table 1.6. Human plasma kinetic and urinary recovery data of phenolic acids from berries.
Subjects

Healthy
individuals
(2M, 2F)
(32 ± 6 y.o.)

Phenolic acid

Plasma Data

Food item
(Dosage)

aFruit

Whole
strawberries
(750 g)

p-Hydroxybenzoic acid (34)
p-Coumaric acid (27)
Sinapic acid (11)
Gallic acid (7)
Ferulic acid (4)
Protocatechuic acid (3.1)

profile

Salicylic acid (3)
Vanillic acid (2.8)
Gentisic acid (1.9)
Syringic acid (0.2)
2447 mg/person

Cmax (nM)

Tmax (h)

216 ± 143
504 ± 451
n.d.
n.d.
n.d.
112 ± 105
87 ± 173
n.d.
28 ± 17
154 ± 118
714 ± 652
764 ± 257
368 ± 446

1
1

AUC (nM.h)

c

26-27%
5%
c
Trace
c
1%
c
Trace
c
26-27%

1
1

6%
8%

c

c

26-27%

c

26%
[85]

p-Coumaric acid (e36)
Caffeic acid (e31)
Protocatechuic acid (e12)
Ferulic acid (e9%)
339 µmol/person

Healthy
individuals
(9M, 4F)
(26-37 y.o.)
(22.6 kg/m2)

Fresh whole
strawberries
(300 g)

Coumaric acid (N/S)
p-Hydroxybenzoic acid (N/S)
Protocatechuic acid (N/S)

b,f

g

1.3 ± 1.4
1.9 ± 1.1
g
3.8 ± 2.9

b,f,g

b,f

g

b,f,g

Healthy
individuals
(7M, 3F)
(50-70 y.o.)
(19-30 kg/m2)

Cranberry
juice cocktail
(237 mL)

Chlorogenic acid (39)
p-Coumaric acid (24)

b

0.6 ± 0.3
6.4 ± 2.6
8.8 ± 1.4
6.1 ± 2.0
0.7 ± 0.3
6.1 ± 2.5
0.6 ± 0.5
0.8 ± 0.5
3.7 ± 1.5
8.2 ± 1.5
0.8 ± 0.7
7.2 ± 2.3
0.6 ± 0.3
8.6 ± 1.6
8.4 ± 6.1
7.1 ± 2.9

b

1.5 ± 1.3
7.8 ± 2.5

b

p-Hydroxybenzoic acid (1.4)
Ferulic acid (0.7)
Homoprotocatechuic acid (0.7)
Homovanillic acid (0.7)
Gallic acid (0.5)
3-Hydroxyphenylacetic acid
(0.4)
4-Hydroxyphenylacetic acid
(n.d.)
9.73 mg/person

[35]

c

3
3
1
3
1

Bilberrylingonberry
puree
(50 g)

Sinapic acid (7.2)
Caffeic acid (4.5)

Ref

c

Healthy
individuals
(5M, 1F)
(28 ± 3.2 y.o.)

Protocatechuic acid (11.2)
Gentisic acid (0.1)
Vanillic acid (9.2)

Urinary
Recovery
% of intake

b,d

29%
12%
b,d
34%
b,d
8%
b,d

370 ± 216
2500 ± 2524
b,f
170 ± 108

n.d.
197 ± 34
b
186 ± 38
b
10382±10382
b
50 ± 15
b
11882 ± 2146
b
11028 ± 2249
b
87 ± 17
b
27 ± 13
b
23 ± 17
b
28 ± 18
b
1431 ± 638
b
1438 ± 553
b
290 ± 87
b
285 ± 107
b
83 ± 43
b
334 ± 21
b

620 ± 72
7600±721
b,f,g
180 ± 36

486 ± 688

b

9149 ±12004
269 ± 231
b
15569±10239
b

b

242 ± 319
72 ± 91

b

b

3565 ± 5240

b

662 ± 1367

b

349 ± 407
1255 ± 759

b

b

n.d.
n.d.

b

b

646 ± 337
784 ± 447

b

2297 ± 2291

[88]

[58]
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Table 1.6 (continued)

Subjects

Healthy
individuals
(3M, 6F)
(25-54 y.o.)
(23.2 ± 3.5
kg/m2)

Healthy
postmenopau
sal women
(n = 15)
(58 ± 6 y.o.)
(25 ± 1 kg/m2)

Healthy males
(n = 10)
(18-40 y.o.)
(25 ± 1 kg/m2)

Phenolic acid
Food item
(Dosage)

aFruit

Mixed fruit
puree
(Blueberries,
Blackberries
,
Raspberries,
Strawberry
tree fruits,
Crowberries)

Gallic acid
4-methylgallic acid
4-methylgallic acid-3-sulfate
Caffeic acid
3-O-sulfate
Protocatechuic acid
3-O- and 4-O-sulfates
Syringic acid
3-Methylgallic acid
Ferulic acid
4-O-sulfate
Isoferulic acid-3-O-sulfate
Vanillic acid
4-O-sulfate
Phloroglucinaldehyde

Elderberry
extract
(2 g)

Freeze-dried
blueberry
powder
(34 g)

Urinary
Recovery

Plasma Data
profile

Cmax (nM)

Tmax (h)

840 ± 589
300 ± 365

1
2
2

AUC (nM.h)

Ref

% of intake
[89]

2028 ± 3285
1
181 ± 127
4
1055 ± 927
188 ± 321
1345 ± 3209
151 ± 36
Detected

Protocatechuic acid (68)
3-O-glucuronide
4-O-glucuronide
3-O- and 4-O-sulfates
Phloroglucinaldehyde (8)
Caffeic acid (7)
p-Hydroxybenzoic acid (6)
p-Coumaric acid (5)
Vanillic acid (1.3)
4-O-glucuronide
O-sulfate
p-hydroxybenzaldehyde (1.2)
Methyl-protocatechuic acid
(0.9)
Gallic acid (0.8)
Ferulic acid (0.7)
3,4-Dihydroxybenzaldehyde
(0.7)
Sinapic acid (0.5)
Homoprotocatechuic acid (0.2)
Isovanillic acid (0.1)
3-O-glucuronide
Methyl gallate (0.02)
Syringic acid (N/S)
α-Resorcylic acid (N/S)
4-methoxysalicylic acid (N/S)
405.7 mg/person

h

Benzoic acid (N/S)
Baffeic acid (N/S)
Dihydroferulic acid (N/S)
Dihydro-m-coumaric acid
(N/S)
Ferulic acid (N/S)
Gentisic acid (N/S)
Hippuric acid (N/S)
Homovanillic acid (N/S)
3’-Hydroxyhippuric acid (N/S)
Isoferulic acid (N/S)
3-Hydroxyphenylacetic acid
(N/S)
p-Hydroxybenzoic acid (N/S)
2,4-Dihydroxybenzoic acid
(N/S)
Protocatechuic acid (N/S)
2,3-Dihydroxybenzoic acid
(N/S)
Salicylic acid (N/S)
Sinapic acid (N/S)
Syringic acid (N/S)
Vanillic acid (N/S)

1
1
6

24
15
14
h
358
h
n.d.
h
n.d.
h
n.d.
h
n.d.
h
62
h
120
h
161
h
n.d.
h
n.d.
h
n.d.
h
28
h
n.d.
h
n.d.
h
n.d.

3
2
3
3

h

24
n.d.
h
22
h
49
h
2

2

b

1211
49
b
106
b
202

3.5
2.1
5.6
4.9

b

113
57
b
4686
b
71
b
3041
b
109
b
258

3.1
3.5
5.7
5
6
2.8
2.2

b

23
b
22

3.6
3

b

2.3
3.3

h
h

[61]

2
3
1

2

h

b

b

2
3
3

b,i

2778
216
b,i
279
b,i
622
b,i
354
b,i
201
b,i
12478
b,i
222
b,i
7468
b,i
280
b,i
505
b,i

b,i

142
27

b

b

167
35
b
299
b
113
b

2.1
1.6
1.8
1.9

83
75
564
b,i
72
b,i
624
b,i
204
b,i
608
b,i
384
b,i
b,i

[52]
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Table 1.6 (continued)

Subjects

Healthy males
(n = 10)
(18-35 y.o.)

Phenolic acid

Urinary
Recovery

Plasma Data

Food item
(Dosage)

aFruit

Cranberry
juice
(450 mL)

j

profile

Cmax (nM)

Tmax (h)

AUC (nM.h)

Benzoic acid derivatives

Benzoic acid (N/S)
2,3-dihydroxybenzoic acid
(N/S)
Vanillic acid (N/S)
4-O-sulfate (N/S)
jPhenylacetic

[87]
2169 ± f1923
12024±f12823

8.6 ± f9.5
7.3 ± f10.1

410 ± f364
1054 ± f866

1.8 ± f2.5
2.1 ± f2.5

511 ± f522
30 ± f32
476 ± f436

5.6 ± f3.0
10.2 ±f11.0
7.3 ± f7.0

1849 ± f2289

13.8 ± f13

acid derivatives

Homovanillic acid (N/S)
O-sulfate (N/S)
Homoprotocatechuic acid
(N/S)
4-Hydroxyphenylacetic acid
(N/S)

42207±f38523
185530±1763
73
3700 ± f3384
11791 ±
f
10663

9005 ± f9212
522 ± f563
6348 ± f6919
30711 ±
f
38207

jHippuric

acid derivatives

Hippuric acid (N/S)
4-Hydroxyhippuric acid (N/S)
α-Hydroxyhippuric acid (N/S)
jCinnamic

a%of

42926±f33839
592 ± f497
2943 ± 1856

21.9 ± f7
3.8 ± f8
3.9 ± 8

758245±f223886
6111 ± f4551
34824 ± f275659

4592 ± f7118
49 ± f19
387 ± f300
47 ± f38
165 ± f92
2268 ± f2511
304 ± f386
197 ± f304
201 ± f187

3.8 ± f8
4.1 ± f8
1.9 ± f2
1 ± f0
1.3 ± f1
3.6 ± f8
6.1 ± f11
6.8 ± f10
7.1 ± f10

79971±f146910
529 ± f285
2534 ± f1701
148 ± f161
1062 ± f572
11484 ± f17462
3241 ± f4092
2037 ± f3004
2061 ± f1619

acid derivatives

Isoferulic acid (N/S)
3-O-sulfate (N/S)
3-O-glucuronide (N/S)
Ferulic acid (N/S)
4-O-glucuronide (N/S)
4-O-sulfate (N/S)
Dihydroferulic acid (N/S)
4-O-sulfate (N/S)
4-O-glucuronide (N/S)

total ingested dose in (w/w)
or urine samples were pre-treated with enzymes intended to deconjugate phase II metabolites
(i.e. β-glucuronidase/aryl-sulphatase).
cUrinary recovery in urine samples collected over a period of 5 h post-consumption [35].
dUrinary recovery in urine samples collected over a period of 48 h and expressed as percentage of the amount of
phenolic acid ingested [85].
e%of total phenolic acids dose (mol/mol) characterised in the bilberry-ligonberry puree [85].
fValues are originally reported as standard error of mean (SEM) in the original publication, but have been
recalculated to give standard deviation (SD)
gReported Plasma AUC was from 0-8 h only [88].
hValues represent concentrations of pooled plasma sample (n = 1) from the samples of 15 participants [61].
iReported Plasma AUC was from 0-6 h only [52].
jOnly a selection of phenolic acid metabolites within the subclass that are relevant for discussion is summarised
in this table. For a complete list of all phenolic acid metabolites, please refer to the original publication [87].
bPlasma

Ref
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Table 1.7. Major phenolic compound classes found in the systemic circulation
following intake of cranberries or wild blueberry.
Subjects
Phenolic acid
Plasma Urinary
Ref
Data
Recovery
a
AUC
Food item Phenolic class
(Dosage)
(nM.h)
Healthy males
(n = 10)
(18-35 y.o.)

Healthy
individuals
(n = 18)
(33 ± 18 y.o.)
(24 ± 3 kg/m2)

Cranberry
juice
(450 mL)

Wild
blueberry
drink
(Day 1, 30)

Phenolic acid metabolites
Hippuric acid derivatives
Phenylacetic acid derivatives
Benzoic acid derivatives
Valerolactones
Cinnamic acid derivatives
Propionic acid derivatives
Total

[87]
44.7%
10.0%
14.7%
0.1%
7.0%
76.5%

b

64.0%
b
14.5%
b
9.2%
b
4.2%
b
2.6%
b
0.2%
b
94.5%

Aromatic breakdown products
Catechol derivatives
Pyrogallol derivatives
Benzaldehyde derivatives
Total

22.4%
0.8%
0.1%
23.3%

b

Flavonols
Quercetin (aglycone, glucuronide)
Kaempferol (aglycone, glucuronide)
Total

0.1%

b

Phenolic acid metabolites
Hippuric acid derivatives
Cinnamic acid derivatives
Benzoic acid derivatives
Phenylacetic acid derivatives
Valerolactone derivatives
Propionic acid derivatives
Total
Aromatic breakdown products
Catechol derivatives
Pyrogallol derivatives
Benzaldehyde derivatives
Total

4.7%
0.4%
b
0.1%
b
5.2%
b

0.1%

[86]
c

11.2%, d16.5%
c
1.8%, d1.8%
c
1.6%, d1.5
c
0.7%, d0.7%
c
0.2%, d0.2%
c
0.01%, d0.01%
c
15.5%, d16.4%
c

0.2%, d0.2%
0.05%, d0.04%
c
0.004%, d0.003%
c
0.2%, d0.3%
c

Flavonols
c
0.012%, d0.027%
Quercetin (aglycone, glucuronide)
c
0.009%, d0.012%
Kaempferol (aglycone, glucuronide)
c
Total
0.02%, d0.04%
a
Percentage of each phenolic class quantified in plasma expressed as a percentage of the total value of area under the plasma
curve from 0 to 24 h (AUC0-24h) determined following intake of cranberry juice [87].
b
Urinary recovery expressed as a percentage of total amount of flavonoid and phenolic metabolites recovered in 0-24 h urine of
10 participants following intake of cranberry juice providing 787 mg polyphenols [87].
c
Urinary recovery expressed as a percentage of the total amount of polyphenol intake in 0-24 h urine sample after 1 day of
intake, or dAfter 30 days of consecutive wild blueberry intake [86].

B. Anthocyanins
Despite their abundance in berry fruit, ingested anthocyanins generally have very low 'apparent
systemic bioavailability’ as evidenced by their low nM plasma Cmax, and their rapid clearance from the
systemic circulation: early time to reach maximal plasma concentration (Tmax), low plasma half-life
(T1/2) and low plasma AUC values (Table 1.8). Anthocyanins also have extremely low recovery in
urine, typically <0.1% of their ingested dose (Table 1.9). These observations suggest that only a
minor proportion of ingested berry anthocyanins appear in the systemic circulation in the forms
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occurring in the berries, raising doubts that they are the main bioactive forms in vivo [68, 83], as these
data suggest they undergo extensive metabolism in vivo.

Table 1.8. Human plasma kinetic data of ingested berry anthocyanins.
Subjects
Berry anthocyanins
Plasma data
a
Fruit profile
Berry
Cmax (nM)
Tmax(h)
(Dosage)

AUC
(nM.h)

T1/2 (h)

Healthy males
(n = 8)
(26-57 y.o.)
(60-72 kg)

Blackcurrant
juice
concentrate

Delp-3-rut (47%)
Cyn-3-rut (34.7%)
Delp-3-gluc (13.7%)
Cyn-3-gluc (4.6%)
214 mg/60 kg b.w

73.4 ± 35
46.3 ± 22.5
22.7 ± 12.4
5 ± 3.7

1.75 ± 1.04
1.50 ± 0.53
1.50 ± 0.53
1.25 ± 0.46

288 ± 110
168 ± 75
69 ± 27
9±7

3.2 ± 1.3
3.5 ± 2.7
1.3 ± 0.4
1.3 ± 0.4

Coronary
Heart Disease
individuals
(n = 15)
(13M, 2F)
(45-73 y.o.)

Cranberry
juice
(480 mL)

Peo-3-gal (33%)
Cyn-3-arab (17%)
Peo-3-arab (22%)
Cyn-3-gal (20%)
Cyn-3-gluc (2%)
Peo-3-gluc (6%)
Mal-3-gluc
(<0.01%)
(95 mg)

4.6 ± 3.6
3.6 ± 2.9
1.8 ± 1.3
1.4 ± 1.2
0.9 ± 1.0
0.7 ± 0.4
0.6 ± 0.4

1.47 ± 0.64
1.47 ± 0.64
1.27 ± 0.59
1.27 ± 0.59
1.13 ± 0.83
1.40 ± 0.83
0.93 ± 1.10

12 ± 10
9±7
4±3
4±3
2 ± 1.5
1.9 ± 1
1.3 ± 1.6

Healthy
males
(n = 10)
(21 ± 2 y.o.)
(23 ± 2 kg/m2)

Blueberry
puree
(300g)

Mal-3-gal (26.9%)
Delp-3-gal (16.4%)
Pet-3-gal (10.6%)
Cyn-3-arab (1.5%)
Mal-3-arab (14.4%)
Cyn-3-gal +
Delp-3-arab (13%)
Peo-3-gal +
Pet-3-arab (7%)
Mal-3-gluc (2.34%)
Cyn-3-gluc (0.44%)
Delp-3-gluc (0.43%)
348 mg

24.9 ± 14.0
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
c19.5 ± 5.2
Trace

1.5

Mal-3-gal (26.9%)
Delp-3-gal (16.4%)
Pet-3-gal (10.6%)
Cyn-3-arab (1.5%)
Mal-3-arab (14.4%)
Cyn-3-gal +
Delp-3-arab (13%)
Peo-3-gal +
Pet-3-arab (7%)
Mal-3-gluc (2.34%)
Cyn-3-gluc (0.44%)
Del-3-gluc (0.43%)
358 mg

31.1 ± 11.4
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
11.7 ± 4.3
Trace

1.5

Blackcurrant
Juice
(142 mL/
60kg)

Cyn-3-rut (50%)
Delp-3-rut (38%)
Delp-3-gluc (8%)
Cyn-3-gluc (4%)
432 mg/60 kg b.w.

6.4 ± 2.3
7.8 ± 2.5
0.8 ± 0.6
0.2 ± 0.1
(15.2)

2.5
2.5
2.5
2.5

Blackcurrant
exract
(1.66 g/
60 kg
person)

Cyn-3-rut (50%)
Delp-3-rut (38%)
Delp-3-gluc (8%)
Cyn-3-gluc (4%)
548 mg/60 kg b.w.

8.6 ± 2.9
11.7 ± 4.5
1.3 ± 0.9
0.4 ± 0.3
(22.0)

2.5
2.5
2.5
2.5

Blanched
Blueberry
puree
(300g)

Healthy
individuals
(n = 36)
(18-34 y.o.)
(24 ± 4 kg/m2)

Ref.

[90]

[91]

[37]

1.5

1.5

[59]
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Berry anthocyanins
a
Fruit profile
Berry
(Dosage)

Table 1.8. (Continued)
Plasma data
Cmax (nM)
Tmax
AUC
(h)
(nM.h)

Ref.
T1/2 (h)

Healthy
individuals
(6M, 4F) &
Ileostomists
(2M, 2F)
(25-48 y.o.)

Red
raspberries
(300g)

Cyn-3-soph
Cyn-3-(2”-gluc)rut
Cyn-3-gluc
91.7 mg

n.d.
n.d.
n.d.

[44]

Healthy
Females
(n = 4)
(60-70 y.o.)

Elderberry
extract
(12 g)

Cyn-3-samb &
Cyn-3-gluc (>90%)
Others (<10%)
720 mg

n.d.
n.d.

[60]

Healthy
Females
(n = 6)
(60-70 y.o.)

Frozen
blueberries
(189 g)

Mal-3-gluc (ca.24%)
Delp-3-gluc(ca.17%)
Delp-3-gal (ca.15%)
Delp-3-arab (ca.11%)
Pet-3-gal (ca.10%)
Mal-3-arab (ca.8%)
Pet-3-arab (ca.6%)
Cyn-3-gluc (ca.5%)
Cyn-3-gal (ca.4%)
690 mg

n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

[60]

Healthy
Postmenopausal
Women
(58 ± 5.6 y.o.)
(25 ± 1 kg/m2)

Elderberry
extract
(2 g)

Cyn-3-gluc (53.5%)
Cyn-3-samb (39.5%)
Others (7%)
500 mg

7
16

2
2

Healthy
Individuals
(7M, 3F)
(50-70 y.o.)
(19-30 kg/m2)

Cranberry
juice
(237 mL)

Peo-3-gal (44%)
Peo-3-arab (26%)
Cyn-3-arab (15%)
Cyn-3-gal (11%)
Peo-3-gluc (3%)
Cyn-3-gluc (1%)
155 mg

2.1 ± 1.1
1.0 ± 0.5
0.4 ± 0.2
0.7 ± 0.3
0.2 ± 0.1
0.2 ± 0.1

1.6 ± 2.6
0.9 ± 0.5
3.3 ± 3.7
2.3 ± 3.2
4.7 ± 9.5
1.7 ± 0.6

Healthy
males
(47 ± 2 y.o.)
(24 ± 1 kg/m2)

Blueberry
powder
(100g)

Delp-3-gal
Delp-3-gluc
Cyn-3-gal
Delp-3-arab
Cyn-3-gluc
Pet-3-gal
Cyn-3-arab
Pet-3-gluc
Peo-3-arab
Mal-3-gal
Mal-3-gluc
1200 mg

1.5
2.8
1.0
1.9
2.0
1.0
0.7
2.4
2.1
8.2
6.0

3
4
3
4
3
4
4
4
4
4
4

Healthy
individuals
(30± 11 y.o.)
(26 ± 3 kg/m2)

Black
raspberry
Powder
(45g)

Cyn-3-gluc (9%)
Cyn-3-samb (6%)
Cyn-3-rut (67%)
Cyn-3-xylrut (18%)
1440 mg

4.8 ± 1.7
3.4 ± 0.7
35.1 ± 7.6
9.4 ± 2.4

1.09 ± 0.75
2.18 ± 0.45
1.64 ± 0.50
2.55 ± 1.69

[61]

5.3 ± 7.4
2.3 ± 3.4
3.2 ± 3.4
0.2 ± 0.1
1.2 ± 2.0
0.1 ± 0.2

[58]

[92]

15 ± 5
21 ± 7
148 ± 47
54 ± 21

2.52
6.16
2.04
3.39

Healthy
Whole
Pel-3-gluc (92%)
trace
individuals
Strawberry
Pel-3-(6”-rham)gluc
n.d.
(8M, 6F)
(200g)
(5.4%)
(23-48 y.o.)
Cyn-3-gluc (3%)
n.d.
107.25 mg
(21-28 kg/m2)
a
% of total ingested dose in (w/w). Compound abbreviations: Delp-3-rut: Delphinidin-3-O-rutinoside; Cyn-3-rut: Cyanidin-3O-rutinoside; Delp-3-gluc: Delphinidin-3-O-glucoside; Cyn-3-gluc: Cyanidin-3-O-glucoside; Peo-3-gal: Peonidin-3-Ogalactoside; Cyn-3-arab: Cyanidin-3-O-arabinoside; Peo-3-arab: Peonidin-3-O-arabinoside; Cyn-3-gal: Cyanidin-3-Ogalactoside; Peo-3-gluc: Peonidin-3-O-glucoside; Mal-3-gluc: Malvidin-3-O-glucoside; Mal-3-gal: Malvidin-3-O-galactoside;
Delp-3-gal: Delphinidin-3-O-galactoside; Pet-3-gal: Petunidin-3-O-galactoside; Mal-3-arab: Malvidin-3-O-arabinoside; Delp-3arab: Delphinidin-3-O-arabinoside; Pet-3-arab: Petunidin-3-O-arabinoside; Cyn-3-soph: Cyanidin-3-O-sophoroside; Cyn-3(2”-gluc)rut: Cyanidin-3-O-(2”-glucosyl)rutinoside; Cyn-3-samb: Cyanidin-3-O-sambubioside; Cyn-3-xylrut: Cyanidin-3-O(xylosyl)rutinoside; Pel-3-gluc: Pelargonidin-3-O-glucoside; Pel-3-(6”-rham)gluc: Pelargonidin-3-O-(6”-rhamnosyl)glucoside.

[47]

[45]
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Table 1.9. Urinary recovery data of bioavailable berry anthocyanins in humans.
Subjects
Berry anthocyanins
Urinary Recovery
Ref.
b(% of intake)
Berry (Dosage) aFruit profile
Coronary
Heart Disease
individuals
(n = 15)
(13M, 2F)
(45-73 y.o.)

Cranberry juice
(480 mL)

Peo-3-gal (33%)
Cyn-3-arab (17%)
Peo-3-arab (22%)
Cyn-3-gal (20%)
Cyn-3-gluc (2%)
Peo-3-gluc (6%)
Mal-3-gluc (<0.01%)
95 mg

0.015 ± 0.010
0.010 ± 0.014
0.010 ± 0.010
0.007 ± 0.008
0.007 ± 0.004
0.029 ± 0.059
Not Specified

[91]

Healthy
individuals
(6M, 4F) &
Ileostomists
(2M, 2F)
(25-48 y.o.)

Red raspberries

Cyn-3-soph
Cyn-3-(2”-gluc)rut
Cyn-3-gluc
91.7 mg

0.04 (H), 0.07 (HI)
0.06 (H), 0.09 (HI)
0.03 (H), 0.04 (HI)

[44]

Healthy
individuals
(4M, 13F)
(24-60 y.o.)

Blueberry Juice

Not specified
216 mg

0.075 (total)

[93]

Healthy
Females
(n = 4)
(60-70 y.o.)

Elderberry
extract
(12g/person)

Cyn-3-samb &
Cyn-3-gluc
(>90%)
Others (<10%)
720 mg

ca. 0.004
(total)

[60]

Healthy
Females
(n = 6)
(60-70 y.o.)

Frozen
blueberries
(189 g/person)

Mal-3-gluc (ca.24%)
Delp-3-gluc
(ca.17%)
Delp-3-gal (ca.15%)
Delp-3-arab
(ca.11%)
Pet-3-gal (ca.10%)
Mal-3-arab (ca.8%)
Pet-3-arab (ca.6%)
Cyn-3-gluc (ca.5%)
Cyn-3-gal (ca.4%)
690 mg

ca. 0.077
(total)

Healthy
individuals
(8M, 6F)
(23-48 y.o.)
(21-28 kg/m2)

Whole
Strawberries

Pel-3-gluc (92%)
Pel-3-(6”-rham)gluc
(5.4%)
Cyn-3-gluc (3%)
107.25 mg

0.014 ± b0.007
n.d.

Healthy
individuals
(30± 11 y.o.)
(26 ± 3 kg/m2)

Black raspberry
Powder

Cyn-3-gluc (9%)
Cyn-3-samb (6%)
Cyn-3-rut (67%)
Cyn-3-xylrut (18%)
1440 mg

0.010
0.050
0.030
0.050

[47]

Healthy males
(n = 8)
(26-57 y.o.)
(60-72 kg)

Blackcurrant
juice concentrate

Delp-3-rut (47%)
Cyn-3-rut (34.7%)
Delp-3-gluc (13.7%)
Cyn-3-gluc (4.6%)
214.4 mg/60 kg b.w

0.110 ± 0.110
0.098 ± 0.100
0.066 ± 0.060
0.060 ± 0.061

[90]

(300g/person)

(250 mL/ person)

(200g/person)

(45g/person)

[45]

n.d.

Symbol abbreviations: H: healthy individuals; HI: healthy ileostomists
a% of total ingested dose in (w/w); b% of total amount (mol) recovered in urine relative to the amount ingested (mol);
bReported as standard error of mean (SEM) in the original publication, but converted to standard deviation (SD) here.
Compound abbreviations: Peo-3-gal: Peonidin-3-O-galactoside; Cyn-3arab: Cyanidin-3-O-arabinoside; Peo-3-arab: Peonidin-3-Oarabinoside; Cyn-3-gal: Cyanidin-3-O-galactoside; Cyn-3-gluc: Cyanidin-3-O-glucoside; Peo-3-gluc: Peonidin-3-O-glucoside; Mal-3-gluc:
Malvidin-3-O-glucoside; Cyn-3-soph: Cyanidin-3-O-sophoroside; Cyn-3-(2”-gluc)rut: Cyanidin-3-O-(2”-O-glucosyl)rutinoside; Cyn-3-samb:
Cyanidin-3-O-sambubioside; Delp-3-gluc: Delphinidin-3-O-glucoside; Delp-3-gal: Delphinidin-3-O-galacoside; Delp-3-arab: Delphinidin-3-Oarabinoside; Pet-3-gal: Petunidin-3-O-galactoside; Mal-3-arab: Malvidin-3-O-arabinoside; Pet-3-arab: Petunidin-3-O-arabinoside; Pel-3-(6”rham)gluc: Pelargonidin-3-O-(6”-O-rhamnosyl)glucoside; Delp-3-rut: Delphinidin-3-O-rutinoside; Cyn-3-xylrut: Cyanidin-3-O-xylosylrutinoside
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C. Flavan-3-ol monomers and proanthocyanidins
(-)-Epicatechin is one of the few polyphenols for which preliminary causal relationship between its
intake and modulation of cardiovascular function has been satisfactorily demonstrated in humans, [94,
95]. However, it is not known if its bioactive form is the parent compound given that in humans, (-)epicatechin reached the circulation at an extremely low concentration in biofluids, with C max levels
usually escaping instrumental detection limit, following intake of radiolabelled (-)-epicatechin [69], or
flavan-3-ol rich cocoa products [96-98] and berries [87].

Ingested (-)-epicatechin very likely undergoes extensive metabolism, with first-pass metabolism being
important given that it appears to be detectable only in studies that have analysed βglucuronidase/aryl-sulphatase pre-treated plasma and urine after intake of (-)-epicatechin-containing
food including (-)-epicatechin capsule [99], cocoa products [100], or cranberries [58], but not studies
analysing non pre-treated bio-fluids (Table 1.10).

Table 1.10. Human plasma kinetic and urinary recovery data of ingested flavan-3-ol monomers from
berries and other food sources.
Subjects
Berry flavan-3-ols
Plasma data
Urinary
Ref
recovery
a
c% of
Fruit profile
Berry
Cmax (nM)
Tmax
AUC
(Dosage)
(h)
(nM.h)
intake
Healthy males
(n = 10)
(18-35 y.o.)

Cranberry juice
cocktail
(450 mL)

Epicatechin (90%)
Catechin (10%)
5 mg/person

n.d.
n.d.

Healthy
Individuals
(7M, 3F)
(50-70 y.o.)
(19-30 kg/m2)

Cranberry juice
cocktail
(237 mL)

Epicatechin (89%)
Catechin (11%)
2.34 mg/person

b82

Healthy
Individuals
(5M, 4F)
(21-49 y.o.)
(20-34 kg/m2)

Reconstituted
red wine
(120 mL)

(-)-Epicatechin
(>97%)
(+)-Catechin (<3%)
36 mg/person

n.d.

Healthy
individuals
(4M, 6F)
(26-49 y.o.)
(23.2 kg/m2)

Cocoa beverage
(375 mg/kg b.w.)

(-)-Epicatechin
(+)-Catechin
12.2 mg total/kg b.w.

b5920±d1432

Healthy males
(n = 7)
(28 ± 3 y.o.)
(24 ± 1 kg/m2)

Low-flavonol
cocoa dairy
drink with added
monomeric
flavan-3-ol
stereoisomers

(-)-Epicatechin (25%)
(+)-Epicatechin (25%)
(-)-Catechin (25%)
(+)-Catechin (25%)
6 mg/kg b.w.

n.d.
n.d.
n.d.
n.d.

b79

b77

[87]

± 62
± 74

2.6 ± 2.4
8.1 ± 2.4

299±531

[58]

[101]
± d23

b160

± d67

1.4 ± d0.4

2
2

306±d89

[100]

[96]
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Berry flavan-3-ols

Table 1.10 (Continued)
Plasma data

Berry
(Dosage)

a

Cmax (nM)

Tmax
(h)

Healthy males
(n = 10)
(32 ± 1 y.o.)
(24 ± 2 kg/m2)

Cocoa drink with
1.8 mg/kg b.w.
(-)-epicatechin

(-)-Epicatechin
1.8 mg/kg b.w.

4

1

Healthy
individuals
(n = 5)
(23 ± 3 y.o.)
(22 ± 2 kg/m2)

Dark chocolate
(10 g)

(-)-Epicatechin (75%)
(+)-Catechin (25%)
105 mg/person

n.d.
N/A

Healthy males
(n = 6)
(24-31 y.o.)
(22-26 kg/m2)

Epicatechin
capsule
(1 capsule)

Fruit profile

AUC
(nM.h)

Urinary
recovery
c% of
intake

Ref

[97]

[98]

[99]
(-)-Epicatechin
1 mg/kg b.w.

b517

± 104

2±1

3445 ±
689

b2.2-6.3

Healthy males [2-14C]-(-)
(-)-Epicatechin
n.d.
n.d.
60 mg/person
(n = 8)
epicatechin
(18-50 y.o.)
(60 mg)
(19-30 kg/m2)
a% of total ingested dose in (w/w); N/A, Not applicable; n.d., not detected; b.w., body weight.
bPlasma or urine samples were pre-treated with enzymes intended to deconjugate phase II metabolites
(β-glucuronidase/aryl-sulphatase)
c%Recovery with respect to total ingested amount (nmol) of epicatechin characteriaed in the food item;
dReported as standard error of mean (SEM) in the original publication, but converted to SD here

Like (-)-epicatechin, the apparent systemic bioavailability of proanthocyanidins is extremely low [38,
87, 102]. While dimeric proanthocyanidins are known to be absorbed and can appear in the
circulation, its plasma Cmax is reportedly extremely low and recent studies with a detection limit of 4.3
or 2 nM could not reliably measure it in plasma < 2 nM [58, 99, 103]. Proanthocyanidins with DP ≥ 3
are generally not known to be absorbed to any significant extent [38]. These findings suggest that
parent proanthocyanidins are unlikely the important bioactive forms in vivo.

D. Flavonols
While intake of foods rich in quercetin glucosides results in significant increases in total serum/plasma
concentrations of quercetin quantified as a combination of aglycone, phase II glucuronidated,
sulphated and methylated metabolites, recent work suggests that there is little contribution by nonglucosylated flavonols to plasma, urinary, and tissue accumulation of total flavonols as aglycone and
phase II conjugates [104-108].Therefore, as berries including blueberries generally have a higher
content of non-glucosylated than glucosylated flavonols (Table 1.5), this suggests that quercetin and

[69]
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its phase II metabolites are unlikely to be the most abundant forms in the circulation after intake of
berry flavonols.

Table 1.11 summarises the plasma kinetic and urinary recovery data to substantiate the abovementioned point. It is clear from the presented data that intake of food items rich in flavonol
glucosides particularly onions [109] or supplements containing pure quercetin-3-O-glucoside or
quercetin-4’-O-glucoside [110] contribute considerably more to total plasma quercetin levels as
aglycone and phase II metabolites compared to food items lower in them, including cranberries [87],
wild blueberries [52, 86], apples [104, 111] and tomatoes [107]. These results are also reflected in the
amount of total flavonols recovered in 0-24 h urine: where intake of fried onions led to a urinary
recovery of 4.7% [109] of ingested flavonol dose, compared to only ~0.5% [or ~0.1% of total ingested
cranberry polyphenols, Table 1.11], ~0.7%, or ~0.4 % respectively, following intake of cranberry [87],
wild blueberry [86], or apples [104].

Table 1.11. Human plasma kinetic and urinary recovery data of flavonols from berries and other food
items.
Subjects

Flavonols

Urinary
Recovery

Plasma Data

Food item
(Dosage)

aFruit

Cmax (nM)

Tmax (h)

AUC
(nM.h)

e%

Healthy males
(n = 10)
(18-35 y.o.)

Cranberry
juice cocktail
(450 mL)

Kaempferol (N/S)
Kaempferol-3-O-glucuronide (N/S)
Quercetin-3-O-glucuronide (N/S)
31.3 mg/person

59 ± 18
13 ± 1
156 ± 35

6.8 ± 2.3
2.1 ± 0.4
1.8 ± 0.4

1035 ± 305
118 ± 12
910 ± 162

ca. 0.5%
or J0.1%
(total)

Healthy
Individuals
(7M, 3F)
(50-70 y.o.)
(19-30 kg/m2)

Cranberry
juice cocktail
(237 mL)

dQuercetin

b1126

± 402
± 608
b99 ± 112
b153 ± 126
b68 ± 18
b50 ± 14
b
73 ± 37
b74 ± 38

1.4 ± 1.3
7.8 ± 1.9
0.5 ± 0.6
7.3 ± 2.1
1.7 ± 1.3
7.8 ± 2.0
0.8 ± 0.8
7.3 ± 3.0

b9876±7837

b38

profile

(28%)

b1532
dIsorhamnetin
dMyricetin

(1%)

(10%)

d

Kaempferol (n.d.)

b267

± 379

b319

± 338

Ref

of
intake
[87]

[58]

b

299 ± 531

20.9 mg/person
Healthy males
(n = 10)
(18-40 y.o.)
(25 ± 1 kg/m2)

Freeze-dried
blueberry
powder
(34g)

Quercetin (100%)
Kaempferol (N/S)
24 mg/person

N/S
b8

3.1

Healthy males
(n = 18)
(18-70 y.o.)
(24 ± 3 kg/m2)

Freeze-dried
blueberry
powder
(11 g)

Kaempferol (N/S)
Kaempferol-3-O-glucuronide (N/S)
Quercetin (N/S)
Quercetin-3-O-glucuronide (N/S)
31 mg/person

c68-75

c2

c1-2

c2

c28-32

c2

c5-9

c2

Healthy
individuals
(4M, 2F)
(23-45 y.o.)
(21-28 kg/m2)

Fried onions
(270g)

Quercetin-3’-O-sulfate
Quercetin-3-O-glucuronide
Isorhamnetin-3-O-glucuronide
Quercetin-O-diglucuronide
Quercetin-O-glucuronide-O-sulfate
Quercetin-3,4’-diglucoside (39%)
Quercetin
Isorhamnetin-3-O-glucoside
Quercetin-4’-O-glucoside
g83.4 mg/person

665 ± i201
351 ± i66
112 ± i44
62 ± i29
123 ± i64
Trace
Trace
Trace
n.d.

0.8 ± i0.3
0.6 ± i0.2
0.6 ± i0.2
0.8 ± i0.3
2.5 ± i0.5

[52]

ca. 0.7%
(total)

[86]

4.7%
(total)

[109]
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Table 1.11 (Continued)

Subjects

Plasma Data

Flavonols
Food item
(Dosage)

aFruit

Healthy
individuals
(1M, 5F)
(22-48 y.o.)
(25 ± 1 kg/m2)

Tomato juice
(300 mL)

Healthy
individuals
(16M, 16F)
(23 ± 3 y.o.)
(22 ± 2 kg/m2)

profile

Urinary
Recovery

Cmax (nM)

Tmax (h)

Quercetin-3-O-glucuronide
Isorhamnetin-3-O-glucuronide
h105 mg/person

12 ± i5
4.3 ± i4

4.7 ± i1
5.4 ± i0.5

Apple Peel
(85 g)

Quercetin (N/S)
Quercetin-3-rhamnoside (31%)
Quercetin-O-arabinoside (18%)
Quercetin-3-galactoside (17%)
Quercetin-3-O-glucoside (16%)
Quercetin-O-xyloside (9%)
Quercetin-3-O-rutinoside (7%)
Quercetin-O-arabinofuranose (3%)
Quercetin-3,4’-O-diglucoside (0%)
Quercetin-4’-O-glucoside (0%)
99.9 mg/person

b

2.9 ± 2

b

Onion
powder
(47.5 g)

Quercetin (N/S)
Quercetin-4’-O-glucoside (49%)
Quercetin-3,4’-O-diglucoside(46%)
Quercetin-3-O-glucoside (5%)
Quercetin-3-O-rhamnoside (0%)
Quercetin-3-O-galactoside (0%)
Quercetin-O-xyloside (0%)
Quercetin-3-O-rutinoside (0%)
Quercetin-O-arabinoside (0%)
Quercetin-O-arabinofuranose (0%)
98.5 mg/person

b904

± 310

2.0 ± 1.7

b7742±2359

Apples-Onion
Mixture
(42.5 g,
23.7 g)

Quercetin (N/S)
Quercetin-4’-O-glucoside (25%)
Quercetin-3,4’-O-diglucoside(23%)
Quercetin-3-O-glucoside (11%)
Quercetin-3-O-rhamnoside (15%)
Quercetin-3-O-arabinoside (9%)
Quercetin-3-O-galactoside (8%)
Quercetin-O-xyloside (5%)
Quercetin-3-O-rutinoside (3%)
Quercetin-O-arabinofuranose (2%)
99.2 mg/person

b

452 ± 152

2.4 ± 1.5

b

Healthy
females
(n = 12)
(21-48 y.o.)
(23.2 ± 3.5
kg/m2)

Blackcurrant
Juice
(251 mL)

Quercetin
2.7 mL/kg bw

bca.

80

1.5-2.5

Quercetin
[with/without rice cakes]
4.4 mL/kg bw

bca.

130

ca. 2.5

Healthy males
(n = 3)
(30-50 y.o.)
(45-85 kg)

Grape Juice
(600 or 1200
mL)

Quercetin
N/S

Healthy
individuals
(n = 15)

Quercetin
capsule

Quercetin
20 mg/person

dca.

Healthy
individuals
(4M, 5F)
(20-47 y.o.)

Onions

Quercetin
g68 mg/person
Quercetin
g98 mg/person
Quercetin-3-O-rutinoside
h202 mg/person

d700

Apples
Rutin capsule

Healthy
ileostomists
(4M, 5F)
(22-62 y.o.)
(21-33 kg/m2)

Raw onions
Rutin
Quercetin

Quercetin
g89 mg/person
Rutin
g100 mg/person
Quercetin
g100 mg/person

211 ± 74

AUC
(nM.h)

e%

of
intake
<0.1-2.8%
(total)

2789±1228

4682±1919

[112]

<1%
(total)

± 150

[107]

[104]

b

70-130

Ref

2-8

[113]

[114]

0.7 ± 1.1

d1.4

± 0.5
± 0.2

d300

± 60

2.5 ± 0.7

d0.4

d300

± 30

9.3 ± 1.8

d0.4

± 0.4

b0.3

± 0.1

b0.1

± 0.2

b0.1

± 0.1

[111]

[115]
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Table 1.11 (Continued)

Subjects

Healthy
individuals
(5M, 4F)
(19-57 y.o.)

Healthy

Plasma Data

Flavonols
Food item
(Dosage)

aFruit

Quercetin-3O-glucoside
(151 mg)

Quercetin

Quercetin-4’O-glucoside
(154 mg)

Quercetin

Quercetin

Quercetin
g
(8 mg/person)
g(20 mg/person)
g(50 mg/person)

profile

Cmax (nM)

Tmax (h)

AUC
(nM.h)

b5000

0.6 ± I0.6

b,k19100

± I3000

Quercetin
h(16 mg/person)
h(40 mg/person)
h(100 mg/person)

± I2100

0.5 ± I0.3

b,k17500

of
intake
±

b3.0
b,L

±

I7200

± I0.9
0.6 ± I0.3

[110]

b2.6
b,L

± I1.2
0.5 ± I0.3

[116]
b,f,41.4
b,f,66.1
b,f,86.1

b,f,

23.5

b,f,47.6
b,f,89.9

1.9 ± 1.2
2.7 ± 1.9
4.9 ± 2.1

527
882
1138

6.5 ± 1.8
7.4 ± 2.2
7.5 ± 2.2

381
636
1017

a%

of total ingested dose in (w/w);
bPlasma or urine samples were pre-treated with enzymes intended to deconjugate phase II metabolites (i.e. β-glucuronidase/aryl-sulphatase).
Results are expressed as quercetin (aglycone) equivalent. N/A, Not applicable; n.d., not detected; N/S, not specified;
cplasma concentrations at a single-time point [not at plasma T
max];
dAnalysed and quantified as aglycone equivalents following mild acid hydrolysis/extraction in acidified methanol solution according to or [111];
eUrinary recovery of all characterized flavonol metabolites expressed as a percentage of the total amount of ingested flavonols;
fReported values are geometric mean values
g Result expressed a quercetin (aglycone) equivalent
hResult expressed as quercetin-3-O-rutinoside equivalent. Note that this is equivalent to twice the amount of quercetin (aglycone)
iValues are originally reported as standard error of mean (SEM) in the original publication, but have been recalculated to give SD
jUrinary recovery expressed as a percentage of total amount of flavonoid and phenolic metabolites recovered in 0-24 h urine of 10 participants
following intake of cranberry juice providing 787 mg polyphenols [87].
KValues are reported as area under the plasma concentration-time curve from 0-24 h
LUrinary recovery expressed as a percentage of quercetin recovered in the form isorhamnetin (i.e. the 3’-O-methylated conjugated of quercetin
which does not get quantified when β-glucuronidase/aryl-sulphatase enzymes were used) over the total amount of quercetin ingested.

1.3.4.3.

Ref

e%

I8700
b4500

Quercetin-3O-rutinoside

Urinary
Recovery

Evidence for the metabolism of berry polyphenols

A. Anthocyanins
The extremely low ‘apparent systemic bioavailability’ of ingested anthocyanins have left many
investigators uncertain as to what happens to the bulk of ingested anthocyanins [30, 70, 71, 118-121].
Initially, it was hypothesised that this was due to extensive phase II metabolism [45, 122-124].
However, phase II anthocyanin conjugates accounted for only a minor proportion of the total urinary
recovery established in rats [125] or humans administered radio- or isotopically-labelled cyanidin-3-Oglucoside [70] respectively (Table 1.12). These observations were replicated in berry anthocyanin
bioavailability studies in humans, where C max of anthocyanin O-glucuronides and O-methylglucuronides were generally found to reach only 1.1-9 nM [61, 126] (Table 1.12). Berry anthocyanins
also do not appear to undergo significant phase I metabolism, as none of the potential phase I
metabolites of pelargonidin; cyanidin, or of cyanidin; delphinidin, were detected in biofluids following
intake of strawberries or blackberries [45, 122, 123]. This observation is consistent with the absence
of any phase I metabolites of anthocyanins and anthocyanidins generated in vitro [127], suggesting
that they are poor substrates for CYP family enzymes [128].
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Published bioavailability data of berry anthocyanins involving healthy people without a colon provides
evidence that significant amounts, 28-85% of ingested anthocyanins can reach the colon intact
following intake of red raspberries [44] and blueberries [129]. These data suggest the involvement of
the colon as an important site for metabolism of unabsorbed anthocyanins into metabolites that may
account for the ‘missing portion’ of the systemic bioavailability of berry anthocyanins. Indeed, data
from in vitro gastric and microbial fermentation studies as well as animal model studies have shown
that anthocyanins can be broken down in the colon into a diverse range of products, mainly the
phenolic acids, through a number of proposed pathways (Figure 1.10).

Table 1.12. Human plasma kinetic and urinary recovery data of phase II metabolites of anthocyanins.
Berry anthocyanins
Plasma pharmacokinetic data
Urinary data
a
Fruit profile
Subjects
Berry
Phase II
Cmax
Tmax
Urinary Recovery Ref.
b(% of intake)
(Dosage)
metabolite
Healthy
individuals
(3M, 3F)
(43 ± 5 y.o.)
(22 ± 1 kg/m2)

Whole
strawberries
(200 g)

Pel-3-gluc
(ca. 100)
others (trace)
77.6 mg

Pel-3-gluc
c
Pel-glr 1
c
Pel-glr 2
c
Pel-glr 3
c
Pel-sulf
c
Pel
Total

0.066 ± g0.047
1.494 ± g0.564
0.063 ± g0.044
0.060 ± g0.042
0.075 ± g0.060
0.044 ± g0.034
1.802 ± g0.720

[122]

Healthy
individuals
(8M, 6F)
(23-48 y.o.)
(21-28 kg/m2)

Whole
Strawberries
(200 g)

Pel-3-gluc (92%)
Pel-3-(6”rham)gluc (5.4%)
Cyn-3-gluc (3%)
104.6 mg

Pel-3-gluc
c
Pel-3-glr
c
Pel-glr 1
c
Pel-glr 2
c
Pel-glr 3
c
Pel-sulf
c
Pel
Total

0.014 ± g0.007
0.675 ± g0.213
0.004 ± g0.002
0.021 ± g0.014
0.026 ± g0.016
0.001 ± g0.003
0.012 ± g0.012
0.753 ± g0.248

[45]

Healthy
individuals
(2M, 3F)
(42 ± 5 y.o.)
(21 ± 1 kg/m2)

Whole
blackberries
(200 g)

Cyn-3-gluc (89.2)
Cyn-ACNs (9.8)
431.1 mg

Cyn-3-gluc
Cyn-glr 1
Cyn-glr 2
Cyn-3-diglr
Cyn
Peo-3-gluc
Peo-glr 1
Peo-glr 2
Peo-glr 3
Others/Unknown
Others/Unknown
Peo
Total

0.020 ± g0.007
0.037 ± g0.016
0.003 ± g0.001
0.002 ± g0.001
0.012 ± g0.013
0.010 ± g0.001
0.003 ± g0.002
0.003 ± g0.002
0.004 ± g0.002
0.004 ± g0.001
0.005 ± g0.003
0.005 ± g0.002
0.160 ± g0.045

[123]

Healthy
individuals
(5M, 5F)
(23-27 y.o.)
(20-25 kg/m2)

Grape:
Blueberry
juice
(330 mL)

Mal-3-ACNs(47)
Peo-3-ACNs(23)
Pet-3-ACNs (11)
Delp-3-ACNs
(11)
Cyn-3-ACNs (8)
277.2 mg

e

15 postmenopausal
women
(58 ± 5.6 y.o.)
(25 ± 1 kg/m2)

Elderberry
extract
(2 g)

Cyn-3-gluc (53.5)
Cyn-3-samb
(39.5)
Others (7)
500 mg

d

f

Peo-3-glr
Mal-3-glr

e

Cyn-glr
Peo-glr

1.7
1.1

1.75
1.9

[126]

5
9

3
4

[61]
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Subjects
8 Healthy
males
(18—45 y.o)
(18.5-30.5
kg/m2)

39

Berry anthocyanins
a
Fruit profile
Berry
(Dosage)
13

C5-cyanidin3-O-glucoside
(500 mg)

Cyn-3-gluc
500 mg

Table 1.12 (Continued)
Plasma pharmacokinetic data
Phase II
Cmax
Tmax
metabolite
d

Cyn-3-gluc
Cyn-glr 1
d
Cyn-glr 2
e
Peo-3-gluc
e
Peo-glr
e
Peo-3-gluc-glr 1
e
Peo-3-gluc-glr 2
e
Peo-3-gluc-glr 3
Total
d

141
70
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.

1.8±0.2

Urinary data
Urinary Recovery
b(% of intake)
0.024 ± 0.029
0.005 ± 0.005
0.002 ± 0.002
0.004 ± 0.005
0.015 ± 0.016
<0.001
0.001 ± 0.001
0.002 ± 0.002
0.054

a

% of total ingested dose in (w/w); bRecovery with respect to total ingested amount (nmol) of anthocyanins characterised in the
berry food item
c
Quantified relative to pelargonidin-3-O-glucoside; dQuantified relative to Cyanidin-3-O-glucoside; eQuantified relative to
peonidin-3-O-glucoside; fQuantified relative to malvidin-3-O-glucoside; gReported as standard error of mean (SEM) in the
original publication, but converted to standard deviation (SD) here.
Compound abbreviations: Pel-3-gluc: Pelargonidin-3-O-glucoside; Pel-glr: Pelargonidin-O-glucuronide; Pel-sulf:
Pelargonidin-O-sulfate; Pel: Pelargonidin; Peo-3-glr: Peonidin-3-O-glucuronide; Peo: Peonidin (aglycone); Peo-glr: PeonidinO-glucuronide; Cyn: Cyanidin (aglycone); Cyn-3-gluc: Cyanidin-3-O-glucoside; Peo-3-gluc-glr: Peonidin-3-O-glucosideglucuronide; Mal-3-ACNs: Malvidin-based anthocyanins; Peo-3-ACNs: Peonidin-based anthocyanins; Pet-3-ACNs: Petunidinbased anthocyanins; Delp-3-ACNs: Delphinidin-based anthocyanins; Cyn-3-ACNs: Cyanidin-based anthocyanins; Pel-3-(6”ace)gluc: Pelargonidin-3-O-(6”-acetoyl)glucoside; Cyn-glr: Cyanidin-O-glucuronide; Cyn-3-glr: Cyanidin-3-O-glucuronide;
Cyn-3-diglr: Cyanidin-3-O-diglucuronide; Mal-3-glr: Malvidin-3-O-glucuronide

Upon reaching the colon, deglycosylation of anthocyanins occur and result in the release of their
anthocyanidin aglycones. For anthocyanins that are acetylated with simple phenolic compounds such
as p-coumaric, ferulic, caffeic or malonic acids, deacetylation followed by deglycosylation to yield the
anthocyanidins by colonic microbiota have been reported in vitro [127]. Similarly, the colonic
microbiota have been demonstrated to progressively remove sugars conjugated to diglucosylated
anthocyanin; cyanidin- or malvidin-3,5-O-diglucosides [127], resulting in the released anthocyanidin
being subjected to C-ring fission, followed by the release of their A- and B-ring fragments which
undergo further metabolism to yield a wide range of lower molecular weight phenolic acid and
aldehyde catabolites (Figure 1.10). The type of phenolic acid catabolites arising from this directly
depends on the B-ring structure of their parent anthocyanidin: protocatechuic, vanillic, gallic, syringic
and p-hydroxybenzoic acids have been identified as the major phenolic acid catabolite of cyanidin-3O-glucoside, peonidin-3-O-glucoside, delphinidin-3-O-glucoside, malvidin-3-O-glucoside and
pelargonidin-3-O-glucoside, respectively [127, 130-132].

Overall, in line with the speculation that colonic metabolism is a major contributor to the overall
metabolism of ingested anthocyanins [72, 78], recent data from

13C-labelled

cyanidin-3-O-glucoside

support this by demonstrating a recovery of 32 ± 2% of the 13C-label in feces of healthy human
participants administered the isotopically-labelled anthocyanin [70]. A combination of all these findings
suggests that the majority of anthocyanins bypass absorption from the upper GIT and reach the distal

Ref.
[71]
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intestine, cecum and colon, wherein intestinal microbiota are proposed to operate as a ‘metabolic
organ’ playing a major role in converting anthocyanins into phenolic metabolites, particularly the
phenolic acids, which are subsequently absorbed [68, 73].

Despite recognition of the intestinal microbiota as an important ‘metabolic organ’ affecting the
subsequent bioavailability and biological effects of ingested anthocyanins [68, 72, 73], as a major
proportion of cyanidin-3-O-glucoside reaching the lower GIT is ultimately excreted in feces, this
suggests that the upper part of the GIT could be a more important site of absorption of anthocyanins
and their phenolic acid and simple aromatic catabolites [57]. In other words, first-pass metabolism and
chemical decomposition at neutral pH as opposed to intestinal microbial metabolism is thought to be
the major routes through which phenolic acid catabolites derived from ingested anthocyanins appear
in the systemic circulation [57, 81]. However, postulates on the poor absorption of phenolic acids in
the large intestine are yet to be confirmed as direct evidence of the likely enzymatic phenomena
implicated in the first-pass metabolism and subsequent absorption of anthocyanins in the upper GIT
are lacking [133].
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Figure 1.10. Proposed pathways implicated in breakdown of berry anthocyanins into corresponding phenolic acid metabolites.
Information adapted from various in vitro and in vivo (animal model) studies [127, 130, 131, 134-141].
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The best contemporary understanding on the metabolic fate of anthocyanins following ingestion in
humans has come from studies using

13C-labelled

cyanidin-3-O-glucoside [70, 71]. This approach

involves targeted labelling of the A- and B-rings of cyanidin-3-O-glucoside through incorporation of
stable carbon-13 isotope. This allows the extent to which anthocyanins are metabolised into their
phenolic acid metabolites to be established [70, 71]. A total of seventeen 13C-labelled phenolic
catabolites, including cyanidin-3-O-glucoside itself were identified in serum of eight healthy male
participants administered a 500 mg oral bolus of the isotopically-labelled anthocyanin (Figure 1.11).
Their analyses revealed that only 2% of the total serum metabolites found in the circulation was
attributable to the parent anthocyanin, which had a low Cmax of 147 nM. The study confirmed the wellestablished in vitro observation that cyanidin-3-O-glucoside spontaneously degrades at neutral pH
yielding protocatechuic acid and phloroglucinaldehyde [142, 143] as both were some of the earliest
phenolic metabolites identified in the circulation; Serum T max of 3.3 and 2.8 h (Figure 1.11). The early
detection of protocatechuic acid and its phase II metabolites within 0.5-1 h in serum suggests that
degradation of cyanidin-3-O-glucoside into metabolites occurred rapidly in vivo, supporting plasma
kinetic data summarised in Table 1.8. The 3’-O-methylated Phase II metabolite of protocatechuic
acid; vanillic acid was found to be a major product in serum that reaching very high plasma C max of
1845 nM, and a late Tmax; 12.5 h. Similarly, further metabolism of protocatechuic acid and
phloroglucinaldehyde produces other major phenolic acid metabolites such as ferulic acid, 4hydroxybenzaldehyde, and hippuric acid that reached high Cmax 667-1967 nM. The much higher
serum concentrations of these A-ring and B-ring phenolic metabolites are in stark contrast to that of
the parent anthocyanin, and reinforces the contemporary appreciation that phenolic acid and
aldehyde catabolites of anthocyanins account for a majority of the systemic bioavailability of ingested
anthocyanins [70, 71, 81].

In summary, it is currently thought that the bioactivity of ingested berry anthocyanins in vivo likely
result from their lesser-studied but more bioavailable phenolic acid metabolites [68, 71, 81].
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Figure 1.11. Plasma kinetic data of phenolic acid and aldehyde metabolites of cyanidin-3-O-glucoside.
Information adapted from the work by de Ferrars and co-workers [71].
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B. Flavan-3-ols and proanthocyanidins
It is now well-established that (-)-epicatechin absorbed from the upper GIT undergoes extensive
phase II metabolism, with ~20% of its total ingested dose reaching the circulation in the form of phase
II conjugates [69]. Bioavailability studies where the phase II metabolites of (-)-epicatechin were
identified and quantified in plasma and urine against their authentic standards [69, 96-98, 144]
showed that they can reach relatively high levels in the plasma, with the four major forms; (-)epicatechin-3’-O-glucuronide, (-)-epicatechin-3’-O-sulfate, 3’-O-methyl-(-)-epicatechin-5-O-sulfate,
and 3’-O-methyl-(-)-epicatechin-7-sulfate, each capable of reaching three-digit nM plasma Cmax levels
at ~100-600 nM (Figure 1.12). While the presence of phase II metabolites of (-)-epicatechin are yet to
be demonstrated in the systemic circulation and urine of humans in berry bioavailability studies, it can
be surmised based on the available data that the presence of these metabolites are relevant to the
‘flavan-3-ol-derived plasma metabolome’ that can arise following intake of berries, albeit likely at lower
concentrations given the comparatively lower flavan-3-ol monomer levels in berries compared to
cocoa-based products.

Figure 1.12. Structures of the most abundant phase II conjugated (-)-epicatechin metabolites
found in plasma and urine following intake of pure (-)-epicatechin or flavan-3-ol rich cocoabased products. Information adapted from multiple references [69, 96-98, 144].

Although phase II (-)-epicatechin metabolites are predominant in the circulation within the first four
hours following intake of consumption of cocoa flavan-3-ols [96-98], ~70% of ingested (-)-epicatechin
was absorbed in the lower GIT following microbial metabolism which produces a series of 5-carbon
ring fission products, the γ-valerolactone metabolites, as well as phenolic acid metabolites [69,
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radioactivity label showed that of the ~70%

dose, 42% was attributable to the γ-valerolactone metabolites, and the remaining 28% was recovered
as phenolic acid metabolites, most prominently the 3-(3’-hydroxyphenyl)hydracrylic acid and hippuric
and 3’-hydroxyhippuric acid [69]. These data collectively highlight important contribution of phenolic
metabolites produced by the colonic microbiota to the total systemic bioavailability of ingested flavan3-ol monomers. Figure 1.13 shows a proposed pathway for microbial conversion of monomeric
flavan-3-ols into γ-valerolactone and dihydroxyphenylvalerolactone metabolites. It is notable these 5carbon ring fission metabolites such as the 5-(3’-hydroxyphenyl)-γ-valerolacone-4’-O-sulfate have
been reported in plasma and urine following intake of cranberry juice [87, 145] or wild blueberry drink
[86], and have been proposed to be progressively metabolised to the phenolic acid metabolites
(Figure 1.14). It must be noted that much of the current understanding on the bioavailability of flavan3-ol monomers are derived from studies on cocoa flavan-3-ol monomer [69, 96-99], and in
comparison, berry flavan-3-ol bioavailability data are scarce [86, 87, 146].

In summary, the flavan-3-ol monomer (-)-epicatechin is well-absorbed following oral intake in humans
with a 0-48 h urinary recovery of radioactivity accounting for 82 ± 5% of intake [69]. However, its
native form is a minor form in the circulation, while its phase II metabolites, γ-valerolactone and
phenolic acid microbial metabolites are the major forms. Phenolic acid metabolites accounted for as
much of the total systemic bioavailability of (-)-epicatechin as the phase II metabolites of (-)epicatechin, and these can be produced by further metabolism of the γ-valerolactone and
dihydroxyphenylvalerolactone metabolites.
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Figure 1.13. Proposed gut microbial metabolism of (epi)catechin (A) into hydroxyphenyl-γ-valerolactone metabolites.
Two possible routes are proposed (Routes I and II). All intermediates and products consumed/generated in Route 1 are annotated with (B), and those
involved in Route 2 are annotated with (C). Information adapted from [69, 87, 147-149]. Compounds B.13-B.16 are major phase II metabolites of
hydroxyphenyl-γ-valerolactone metabolites present in vivo in plasma following intake of either pure (-)-epicatechin [69], cranberry juice [87], or wild blueberry
drink [86] in humans.
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Owing to their limited absorption, it is currently accepted that the majority of ingested
proanthocyanidins reach the colon intact and are primarily metabolised by the colonic microbiota into
principally the γ-valerolactone metabolites with these in turn being further metabolised into phenolic
acid catabolites [38]. Proanthocyanidins are unlikely to contribute significant amounts of (-)epicatechin in vivo [102]. Mechanistic understanding on the role of gut microbiota in the
biotransformation of proanthocyanidins into these lower molecular weight metabolites are mostly
derived from studies in which proanthocyanidins were fermented with freshly-collected human fecal
bacteria [150-154]. Proanthocyanidins purified from willow tree leaves with an average DP of 7 can be
completely degraded into phenolic acids by human colonic microbiota [150]. The major phenolic
catabolites identified include dihydro-m-coumaric, 4-hydroxyphenylacetic, phloretic and 3phenylpropionic acids. The presence of some of these phenolic acids, such as 4-hydroxyphenylacetic
acid, have been reported in plasma following intake of cranberry juice with average plasma T max of
13.8 h, consistent with its proposed occurrence as a colonic microbial catabolite [87]. Other in vitro
studies also demonstrated the conversion of B-type proanthocyanidin dimers to phenolic acids with
human colonic microbiota [38].

While more work is needed to elucidate the precise routes of microbial degradation, currently
available data suggest that the production of (-)-epicatechin by human gut microbiota, achieved by
cleavage of the C4-C8 interflavan bond of B-type procyanidin dimers (Route 1, Figure 1.14), is a very
minor route accounting for <10% loss of procyanidin B2 [151, 152]. Alternative and more important
routes (Routes 2.1-2.3, Figure 1.14) involve the colonic microbiota generating a number of dimeric
intermediates (compounds 3, 4, and 5, Figure 1.14) by oxidative A-ring cleavage (Route 2.1), C-ring
cleavage at C2 position (Route 2.3), or a combination of the two (Route 2.2). The number of dimeric
catabolites that can be formed may be high, with as many as 24 dimers having been reported
following incubation of procyanidin dimer B2 with human fecal microbiota [152]. It is currently
suggested that the upper and lower monomeric units of these dimeric metabolites can in turn be
progressively bio-transformed by the gut microbiota through Route 3 or 4 (Figure 1.14) to produce a
series of C6-C5 γ-valerolactone metabolites, their derived γ-hydroxyphenylvaleric acid derivatives,
C6-C3 phenylpropionic acid derivatives, and C6-C2 phenylacetic acid derivatives, by sequential acid
hydrolysis, β-oxidation, and α-oxidation steps [152, 153].
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Figure 1.14. Tentative pathway for the breakdown of B-type procyanidin dimers by human gut
microbiota. Preferred routes are indicated with continuous arrows, while minor routes are indicated
by dashed arrows. Phenolic acid metabolites derived from the upper or lower monomeric units of the
procyanidins are grouped within rectangles. Information adapted from multiple sources [151-153].

The ability of the colonic microbiota to catabolise proanthocyanidins decreases with increasing DP:
the yield of phenolic acid catabolites in rat gut was found to be 10%, 7%, 0.7% and 0.5% for
proanthocyanidin monomers, dimers, trimers and polymers, respectively [155]. Similarly, microbial
catabolism of proanthocyanidins by pig cecal inocula decreased with increasing DP: 80% of
procyanidin A2 dimer were degraded after 8 h incubation, while only about 40% degradation of the
trimeric cinnamtannin B1 occurred [156]. In summary, it is currently hypothesised that a major part of
the bioactivity derived from intake of proanthocyanidins is mediated by their systemically-bioavailable
microbial-derived phenolic acid catabolites [38]. Hence, to determine the health potential of berryfruit
proanthocyanidins, it is important to investigate the bioactivity of phenolic acid catabolites.
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C. Flavonols
Like the other berry flavonoids, there is accumulating evidence to indicate that in vivo, part of the
phenolic acids found in plasma following intake of berries could come from their flavonols [104, 105,
108, 157].

The metabolism of quercetin glucosides, including quercetin-3’-O-glucoside and quercetin-4’-Oglucoside and the disaccharide, quercetin-3-O-rutinoside have been reported. Specifically, a study
administering radioactively-labelled [2-14C]-quercetin-4’-O-glucoside to rats shows that quercetin-4’-Oglucoside can contribute toward formation of substantial quantities of phenolic acids including 3hyroxyphenylacetic and homoprotocatechuic acids, as well as smaller quantities of protocatechuic
acid in the lower GIT [106]. These phenolic acids were subsequently absorbed and appeared in urine
mainly as 3-hydroxyphenylacetic, hippuric and benzoic acids, collectively accounting for 52% of the
total radioactivity of the ingested flavonol [106]. In humans, the bioavailability of quercetin-3’-O- and
4’-O-glucosides is similar [110].

A major proportion of ingested quercetin-3-O-rutinoside, one of the major flavonols found in berries
(Table 1.5) is known to be minimally-absorbed from the upper GIT, and much of its absorption in vivo
is proposed to be in the form of phenolic acid metabolites produced by the colonic microbiota as a
series of phenylacetic acid derivatives such as homoprotocatechuic, 3-hydroxyphenylacetic, and
homovanillic acids in amounts accounting for 22% of the ingested dose of quercetin-3-O-rutinoside
[107]. Not surprisingly, these phenolic acid metabolites were recovered in the urine of individuals with
a colon, but not in those without a colon [107].

Recent evidence suggest ingested non-glucosylated berry flavonol glycosides contribute minimally to
plasma, urinary and tissue levels of flavonol aglycone and its phase II metabolites, and that a major
proportion is instead biotransformed by the lower GIT microbiota into a wide range of phenolic acid
metabolites that can be absorbed from the distal intestines and appear in the circulation from T > 5 h
onwards [104, 105, 108, 157].

The potential microbial pathways implicated in catabolism of various quercetin-based berry flavonols
into phenolic acids and their further phase II metabolism are described in Figure 1.15. In summary,
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the microbiota could hydrolyse the sugars and release the quercetin aglycone which can then be
further metabolised to give protocatechuic acid, homoprotocatechuic acid, and their downstream
phase II metabolites or breakdown products such as homovanillic, hippuric and 3hydroxyphenylacetic acids. Specifically, production of protocatechuic acid from quercetin is thought to
be mediated by bacterial quercetinase [158-161] produced by human gut commensals including
Bacillus subtilis [159, 162, 163] (Route 1, Figure 1.15). Production of homoprotocatechuic acid from
quercetin can be mediated by Eubacterium rhamulus [164, 165] (Route 2, Figure 1.15) and once
formed, it can be partly converted into homovanillic acid by phase II 3’-O-methylation in the large
intestinal epithelial cells and/or in the liver,

In summary, a good proportion of ingested berry flavonols are proposed to be metabolised
extensively into phenolic acid metabolites during passage along the GIT, which are often observed in
plasma at late Tmax following intake of berries such as the late appearance of protocatechuic (T max of
8.8 h) [58], 3-hydroxyphenylacetic (Tmax of 10.9 h) or homovanillic acid (Tmax of 5.6 h) following intake
of cranberries [87].
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Figure 1.15. Proposed microbial metabolism in the production of systemically-bioavailable
phenolic acid metabolites from quercetin glycosides relevant to those found in berries.
The integrated scheme includes evidence from in vitro flavonol fermentation studies using human
[166-169], pig [170, 171], or rat [172] fecal or cecal innocula; as well as in vivo evidence from animal
studies involving the use of germ-free gnotobiotic animals [165] inoculated with or without bacterial
strains isolated from the human intestinal tract [164] to confirm production of phenolic acid catabolites
from quercetin glycosides, mediated by human intestinal microbiota.
Route 1 delineates the proposed mechanism for microbial breakdown of quercetin into protocatechuic
acid by quercetinases [147, 158-161].
Route 2 delineates the proposed mechanism for microbial production of homoprotocatechuic acid
from quercetin by Eubacterium rhamulus [166].

1.4. Cardiovascular disease: pathophysiological mechanisms
CVD relates to a range of conditions affecting the vasculature and the heart [173]. There are many
risk factors for CVD such as aging, smoking, diabetes, hypercholesterolemia and hypertension, with
oxidative stress and inflammation being common to most of the risk factors [173-175]. At present,
there is much interest in determining whether modulation of aspects of either oxidative stress or
inflammation through the action of berry polyphenols could provide an explanation for the observed
health benefits of the fruit. In this thesis, one aspect for each of oxidative stress and inflammation was
examined.
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1.4.1. Role of oxidative stress in cardiovascular disease
In the human body, free radical species including superoxide (O 2.-) and nitric oxide (NO.), as well as
non-radical oxidant species such as hydrogen peroxide (H2O2) are generated as by-products of
oxygen metabolism [173, 176]. At low concentrations, many of these oxidant species play important
physiological roles as cell-signalling molecules with multiple functions, having vasodilator and blood
pressure regulatory roles [177, 178], as well as acting in the regulation of many cellular protein
signalling pathways essential for optimal cellular homeostasis [176]. However, excess production of
reactive oxidant species can cause damage. This ‘oxidative stress’ can contribute towards impairment
of cellular physiology and pathology of CVD [173, 179].

A well-recognised early event of CVD, preceding that of ultrasonic or angiographic evidence of the
atherosclerotic plaque is vascular endothelial dysfunction [180]. The vascular endothelium is a
monolayer of cells lining blood vessel walls that maintains physiological processes such as cellular
adhesion, resistance to thrombosis, vascular smooth muscle cell migration and vascular tone, all of
which are critical to ensure healthy and functional blood vessels [180]. Under normal physiological
conditions, oxidative balance is sustained within the endothelial cells by the activity of antioxidant
systems present within the various sub-cellular compartments: this controls the low amounts of
oxidant species necessary to orchestrate important cell-signalling [173, 179]. However, in
pathophysiological conditions, the endothelium is believed to be exposed to more extreme oxidative
stress which is suspected to contribute toward endothelial dysfunction [173]. In the vascular wall,
there are four major sources that play prominent roles in mediating oxidative stress implicated in
endothelial dysfunction and the pathology of CVD [173]; (1) NADPH oxidase (NOX); (2) Xanthine
oxidase; (3) Mitochondrial respiratory chain; (4) Uncoupled endothelial nitric oxide synthase (eNOS).

NOXs are membrane-associated multi-component complexes whose members reduce oxygen using
reduced nicotinamide adenine dinucleotide phosphate (NADPH) to mainly produce the free radical
species superoxide which then dismutates to H2O2, although some members can directly produce
H2O2 [181, 182]. These enzymes are present in many different cell types including endothelial cells,
vascular smooth muscle cells, adventitial fibroblasts and circulating inflammatory cells such as
neutrophils and macrophages [183], which could cumulatively contribute toward increased NOX-
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mediated oxidative stress in the vascular wall. In vascular endothelial cells, the two isoforms; NOX-2
and NOX-4 are found [184, 185]. There is evidence that endothelial NOXs are implicated in the
pathology of CVD [173]. In apolipoprotein E-deficient mice, an animal model of atherosclerosis [186],
systemic deletion of NOX2 or p47phox was shown to decrease the atherosclerotic burden of the mice
[187, 188], or to diminish blood pressure in hypertensive animal models caused by angiotensin II,
which is a peptide hormone that causes vasoconstriction [188]. In humans, atherosclerosis is
correlated with increased coronary expression of NOX subunits; p22phox, NOX2, p47phox, and
p67phox [189]. These observations suggest that NOXs may play a role in mediating oxidative stress
in the vasculature. Components of cigarette smoke are known to stimulate endothelial NOX activity
[190], as does hypercholesterolemia [189].

A recognised secondary source of superoxide in diseased human coronary arteries is xanthine
oxidase [189]. The expression of this enzyme in endothelial cells can be increased in response to
several stimuli such as angiotensin II [191], or by hypercholesterolemia which is suggested to
increase liver production of xanthine oxidase that can then enter the circulation and in turn interact
with the endothelium and contribute in impairment of vascular function [192]. Elevated activities of
endothelial xanthine oxidase have been observed in human atherosclerotic plaques, and
pharmacological inhibition of xanthine oxidase was shown to reverse endothelial dysfunction in heavy
smokers [193]. These findings suggest a potential role of superoxide and/or its downstream oxidant
species such as H2O2 and/or the hydroxyl radical in mediating oxidative stress in the vascular
endothelium.

The mitochondrial respiratory chain generates adenosine triphosphate (ATP), the cellular energy
currency by shuttling electrons down an electrochemical gradient, converting oxygen to water [173].
However, damage to mitochondrial function in pathophysiological conditions such as hyperglycemia in
type-2-diabetes mellitus [194, 195] results in impaired mitochondrial respiratory chain activity, leading
to a greater extent of incomplete reduction of oxygen, generating superoxide and downstream
reactive oxidant species [181]. Increased mitochondrial generation of these species has been linked
to atherogenesis [196, 197]. In endothelial cells, mitochondrial dysfunction due to a deficiency in
manganese-superoxide dismutase, an enzyme that converts superoxide to H2O2 and oxygen was
correlated to accelerated atherogenesis in apolipoprotein E-deficient mice [198].
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eNOS, the enzyme responsible for the production of nitric oxide, can be a source of reactive oxidant
species. Under physiological conditions, nitric oxide is produced within endothelial cells from
L-arginine by eNOS in the presence of its redox-sensitive cofactor, tetrahydrobiopterin (BH4) [180].
Once produced, nitric oxide diffuses into underlying smooth muscle cells, signalling smooth muscle
relaxation [199]. Under conditions of vascular oxidative stress, elevated levels of reactive oxidant
species produced from other sources such as NOXs, xanthine oxidase and mitochondrial respiratory
chain can rapidly reduce the bioavailability of nitric oxide through the reaction of superoxide with nitric
oxide to produce peroxynitrite (ONOO-), which is cytotoxic at elevated levels [200, 201]. Most
importantly, under prolonged conditions of vascular oxidative stress, oxidative loss of the cofactor BH 4
can cause uncoupling of eNOS which results in superoxide being produced by the enzyme in lieu of
nitric oxide [202].

1.4.2. Role of inflammation in cardiovascular disease
There are two main types of inflammation; (1) acute and fast, or (2) low-grade and chronic [203].
Acute Inflammation is the body’s prompt response to damage inflicted to its cells and tissues by
invading pathogens and harmful physical and chemical stimuli [203]. This type of inflammation is
relatively short-lived and is regarded as beneficial as it is intended for re-establishing homeostasis.

In contrast, low-grade chronic inflammation is detrimental as it occurs even in the absence of a need
to clear away infections and/or noxious stimuli [203]. A unifying view of the pathophysiology of CVD
proposes that low-grade chronic inflammation plays a key role in transducing the effects of many CVD
risk factors [204, 205], and is an important contributing factor in the pathology of many chronic
diseases related to vascular dysfunction including CVD, type-2 diabetes mellitus, cognitive and
neurodegenerative diseases such as Alzheimer’s disease, depression and cancer [203, 206, 207].

In the context of CVD, low-grade chronic inflammation is suggested to be a key mechanism
implicated in the development of atherosclerosis, with increased recruitment of circulating monocytes
and their adhesion to the activated endothelium being proposed as a key early event occurring in the
initial stage of atherosclerosis development, which results in blood vessels filled with lipid-laden white
blood cells [174]. Accordingly, reducing adhesion of monocytes to the endothelium under pro-
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inflammatory conditions in the absence of an infection or tissue injury is believed to be an important
strategy for preventing atherosclerosis development [174, 207, 208].

Under normal physiological conditions, vascular endothelial cells resist attachment to circulating
immune-competent white blood cells such as monocytes that stream past them (Figure 1.16a) [174,
208]. Adhesion to monocytes occurs when endothelial cells are exposed to pro-inflammatory stimuli
such as tumour necrosis factor alpha (TNFα) which is often produced during acute and chronic
inflammation [174, 175, 209]. During chronic inflammation, there is constant induction of expression of
adhesion molecules such as intracellular cell adhesion molecule-1 (ICAM-1), vascular cell adhesion
molecule-1 (VCAM-1), P- and E-selectins on the surface of the endothelium by TNFα and other
cytokines which can lead to atherosclerotic plaque development [174, 208]. Concurrent to this event,
changes in the permeability of the endothelial cell layer facilitate migration of adhered monocytes into
the inner layer (intima) of the arterial walls (Figure1.16b). At the same time, the composition of the
extracellular matrix beneath the endothelium undergoes changes that promote entry and retention of
cholesterol-containing low-density lipoprotein (LDL) particles in the arterial wall. As monocytes deposit
in the intima, they differentiate into tissue macrophages which can in turn take up LDL particles, and
by doing so in the long run, they transform into lipid-laden macrophages called ‘foam cells’ which are
too big to leave the intima (Figure1.16b). These entrapped foam cells ultimately contribute toward
forming the atherosclerotic plaque [174, 208]. As foam cells continue to accumulate, they stabilise
local inflammation [174] which in turn facilitates migration of resident smooth muscle cells from the
middle layer (media) to the inner layer (intima) of the arterial wall (Figure1.16c). The smooth muscle
cells that accumulate within the inner layer can proliferate in response to mediators such as the
platelet-derived growth factor [208]. Within the intima, death of plaque macrophages and smooth
muscle cells contribute towards advancing lesion progression. The dying and dead cells release lipids
which accumulate in the central region of an atherosclerotic plaque, constituting the necrotic core of
the plaque. Advancing plaques also contain crystals of cholesterols and microvessels (Figure1.16c).
Plaques generally cause clinical complications by producing flow-limiting stenosis that leads to tissue
ischaemia, and by provoking thrombi formation that can locally interrupt blood flow (Figure1.16d).
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Figure 1.16. Stages in the development of atherosclerotic lesions.
(a) A healthy artery in normal physiological conditions. Its inner (intima), middle (media) and outer
(adventitia) layers are shown. (b) An artery in chronic inflammatory conditions at the early stage of
atherosclerosis development (c) Progression of atherosclerotic lesions. (d) Thrombus formation in
later atherosclerotic lesions. Figure reprinted with permission from the review by Libby and co-workers
[208]. Copyright 2011 Springer Nature. Abbreviation: SMC, smooth muscle cell.

It is commonly-accepted that TNFα induces adhesion of monocytes to endothelial cells by activating
the nuclear factor kappa B (NF-kB) signalling pathway which upregulates expression of endothelial
cell adhesion molecules such as ICAM-1, VCAM-1, and E-selectin [210] (Figure 1.17). In the absence
of TNFα, the transcription factor NF-kB is retained in the cytoplasm in the inactive form owing to its
association with the inhibitory protein called inhibitor of kB (IkB) (Figure 1.17A). On TNFα stimulation,
proteasomal-mediated degradation of IkB occurs, which allows the subsequent nuclear translocation
of active NF-kB [209, 211] and this in turn facilitates upregulation of genes expressing endothelial cell
adhesion molecules including ICAM-1, VCAM-1 and E-selectin, which allow adhesion of monocytes to
endothelial cell surfaces (Figure 1.17B).
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Figure 1.17. Effect of TNFα on activation of the NF-KB signalling pathway and subsequent
expression of endothelial cell adhesion molecules. (A) When there is no stimulation of endothelial
cells with TNFα, or (B) When endothelial cells are stimulated with TNFα. Schematic produced from
information adapted from multiple references [209, 211, 212]. Abbreviations: TNFα, tumour necrosis
factor alpha; IkB, inhibitor of kB; NF-kB, nuclear factor kappa B; ICAM-1, intracellular cell adhesion
molecules-1; VCAM-1, vascular cell adhesion molecule-1.

Upregulation of endothelial cell adhesion molecule expression may occur via pathways other than the
NF-kB signalling pathway. Many endothelial cell adhesion molecules are post-translationally modified,
with N-glycosylations being common modifications [213]. Given that N-glycans are likely to be the
actual ligands that mediate the monocyte-endothelial interactions [214], it is plausible that TNFα may
alter the N-glycan profile of the endothelial cell adhesion molecules and affect monocyte adhesion
[214]. Indeed, emerging evidence for this has been recently provided [214], with TNFα inducing
increased expression of mannose and/or hybrid N-glycans on the surfaces and cell junctions of
human umbilical vein endothelial cells (HUVECs). This particular profile of N-glycans was shown to
contribute toward TNFα-stimulated monocyte rolling and adhesion to HUVECs.

At present there is much interest in dietary agents such as berry polyphenols in mitigating the
consequences of monocyte adhesion to endothelial cells in response to prolonged inflammatory
insults.
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Whether the berry polyphenols or perhaps more importantly, their phenolic acid metabolites reduce
monocyte adhesion to endothelial cells under chronic inflammatory conditions remains poorly studied
[215, 216]; this aspect is thus an important part of this thesis’ aims.

1.5. Protective effects of berry polyphenols on the vasculature
1.5.1. Evidence from human studies
Epidemiological studies have shown inverse associations between intake of berry polyphenols with
CVD risks and outcomes. These findings are supported by a number of small-scale (<100 people)
human randomised controlled trials (RCTs) and animal intervention studies that have monitored
surrogate markers of CVD risks including vascular endothelial function, arterial stiffness, blood
pressure, blood lipid profiles, and blood glucose levels.

Hypertension, a major risk factor for CVD in humans is characterised as systolic and diastolic blood
pressure reading of ≥140 mmHg or ≥90 mmHg, respectively [217]. A number of RCTs have
investigated changes in blood pressure after intake of blueberries [218-224], cranberries [145, 225229], chokeberries [230, 231], strawberries [232, 233], elderberries [234], black currants [235], mixed
berries [236], or purified anthocyanins [237-239]. Of these, only several studies showed small but
statistically significant reductions in systolic and/or diastolic blood pressure from baseline levels
following intake of blueberry beverage [224], cranberry juice [145, 229], chokeberry juice [230, 231],
or mixed berries [236], while the remaining 18 RCTs observed no significant changes. Therefore, at
present, there is relatively limited evidence to support the involvement of berry polyphenols including
their anthocyanins in favourably lowering blood pressure in humans, and more RCTs are needed to
better define the relationship.

Clinical symptoms of endothelial dysfunction include reduced bioavailability of nitric oxide and
impaired vascular flow-mediated dilation (FMD), which can be monitored in humans using highresolution ultrasound on the brachial artery [240]. A number of well-designed RCTs have shown
positive effects of consuming polyphenol-rich berries including blueberries on brachial artery FMD in
healthy adults [52, 223]. Interestingly, the favourable increases in FMD were significantly correlated
with plasma concentrations of a number of phenolic acid metabolites from blueberries [52, 223]. The
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circulating plasma concentrations of the berry-derived phenolic acid metabolites correlated with
decreased neutrophil NOX activity, suggesting a potential role in modulating oxidative balance in vivo
[223].

Oxidative stress and low-grade inflammation are associated with high blood glucose levels in
diabetes. Specifically, hyperglycemia is proposed to promote elevated production of reactive oxidant
species such as H2O2 or superoxide which may cause oxidative stress-induced endothelial
dysfunction [241]. Dietary intervention with blueberry and cranberry juice has demonstrated
favourable effects on reducing blood glucose levels in three well-controlled RCTs [218, 229, 242],
which may be associated with favourable reduction in oxidative stress and low-grade inflammation.

At present, evidence from RCTs that have investigated the relationship between berry polyphenol
consumption with blood lipid profiles have collectively shown that dietary intervention with
strawberries [232, 233, 243] could consistently favourably reduce levels of total cholesterol, LDLcholesterol, triacylglycerol, and/or oxidised LDL. Dietary intervention with cranberries also showed a
potential in improving blood lipid profiles, although results are not very consistent, with two RCTs
reporting favourable reduction in levels of triacyglycerol or oxidised LDL in healthy adults [229], or
individuals with metabolic syndrome [225], and three other studies showing no effects [226, 228, 244].
In RCTs that have incorporated blueberries as an intervention, no significant effects on blood lipids
were observed in obese, insulin-resistant individuals after a 6-week blueberry intervention [218];
similarly, after a 4-week blueberry supplementation in healthy individuals, effects on blood lipid
profiles were unclear [245]. While these findings might suggest that intake of different types of berries
differentially affect blood lipid profile in humans, more RCTs are needed to determine the effect of
blueberry intake on blood lipid profile to clarify this relationship as the above-mentioned studies did
not focus on changes in blood lipid profile as a primary outcome.

In terms of the polyphenol subclass implicated for the beneficial effects on vascular endothelial
function and blood lipids, current thinking suggests that the anthocyanins present in berries are at
least partially-implicated [2, 81, 83, 246]. As anthocyanins are extensively metabolised in humans it is
likely that the vascular benefits are mediated by their metabolites, such as the phenolic acids. It is
therefore one of the aims of this PhD thesis to investigate the effects of blueberry-derived phenolic
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acids on the molecular aspects of endothelial function, to determine potential cause-and-effect
relationships.

1.5.2. Evidence from animal studies
Provision of berry-based interventions particularly blueberries at amounts achievable in the human
diet in various animal models of vascular dysfunction and/or atherosclerosis including rats, hamsters,
or pigs collectively corroborate findings from human RCTs on the beneficial effects of berry
polyphenol intake on the vasculature. The reported effects include inhibition of lipid depositing within
aortas, lowering of blood pressure, improvements in endothelium-dependent relaxation, reduction in
plasma total cholesterol and LDL cholesterol [247-254]. As most of these animal studies included
blueberries in their intervention, this makes studying the potential molecular vascular effects of
blueberry polyphenol metabolites particularly interesting.

1.5.3. Proposed molecular mechanisms underlying vascular protective
effects
Broadly speaking, two generic classes of mechanisms have been proposed for the vascular protective
effects of berry polyphenols; (1) direct antioxidant or (2) cell-signalling mechanisms.

A. Berry polyphenols as direct antioxidants
According to the popular ‘antioxidant hypothesis’, direct oxidative damage to biomolecules such as
deoxyribonucleic acid (DNA), proteins and lipids is the primary basis for the pathogenesis of many
chronic systemic diseases such as CVD [255]. This hypothesis posits that regular supplementation of
dietary antioxidants can neutralise the reactive oxidant species implicated in oxidative damage and
hence preventing CVD. Because the chemical structures of many polyphenols suggest that they have
the potential to be good free radical scavengers or chelators of redox-active metals known to promote
the formation of free radical species [256], a major research focus of in vitro studies has been to
determine whether berry polyphenols including anthocyanins, flavan-3-ols, proanthocyanidins,
flavonols, and phenolic acids can act as good direct antioxidants. This was a reasonable avenue to
explore given that dietary intake of polyphenols is generally higher than that of other reported
antioxidant compounds and vitamins such as β-carotene, selenium, and vitamins A, E, and C [5], and
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in light of reports noting that intake of polyphenols from vegetable and fruit was associated with health
benefits in pathological situations associated with oxidative stress including CVD.

Accordingly, many publications utilising an array of redox-based antioxidant assays have collectively
shown that at high µM-mM concentrations, polyphenols are good scavengers of free radicals and can
directly chelate free redox-active metals such as iron, manganese and copper [3, 256-258]. However,
many of the antioxidant assays used in these studies have little relevance in modelling in vivo
conditions, and the concentrations of polyphenols tested were supra-physiological and unlikely
achievable through food intake [5, 258]. As the forms and concentrations of polyphenols tested in
these systems are not biologically-relevant, polyphenols [5, 259] and their more bioavailable phenolic
metabolites [260] are unlikely to be direct antioxidants in vivo as their low physiological concentration
is clearly a limiting factor [261].

B. Berry polyphenols as cell-signalling molecules: Emerging concept
As the cardiovascular health benefits of polyphenol-rich food items such as berries are unlikely to be
attributable to direct antioxidant mechanisms [259, 260], recent cell-culture based investigations have
studied the vascular bioactivity of physiologically-relevant forms and concentrations of berry-derived
phenolic acid metabolites [81, 82, 215, 262-266]. Emerging evidence from these studies now show
that the systemically-abundant phenolic acid metabolites of berries could improve endothelial function
partly by activating cellular signalling pathways that modulate oxidative processes [260]. In many
cases, the effects involve the interaction of systemically-relevant forms and concentrations of
bioavailable polyphenols or their derived phenolic metabolites on specific cellular proteins implicated
in regulation of cellular antioxidant and/or anti-inflammatory signalling pathways.

I.

Effects of phenolic metabolites on Nrf2 and its downstream targets

One important cellular antioxidant pathway that may be affected by physiologically-relevant forms and
concentrations of individual phenolic acids is the nuclear factor erythroid 2-related factor 2 (Nrf2)
signalling pathway [263-265]. Nrf2 is an important transcription factor protein that regulates a battery
of ~250 genes involved in a wide variety of cellular functions that promote cytoprotection against
endogenous and environmental oxidative stress [267]. To induce cellular antioxidant responses, Nrf2
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needs to translocate from the cytoplasm and accumulate in the nucleus wherein it promotes the
expression of certain genes containing the antioxidant response element (ARE) core sequence in
their promoter region; 5’-A/GTGAC/GNNNGCA/G-3’, where “N” signifies redundant nucleotides [267].
Many of these ARE-containing genes produce biomolecules involved in the synthesis, regeneration
and regulation of major cellular antioxidants such as glutathione, as well as those involved in
metabolism and elimination of cytotoxic xenobiotics [267, 268]. Thus, compounds that can increase
Nrf2 activity by increasing its accumulation in the nucleus is proposed to beneficially act as ‘indirect
antioxidants’.

When inactive, Nrf2 resides principally in the cytoplasm and constitutively subjected to ubiquitination
and proteasomal degradation under the direction of the redox-sensitive Kelch-like ECH-associated
protein 1 (Keap1) (Figure 1.18A). However, oxidative stress [267], or phenolic compounds with an
electrophilic moiety such as the presence of an α,β-unsaturated carbonyl group can inactivate Keap1,
which in turn allows for nuclear translocation of Nrf2 (Figure 1.18B). Alternatively, another emerging
major mechanism by which Nrf2 activity can be concomitantly suppressed independently of Keap1 is
by the action of a repressor protein called phosphatase and tensin homolog (PTEN). PTEN is
proposed to antagonise the phosphoinositide-3-kinase /Akt (PI3K/Akt) signalling pathway which
results in constitutive activation of glycogen synthase kinase 3 (GSK3) which in turn inactivates Nrf2
(Figure 1.18C). Certain phenolic acids such as ferulic acid [264, 265] have been shown to activate
the Nrf2-signalling pathway by this alternative pathway (Figure 1.18D). Other Keap1-independent
mechanisms of activation of Nrf2 involving mitogen-activated protein kinases (MAPKs), protein kinase
C, casein kinase 2, or perturbed folding-activated kinases have been proposed, but at present, there
is little evidence to show the relevance of these pathways in polyphenol or phytochemical-mediated
Nrf2 activation [268, 269].
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Figure 1.18. Stimulation of the Nrf2-mediated induction of ARE-driven expression of genes by phenolic
compounds via two major mechanisms. (A, B) Nrf2—Keap1; (C, D) PTEN—PI3K/Akt—GSK3 pathways.
Information adapted from multiple reviews [267-269].
Nrf2-Keap1 pathway: In this pathway, Keap1 serves as a bridge between Nrf2 and Cul3-E3-ubiquitin ligase
complex which allows ubiquitination of Nrf2 and its subsequent degradation by the 26S proteasome. (A) Under
normal conditions, Keap1 represses Nrf2 activity by binding directly to Nrf2 through the latter’s Neh2 domain at
DLG and ETGE motifs. This is believed to expose seven lysine residues of Nrf2 for ubiquitination by the Cul3-E3ubiquitin ligase complex, and hence the degradation of Nrf2; (B) A phenolic compound with an electrophilic
moiety can form covalent adduct(s) with the reactive cysteines of Keap1’s; Cys151, Cys278 and/or Cys288,
which in turn diminishes the repressive activity of Keap1 on Nrf2, allowing for the Nrf2’s translocation into the
nucleus and activation of ARE-containing antioxidant genes.
PTEN—PI3k/Akt—GSK3 pathway: In this mechanism, GSK3 is proposed to repress Nrf2 activity by
phosphorylation at the latter’s Neh6 domain, causing Nrf2 to remain in the cytoplasm followed by Keap1independent ubiquitination by SCF/β-TrCP/Cul complex which leads to Nrf2 degradation. (C) Under normal
conditions, PI3k/Akt is negatively regulated by a cysteine-rich protein, PTEN. As a result, Akt could not inactivate
GSK3, allowing the latter to meditate inactivation and degradation of Nrf2; (D) Modification of specific cysteine
residue(s) on PTEN which may include Cys124 by certain phenolic compound(s) might inactivate GSK3 and lead
to Nrf2 nuclear translocation and subsequent activation of ARE-containing antioxidant genes. Abbreviations:
Nrf2, nuclear factor erythroid 2-related factor 2; CUL3-RBX1,cullin3-RING finger protein-1; PTEN, phosphatase
and tensin homolog; PI3K, phosphoinositide 3-kinase; PDK1, phosphoinositide-dependent kinase-1; PkB/Akt,
protein kinase B/Akt; GSK3, glycogen synthase kinase 3; CUL1, cullin1.
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a. Heme oxygenase-1
Amongst the Nrf2-regulated genes that encode for antioxidant and cytoprotective proteins, induction
of Nrf2-regulated heme oxygenase-1 (HO-1) is considered to play a crucial role for protecting the
vasculature from oxidant-induced and/or inflammation-induced endothelial dysfunction [270, 271] as
well as in attenuating atherosclerosis as demonstrated in apolipoprotein-E deficient mice [270, 272].
HO-1 is a cellular antioxidant enzyme that catalyses the first part of disintegration of free heme to
generate carbon monoxide, biliverdin and free Fe 2+ [273]. HO-1 is proposed to protect the vasculature
from oxidant induced-endothelial dysfunction by catalysing the breakdown of free heme, a major
source of oxidative stress. In addition, the breakdown products of free heme may also protect the
endothelium [173]. Specifically, the heme breakdown product, biliverdin is further metabolised into
bilirubin [273] which in turn has been shown to inhibit the assembly and activity of NOXs [274].
Similarly, carbon monoxide is produced in small quantities that have been shown to exert antiinflammatory, anti-proliferative and improved vasodilatory functions which are collectively important
for inhibiting endothelial dysfunction and adverse vascular remodelling [275, 276]. Overexpression of
HO-1 in different genetic models of HO-1 supports its role in protecting the vasculature against
atherosclerosis development [277]. Owing to the importance of HO-1 in vascular protection and
prevention against adverse vascular remodelling and atherosclerosis, it is one of the aims of this PhD
thesis to determine whether bioavailable mixtures of blueberry-derived phenolic acid metabolites can
increase cellular production of Nrf2-regulated HO-1 antioxidant response protein.

b. Glutamate-cysteine ligase

Nrf2 is also known to regulate the expression of genes encoding for both subunits of glutamate
cysteine ligase [267], one of the enzymes responsible for the synthesis of glutathione. Increased
glutathione production is considered important in maintaining oxidative balance within cells, and
hence preventing oxidant-induced endothelial dysfunction [264, 278]. Accordingly, the work in this
PhD thesis was also aimed at investigating whether mixtures of blueberry-derived phenolic acids can
increase cellular production glutamate cysteine ligase, which can be studied by determining protein
induction levels of one of its subunits; glutamate-cysteine ligase modifier (GCLM).
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Effects of phenolic acid metabolites on vascular inflammation

Recent evidence has shown that at physiologically-relevant concentrations, phenolic acid metabolites
appear to be more bioactive than their parent flavonoid compounds in exerting vascular and antiinflammatory pathways [81, 82, 215, 262, 266]. These findings further reinforce the emerging concept
of berry polyphenol metabolites as multifaceted, cellular signalling molecules that may modulate the
potential anti-inflammatory effects of ingesting berry polyphenols.

1.6. Aims of this PhD Thesis
In this thesis, it was hypothesised that blueberry-derived phenolic acid aglycones are bioavailable
following intake of blueberry juice and these compounds can modulate vascular endothelial health at
concentrations found in plasma. Blueberry was selected as it is a ‘true berry fruit’ and has one of the
most diverse profile of polyphenols, which may give rise to diverse phenolic acid metabolites in vivo.
Specifically, the following aims were established to address the following areas of interest.

(1) There is currently a lack of information on what plasma concentrations of phenolic acid
aglycones can be achieved following a single intake of blueberries in humans. Therefore, an
initial aim was to develop and validate a method involving high performance liquid
chromatography tandem mass spectrometry with electrospray ionisation interface (HPLC-ESIMS/MS) for profiling bioavailable phenolic compounds established in the systemic circulation
of volunteers following a single serving intake of blueberry juice (Chapter 3). The validated
method was to be used to determine the plasma Cmax, Tmax, and AUC (from 0-8 h) of a
selection of bioavailable phenolic acids after blueberry juice consumption (Chapter 4).

(2) Using the bioavailability information, the aim was to formulate phenolic acid mixtures that
model circulating concentrations available to interact with the endothelium in vivo.

(3) To determine whether blueberry-derived phenolic acids might upregulate vascular cell
antioxidant pathway, the effects of each phenolic acid mixture at physiologically-relevant
concentrations on inducing Nrf2 activity and its downstream proteins implicated in cellular
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antioxidant pathways, HO-1 and GCLM, in the absence or presence of an oxidative challenge
from low, sub-lethal concentrations of H2O2 in cultured HUVECs were investigated.

(4) To investigate the role of blueberry-derived phenolic acids on recruitment of circulating
monocytes by the endothelium under simulated low-grade inflammatory conditions, the
effects of each phenolic acid mixture at physiologically-relevant concentrations on monocyte
adhesion to TNFα-activated HUVECs were determined. Their effects on surface protein
expression levels of ICAM-1, VCAM-1 and E-selectin, or activation of peroxisomal proliferatoractivated receptor gamma (PPARγ) were studied. PPARγ activation was investigated as the
blueberry compounds may inhibit TNFα-dependent monocyte adhesion to endothelial cells by
changing the binding affinity of the cell adhesion molecules to monocytes without affecting
their surface expression levels.
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Chapter 2

Materials and Methods
2.1. Materials
All specialist materials including reagents and equipment used are listed in Table 2.1. Water used in
all experiments and for preparing buffers and other water-based solutions was MilliQ-grade and
obtained from a Heal Force Ultrapure water system (18.2 MΩ.cm, Acorn Scientific Ltd., Auckland,
NZ). Commercial BioGro New Zealand-certified organic single-strength blueberry juice, manufactured
from frozen blueberries (1000 kg berries were cold-pressed to give 715 L of juice without any
preservatives/additives, pasteurised at 90 °C for 30 s and bottled at 85 °C) was supplied by Monavale
Blueberries Ltd. (Cambridge, New Zealand), stored at 4 °C and used prior to the best-before date.

Table 2.1. Specialist analytical standards, reagents and equipment used in all experiments.
I. Analytical standards of phenolic compounds used in HPLC-ESI-MS/MS experiments
Compound (Purity)
Benzoic acid (≥99%)

IUPAC name/Other name
Benzenecarboxylic acid

Supplier
W&B Scientific

Pyrogallol (≥95%)
Phloroglucinol (≥99%)

1,2,3-Trihydroxybenzene
1,3,5-Trihydroxybenzene

Salicylic acid (≥99.5%)
p-Hydroxybenzoic acid
(99%)
Protocatechuic acid
(≥97%)
Gentisic acid (≥97%)
γ-Resorcylic acid (98%)

2-Hydroxybenzoic acid
4-Hydroxybenzoic acid

BDH Chemicals
Fluka
(via Sigma-Aldrich)
Acros Organics
Sigma-Aldrich

2,5-Dihydroxybenzoic acid
2,6-Dihydroxybenzoic acid

Fluka
(via Sigma-Aldrich)
BDH Chemicals
Sigma-Aldrich

m-Coumaric acid (99%)

trans-3-Hydroxycinnamic acid

Sigma-Aldrich

p-Coumaric acid (≥98%)

trans-4-Hydroxycinnamic acid

Sigma-Aldrich

Dihydro-m-coumaric
acid (≥98%)
Gallic acid (98%)

3-(3-Hydroxyphenyl)propionic
acid
3,4,5-Trihydroxybenzoic acid

Alfa Aesar

Vanillic acid (97%)

4-Hydroxy-3,4-dimethoxybenzoic
acid
N-Benzoylglycine

Hippuric acid (98%)
Dihydrocaffeic acid
(≥98%)

3,4-Dihydroxybenzoic acid

3,4-Dihydroxyhydrocinnamic acid

Fluka (Chemika)
(via Sigma-Aldrich)
Sigma-Aldrich
Sigma-Aldrich
Alfa Aesar

From
Pompano, FL,
USA
Poole, Endland
St Louis, MO,
USA
Geel, Belgium
St Louis, MO,
USA
St Louis, MO,
USA
Poole, England
St Louis, MO,
USA
St Louis, MO,
USA
St Louis, MO,
USA
Ward Hill, MA,
USA
St Louis, MO,
USA
St Louis, MO,
USA
St Louis, MO,
USA
Ward Hill, MA,
USA
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Compound (Purity)
Caffeic acid (≥98%)

Table 2.1 (Continued)
IUPAC name/Other name
Supplier
3,4-Dihydroxycinnamic acid
Sigma-Aldrich

Homovanillic acid
(≥99%)
2-hydroxyhippuric acid
(97%)
Dihydroferulic acid
(95%)

4-Hydroxy-3-methoxyphenylacetic
acid
2-(2-Hydroxyphenyl)formamido]
acetic acid
3-(4-Hydroxy-3methoxyphenyl)propionic acid

Sigma-Aldrich

trans-Ferulic acid (99%)

trans-4-Hydroxy-3methoxycinnamic acid
2-[(4-Hydroxyphenyl)formamido]
acetic acid
4-Hydroxy-3,5-dimethoxybenzoic
acid
4-[5,7-Dihydroxy-4-oxo-3[(2S,3R,4S,5S,6R)-3,4,5trihydroxy-6-(hydroxymethyl)oxan2-yl]oxychromen-2-yl]-2hydroxyphenolate
(2R,3R)-2-(3,4-Dihydroxyphenyl)
chroman-3,5,7-triol
(2R,3S)-2-(3,4-Dihydroxyphenyl)3,4-dihydro-2H-chromene-3,5,7triol
(2S,3R,4S,5S,6R)-2-[2-(3,4Dihydroxyphenyl)-5,7dihydroxychromenylium-3-yl]oxy6-(hydroxymethyl)oxane-3,4,5triol
(2S,3R,4S,5S,6R)-2-[5,7Dihydroxy-2-(4-hydroxy-3,5dimethoxyphenyl)chromenylium3-yl]oxy-6-(hydroxymethyl)oxane3,4,5-triol
5-O-Caffeoylquinic acid

Sigma-Aldrich

Rutin

Sigma-Aldrich

[(2R,3R)-2-(3,4-Dihydroxyphenyl)5,7-dihydroxy-3,4-dihydro-2Hchromen-3-yl] 3,4,5trihydroxybenzoate
3-Methoxy-4-hydroxycinnamic
acid
3,5-Dimethoxy-4-hydroxycinnamic
acid
(2S,3R,4S,5S,6R)-2-[5,7Dihydroxy-2-(4hydroxyphenyl)chromenylium-3yl]oxy-6-(hydroxymethyl)oxane3,4,5-triol
1-Isothiocyanato-4methylsulfinylbutane

Sigma-Aldrich

4-F|Hydroxyhippuric
acid (>99%)
Syringic acid (≥95%)
Quercetin-3-O-glucoside
(≥98%)

(-)-Epicatechin (≥90%)
(+)-Catechin (≥95%)

Cyanidin-3-O-glucoside
(≥96%)

Malvidin-3-O-glucoside
(≥95%)

Chlorogenic acid (≥98%)
Quercetin-3-Orutinoside (≥95%)
(-)-Epicatechin-O-gallate
(≥98%)

3-Hydroxyphenylacetic
acid (≥99%)
Sinapic acid (≥98%)
Pelargonidin-3-Oglucoside (≥95%)

DL-Sulphoraphane
(≥90%)

CHEMOS
Fluorochem

CHEMOS
Sigma-Aldrich
Extrasynthese

Sigma-Aldrich

From
St Louis, MO,
USA
St Louis, MO,
USA
Laaber,
Germany
Derbyshire, UK

St Louis, MO,
USA
Laaber,
Germany
St Louis, MO,
USA
Genay, France

Extrasynthese

St Louis, MO,
USA
Prof. Robert
Anderson,
Auckland, NZ
Genay, France

Extrasynthese

Genay, France

Sigma

St Louis, MO,
USA
St Louis, MO,
USA

IGN
Inc.

Biomedicals

St Louis, MO,
USA
Sigma-Aldrich
Sigma-Aldrich
Extrasynthese

Sigma-Aldrich

St Louis, MO,
USA
St Louis, MO,
USA
Genay, France

St Louis, MO,
USA
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Table 2.1 (Continued)
Compound (Purity)
IUPAC name/Other name
Supplier
From
II. Reagents used in HPLC-ESI-MS/MS and cell culture experiments
5-[4-[2-(Methyl-2Rosiglitazone (≥98%)
Cayman Chemical
Ann Arbor,
pyridylamino)ethoxy]phenyl]methy
Michigan, USA
l]-2,4-thiazolidinedione
GW 9662 (≥98%)

2-Chloro-5-nitrobenzanilide

Cayman Chemical

Hydrogen peroxide
solution, 30% (w/w)
Acetonitrile (≥99%)

Sigma-Aldrich
Methyl cyanide

Merck

Methanol (≥99%)

Methyl alcohol

Merck

Formic acid (≥99%)

Merck

t-butyl methyl ether
(≥99%)
Dimethyl sulfoxide
(DMSO) (99.9%)
Isopropanol (≥99%)

Methyl tertiary butyl ether

Sigma-Aldrich
Sigma-Aldrich

2-Propanol

Human tumour necrosis
factor-α (TNFα) (≥97%)
3-(4,5-dimethyl-2thiazolyl)-2,5-diphenyl2H-tetrazolium bromide
(98%)
Nonidet-40 (NP-40)/
IGEPAL® CA-630
Protease inhibitor
cocktail (EDTA-free)
Ficoll-Hypaque

Sigma-Aldrich
Sigma-Aldrich

Methylthiazolyldiphenyltetrazolium bromide (MTT)

Sigma-Aldrich

Octylphenoxy
poly(ethyleneoxy)ethanol

Sigma-Aldrich
Roche
(via Sigma-Aldrich)
Global Science
(via VWR)
Sigma-Aldrich

Sodium dodecyl
sulphate (≥99%)
EDTA (≥99%)

Merck

EGTA (≥99%)

Sigma-Aldrich

Triton-X 114
(Laboratory grade)
Sodium deoxycholate
(≥97%)
Glycerol (≥99%)

Sigma-Aldrich

Bromophenol blue

Sigma-Aldrich

Sigma-Aldrich
Sigma-Aldrich

Ann Arbor,
Michigan, USA
St Louis, MO,
USA
Darmstadt,
Germany
Darmstadt,
Germany
Darmstadt,
Germany
St Louis, MO,
USA
St Louis, MO,
USA
St Louis, MO,
USA
St Louis, MO,
USA
St Louis, MO,
USA

St Louis, MO,
USA
St Louis, MO,
USA
Auckland, NZ
St Louis, MO,
USA
Darmstadt,
Germany
St Louis, MO,
USA
St Louis, MO,
USA
St Louis, MO,
USA
St Louis, MO,
USA
St Louis, MO,
USA

III. HPLC-ESI-MS/MS and solid-phase extraction cartridges
Material/Equipment
Kinetex® C18 HPLC
column
SecurityGuard® ULTRA
cartridge

Other specificities
100 × 2.1 mm, 100Å
(Column dimensions)
(Part No: 00D-4452-AN)
(Part No: AJ0-8782)

Supplier
Phenomenex

Location
Torrance,
California, USA

Phenomenex

Torrance,
California, USA
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Strata-XTM solid phase
extraction (SPE)
cartridges
Security Guard ULTRA
Holder
Agilent 1200 SL binary
pump LC system
Agilent 6460 QQQ with
Jet Stream electrospray
ionisation source
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Table 2.1 (Continued)
Other specificities
Supplier

Location

(6 mL, 200 mg)

Phenomenex

Torrance,
California, USA

(Part No: AJ0-9000).

Phenomenex
Agilent
Technologies

Torrance,
California, USA
Santa Clara,
California, USA

Agilent
Technologies

Santa Clara,
California, USA

IV. Cell culture (Mammalian growth media ingredients)
Gibco Life
Auckland, NZ
Technologies
(via Invitrogen)
Medium 199
Gibco Life
Auckland, NZ
(No phenol red)
Technologies
(via Invitrogen)
Endothelial cell growth
Sigma-Aldrich
St. Louis, MO,
supplement
USA
Penicillin-streptomycin
Gibco Life
Auckland, NZ
solution
Technologies
(via Invitrogen)
TrypLE(R) (trypsin/EDTA
Gibco Life
Auckland, NZ
replacement)
Technologies
(via Invitrogen)
Heparin
Pfizer
New York, NY,
(25000 IU/mL)
USA
V. Electrophoresis/Western Blotting (reagents, antibodies, and equipment)
Dithiothreitol (DTT)
Sigma-Aldrich
St Louis, MO,
USA
β-mercaptoethanol
Sigma-Aldrich
St Louis, MO,
USA
Tris(hydroxymethyl)ami
Roche Diagnostics
Mannheim,
nomethane (Tris base)
Germany
Tween®-20
Sigma Aldrich
St Louis, MO,
USA
10% Mini-PROTEAN®
10-Well format
Bio-Rad
Hercules, CA,
TGXTM precast protein
(50 µL/well)
Laboratories
USA
gels
4-15% Mini-PROTEAN® 10-Well format
Bio-Rad
Hercules, CA,
TGXTM precast protein
(30 µL/well)
Laboratories
USA
gels
Hybond-P®
GE Healthcare
Buckinghamshir
polyvinylidene fluoride
Amersham
e, UK
(PVDF) membrane
Biosciences
ECLTM Plus detection
GE Healthcare
Buckinghamshir
reagent
Amersham
e, UK
Biosciences
Western Lightning®
Enhanced chemiluminescence
PerkinElmer Inc.
Waltham, MA,
Plus ECL
substrate
USA
Monoclonal rabbit anti
[EP1808Y]
Abcam
Cambridge, UK
human Nrf2 antibody
RPMI 1640 medium
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Table 2.1 (Continued)
Other specificities
Supplier
556494
BD PharmingenTM
(BD Biosciences)
Sigma-Aldrich

Location
Franklin Lakes,
NJ, USA
St Louis, MO,
USA

Polyclonal rabbit anti
human HO-1 antibody

ADI-SPA-895-F

Enzo (via Sapphire
Bioscience Pty Ltd)

Redfern, NSW,
Australia

Polyclonal rabbit anti
human GCLM antibody

14241-1-AP

Proteintech (via
United Bioresearch)

Glenorie, NSW,
Aus

Goat anti-rabbit HRP
(GARP)
Goat anti-mouse HRP
(GAMP)
Bio-Rad MiniPROTEAN®
Electrophoresis system
Mini Trans-Blot®
Electrophoretic Transfer
Cell

Sigma-Aldrich

Bio-Rad
Laboratories

St Louis, MO,
USA
St Louis, MO,
USA
Hercules, CA,
USA

Bio-Rad
Laboratories

Hercules, CA,
USA

Alliance UVItec Western
Blot Imaging system

UVItec Limited

Cambridge, UK

Annexin-V FITC

Sigma-Aldrich

VI. Flow cytometry (reagents, antibodies, and equipment)
Life Technologies

Propidium Iodide (PI)

Sigma-Aldrich

Monoclonal -human
CD14 Phycoerythrinconjugated M5E2
antibody
Monoclonal mouse antihuman CD54 (ICAM-1)
Phycoerythrin
conjugated antibody
Monoclonal mouse antihuman CD106
(VCAM-1) Phycoerythrin
conjugated antibody
Monoclonal mouse antihuman CD62E (Eselectin) Phycoerythrin
conjugated antibody
Beckmann Coulter
FC500 MPL

BD PharmigenTM
(BD Biosciences)

MultiskanTM

GO
Microplate
Spectrophotometer
VarioskanTM Microplate
reader
Olympus phase contrast
microscope
CentriVap Vacuum
Concentrator

eBioscienceTM (via
Thermo Fisher
Scientific)

Auckland, NZ

eBioscienceTM (via
Thermo Fisher
Scientific)

Auckland, NZ

Beckman Coulter®

Brea, CA, USA

VII. Other specialist equipment
Thermo Fisher
Scientific

Model 7310020

Christchurch,
NZ
St Louis, MO,
USA
Franklin Lakes,
NJ, USA

Thermo Fisher
Scientific
Olympus
Corporation
Labconco

Waltham, MA,
USA
Waltham, MA,
USA
Shinjuku, Tokyo,
Japan
Kansas,
Missouri, USA
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2.2. Liquid chromatography and mass spectrometry methods
2.2.1. Chromatography and instrumental conditions
The HPLC-ESI-MS/MS system comprised an Agilent 1200 SL binary pump LC system coupled to an
Agilent 6460 Triple Quadrupole Mass Spectrometer equipped with a Jet Stream electrospray
ionisation (ESI) source. Instrument was controlled by the Agilent MassHunter Data Acquisition
Software. Mass spectrometer source parameters are given in Table 2.2.

Table 2.2. Optimised triple quadrupole mass spectrometer source parameter conditions.
Gas temperature
N2(g) flow rate
Nebuliser pressure
Sheath gas temperature
Sheath gas flow rate
Capillary voltage
- Positive electrospray ionisation
- Negative electrospray ionisation
Nozzle voltage
- Positive electrospray ionisation
- Negative electrospray ionisation

300°C
10 L/min
25 psi
350°C
9 L/min
3.5 kV
3.5 kV
2 kV
0 kV

Separation of phenolic compounds was achieved on a reversed phase Kinetex® Core-Shell silicabased C18 high performance liquid chromatography (HPLC) column (100 × 2.1 mm, 100Å particle
size) protected by a UHPLC Security Guard ULTRA Cartridge equipped with a Security Guard ULTRA
Holder. Sample (plasma extract or blueberry juice) injection volume was 10 µL. Column oven
temperature was 25ºC. Chromatography was performed using gradient mode: MilliQ-grade water
(18.2 MΩ.cm) acidified with 0.1% (v/v) formic acid (Mobile Phase A) and acetonitrile acidified with
0.1% (v/v) formic acid (Mobile Phase B). The initial conditions (0—1 min) were 95% A and changed to
100% B (1—10 min). Thereafter, conditions returned from 100% A to 95% A in 1 minute (11—12 min)
and maintained until 17 min for column re-equilibration.

Phenolic compounds in juice or plasma were simultaneously analysed in the positive and negative
ionisation modes. All data were acquired in the multiple reaction monitoring (MRM) mode using the
quantifier and qualifier MRM transitions summarised in Table 3.1. MS1 Resolution setting was ‘wide’,
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and MS2 resolution setting was ‘unit’; Dwell time was 5, and cell accelerator was 7 V in both positive
and the negative ESI modes.

2.2.2. Multiple reaction monitoring (MRM) transitions
The individual parent-product ion mass:charge (m/z) transitions for MRM, fragmentor voltage and
collision energy for each of the 33 phenolic compounds listed In Table 2.1, Part I were optimised by
direct infusion of a 100 μM solution of each phenolic standard prepared in 90:10 (v/v) or 50:50 (v/v)
water:acetonitrile into an Agilent 6460 triple quadrupole mass spectrometer at a fixed flow rate of 10
μL/min. The parent-product ion m/z transition providing the most abundant product ion fragment was
selected as the quantifier ion for quantification, while the second most abundant was selected as the
qualifier ion and used to provide additional confirmation of identity, when available. To establish the
retention time of each compound, 10 µL of a 10 or 15 µM solution of each standard compound
dissolved in 90:10 (v/v) water:acetonitrile was injected into the HPLC column and eluted as described
in Section 2.2.1.

2.2.3. Matrix-matched plasma standards and quality control samples
2.2.3.1.

Preparation of pooled plasma matrix

Plasma samples obtained from nine healthy donors supplied by New Zealand Blood Services
(Auckland, New Zealand) were pooled together, aliquoted and stored at -80°C. When required for
use, frozen aliquots were thawed and centrifuged at 3060 × g for 15 min at 4°C to remove insoluble
debris. The supernatant was recovered as pooled plasma matrix and used as a blank or spiked with
phenolic compounds to prepare calibration standards and quality control (QC) samples.

2.2.3.2.

Preparation of phenolic mixed standards and quality control samples

Each phenolic compound or internal standard (Table 2.1, Part I) was dissolved and diluted in
methanol to prepare a 1 or 3 mM stock which was aliquoted and stored at -80°C. The stock solutions
were stable at -80°C with no noticeable degradation after four months of storage. Stock solutions
were thawed, combined and diluted to the desired concentrations in methanol prior to spiking into the
pooled plasma matrix. Spiked plasma samples were used for preparing QC samples for HPLC-ESI-
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MS/MS method development and validation studies, and for preparing matrix-matched calibration
curves.

QC samples for optimising the protocol for extracting phenolic compounds from plasma (Section
2.2.4.1), and for validating specificity of the HPLC-ESI-MS/MS method (Section 2.2.4.2) were
prepared as follows: 3.935 mL of the pooled plasma matrix was spiked with 0.030 mL of methanol for
solvent control, or equal volume of one of the three mixed standard stock solutions containing the
phenolic compounds listed in Table 2.3, followed by addition of 0.407 mL of 10 mM ascorbic acid
solution with 0.050 mM EDTA and 0.113 mL of 50% (v/v) aq. formic acid to acidify the sample to a
final pH of 3.2 and achieve the final concentrations listed in Table 2.3.

QCs used in method validation (Section 2.2.4) of the HPLC-ESI-MS/MS method for quantitative
analysis of blueberry-derived phenolic acids and for preparing daily calibration curves in human
bioavailability studies (Section 2.3) were prepared by spiking 0.030 mL of a mixed standard stock
solution containing 12 phenolic acids into 3.935 mL of the pooled plasma matrix, followed by addition
of 0.035 mL of a methanol solution containing the phenolic acid internal standards; 3hydroxyphenylacetic and sinapic acids. Then, 0.407 mL of 10 mM ascorbic acid with 0.050 mM EDTA
solution and 0.113 mL of 50% (v/v) aq. formic acid were added to achieve the final concentrations
listed in Table 2.4.
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Table 2.3. Composition of the three phenolic mixed standards and final concentration of each
compound in the spiked plasma matrix.
I. Mixed standard 1
Concentration (nM)

No

Compound

1

Protocatechuic acid

15

2

Gentisic acid

25

3

2-Hydroxybenzoic acid

100

4

trans-Ferulic acid

12.5

5

Dihydroferulic acid

62.5

6

m-Coumaric acid

10

7

Hippuric acid

188

8

2-Hydroxyhippuric acid

25

9

4-Hydroxyhippuric acid

25

10

Pyrogallol

100

11

(-)-Epicatechin

100

12

Pelargonidin-3-O-glucoside

100

13

Cyanidin-3-O-glucoside

100

14
15

Malvidin-3-O-glucoside
100
II. Mixed Standard 2
Benzoic acid
100

16

Gallic acid

10

17

γ-Resorcylic acid

100

18

4-Hydroxybenzoic acid

100

19

p-Coumaric acid

10

20

Sinapic acid

100

21

Dihydrocaffeic acid

25

22

3-Hydroxyphenylacetic acid

100

23

(+)-Catechin

100

24
25

Quercetin-3-O-rutinoside
10
III. Mixed Standard 3
Syringic acid
62.5

26

Vanillic acid

62.5

27

Homovanillic acid

62.5

28

Caffeic acid

100

29

Dihydro-m-coumaric acid

100

30

Phloroglucinol

100

31

Chlorogenic acid

100

32

(-)-Epicatechin-O-gallate

100

33

Quercetin-3-O-glucoside

10
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Table 2.4. Concentrations of the 12 phenolic acids and two internal standards spiked in plasma
for preparing matrix-matched calibration curves used in method validation and bioavailability
studies.
No
1

Compound
Protocatechuic acid

Concentration (nM)
a15
22.5
30

60

120

240

480

2

Gentisic acid

a25

37.5

50

100

200

400

800

3

2-hydroxyhippuric acid

a25

37.5

50

100

200

400

800

4

4-hydroxyhippuric acid

a37.5

50

100

200

400

800

-

5

p-coumaric acid

a12.5

25

50

100

200

-

-

6

dihydro-m-coumaric acid

a100

200

400

800

1600

3200

-

7

Vanillic acid

a62.5

125

250

500

1000

-

-

8

Dihydrocaffeic acid

a25

50

100

200

400

-

-

9

Homovanillic acid

a62.5

125

250

500

1000

-

-

10

Dihydroferulic acid

a62.5

125

250

500

1000

2000

-

trans-ferulic acid

a12.5

22.5

50

100

200

400

-

12

Syringic acid

a37.5

75

150

300

600

1200

-

13

Sinapic acid

177

177

177

177

177

177

177

177

177

177

177

177

177

177

11

(Internal standard 1)
14

3-hydroxyphenylacetic
acid (Internal standard 2)

a

Lowest concentration on the calibration curve where quantifier MRM peak height signal:noise ratio
≥10, and analyte response is reproducible with an accuracy (%RE) of ± 20% and precision (RSD) of ≤
20%

2.2.4. Method Validation
2.2.4.1.

Extraction of phenolic compounds from plasma

Four different extraction procedures were evaluated during method development, including:
(1) plasma protein precipitation, (2) solid phase extraction (SPE), (3) solid phase extraction, plasma
protein precipitation (SPE-Precipitation), (4) solid phase extraction, plasma protein precipitation, and
liquid-liquid extraction (SPE-Precipitation-LLE). In all cases, acidified pooled plasma matrix spiked
without or with mixed standard 1, 2, or 3 (Table 2.2) were subjected to extraction by protocol (1)-(4)
as follows:

(1) Plasma protein precipitation: 4.12 mL of blank or spiked plasma samples were treated with icecold acetonitrile at a ratio of 1:2 (v/v) to precipitate plasma proteins. Protein precipitates were pelleted
by centrifugation at 19,700 x g for 15 mins at 4°C, and a fixed volume; 83% (v/v) of the supernatant
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was recovered and dried overnight in a CentriVap vacuum concentrator. The dried residue was
resuspended in 18.4 µL of 90:10 (v/v) water:acetonitrile to solubilise extracted phenolic compounds.
Prior to HPLC-ESI-MS/MS analysis (Section 2.2.1), insoluble impurities were removed by
centrifugation at 400 x g, 2 mins, 4°C.

(2) SPE: A Strata-XTM SPE disk cartridge was preconditioned with 6 mL of 5% formic acid in
methanol, followed by 6 mL of 5% aq. formic acid. Then 4.12 mL of pooled blank or spiked plasma
sample was loaded onto the sorbent, washed with 2.5 mL of 95:5 (v/v) 5% aq. formic acid:5% formic
acid in methanol, and eluted at a dropwise-rate in 2 mL of 5% formic acid in methanol. The collected
eluate was dried overnight in a vacuum concentrator, followed by resuspension of the dried residue
and HPLC-ESI-MS/MS analysis as described in (1).

(3) SPE-Precipitation: The same SPE protocol described in (2) was applied to 4.12 mL of pooled
blank or spiked plasma sample. After drying the eluate overnight in a vacuum concentrator, the dried
residue was resuspended in 100 µL water, followed by precipitation of plasma proteins by addition of
200 µL ice-cold acetonitrile, centrifugation and recovery of supernatant as described in (1) above. The
supernatant was dried in a vacuum concentrator, followed by resuspension of the dried residue and
HPLC-ESI-MS/MS analysis as described in (1).

(4) SPE-Precipitation-LLE: A new LLE step was implemented to remove phospholipids from the
phenolic extract [279]. The deproteinised supernatant was dried in a vacuum concentrator and the
residue was resuspended in 100 µL 5% (v/v) aq. formic acid, followed by addition of 300 µL tertmethyl butyl ether. The mixture was centrifuged at room temperature for 5 minutes at 15,300 x g to
separate the two immiscible layers. The top organic layer (250 μL) was carefully removed, and
subjected to a second LLE step by addition of 250 µL tert-methyl butyl ether, mixing and
centrifugation as above. Finally, 250 µL of the top organic layer was recovered and dried in a vacuum
concentrator, followed by resuspension of the dried residue in 90:10 (v/v) water:acetonitrile for
analysis by HPLC-ESI-MS/MS as described in (1).
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Method specificity

Method specificity was validated by analysis of pooled blank plasma matrix or spiked plasma,
extracted by the four different extraction procedures described in the foregoing section. A
chromatographic peak at the quantifier and qualifier (if applicable) MRM transitions, with a minimum
signal-to-noise (S:N) ratio of 10:1, and 2:1, respectively should be achieved [280, 281]. The retention
time of the analytes in extracted spiked plasma samples should agree within ± 0.5 min of the retention
time obtained for the compounds in pure solvent; 90:10 (v/v) water:acetonitrile. The HPLC-ESIMS/MS assay is regarded as being capable of detecting a peak with acceptable specificity if it is able
to detect extracted phenolic compounds with a quantifier MRM peak with S:N ratio ≥ 2:1 but < 10:1.

2.2.4.3.

Extraction recovery

To determine the effectiveness of SPE-Precipitation-LLE in extracting phenolic acids from plasma, the
quantifier MRM peak area of phenolic compounds or internal standards extracted from pooled plasma
samples spiked with three concentrations within the range of the calibration curve [281] listed in Table
3.4 was compared against the quantifier MRM peak area of the same compounds prepared in postextracted spiked plasma samples as in Equation (2.1). Post-extracted spiked plasma samples were
prepared by spiking pooled blank plasma extract with the phenolic compounds and internal standards
after the extraction procedure, and their peak area represents 100% recovery.

%𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 =

𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎(𝑆𝑝𝑖𝑘𝑒𝑑 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒)
𝑃𝑒𝑎𝑘 𝐴𝑟𝑒𝑎(𝑃𝑜𝑠𝑡−𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝑠𝑝𝑖𝑘𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒)

2.2.4.4.

× 100%

Equation (2.1)

Linearity and range

Matrix-matched calibration curves were prepared by spiking into pooled plasma matrix phenolic acids
at various concentrations and a fixed final concentration of the phenolic acid internal standards in
accordance to Table 2.4, followed by SPE-Precipitation-LLE and analysis by HPLC-ESI-MS/MS
(Section 2.2.1). All baseline adjustments were made on the calibration curves to account for any preexisting interfering signals in pooled blank plasma matrix. Linearity was validated with a minimum of
five different concentrations as previously recommended [280].
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Detection and quantitation limits

The limit of detection (LOD) and lower limit of quantitation (LLOQ) for the phenolic compounds were
determined by screening the concentration at which peak height S:N ratio of their quantifier MRM
transition peak is 2:1, and 10:1, respectively. These conditions are as recommended for quantitative
analysis [280].

2.2.4.6.

Accuracy

Pooled plasma samples spiked with phenolic acids at three concentrations within the concentration
range of the matrix-matched calibration curve for each compound were extracted and validated for
accuracy [280, 281]. Accuracy was determined as the relative error (%RE) calculated as the
difference between measured mean concentration value and the true nominal concentration value
divided by the true nominal concentration value as described in Equation (2.2).

𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 (%𝑅𝐸) =

2.2.4.7.

𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑚𝑒𝑎𝑛 𝑣𝑎𝑙𝑢𝑒−𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑣𝑎𝑙𝑢𝑒
𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑣𝑎𝑙𝑢𝑒

× 100%

Equation (2.2)

Precision

QCs at the same three concentrations used for validation of accuracy were prepared, extracted, and
evaluated against calibration curves to examine intra- and inter-days precision; repeatability and
intermediate precision, respectively. Precision was evaluated and reported as the relative standard
deviation (RSD) between replicate measurements in spiked plasma samples [280, 281]. Repeatability
was evaluated as RSD analysed on the same day, while intermediate precision was determined by
analysing QCs across two different days, as described previously [282].

2.2.5. Analysis of blueberry juice phenolic compounds
For determining the content of anthocyanins, flavonols, chlorogenic acid and caffeic acid glucoside of
blueberry juice, 100 µL of the blueberry juice was diluted ten times with 1% aq. formic acid, filtered
through a 0.22 µm membrane filter, followed by liquid-chromatography-mass spectrometry analysis
using a Shimadzu 2020 single-quadrupole mass spectrometer coupled to a Shimadzu 20-Series
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UFLC system with a UV-visible diode array detector (Kyoto, Japan) as described by [283]. This
analysis was performed by Mr. Dawei Deng (Plant & Food Research Limited, Palmerston North, New
Zealand). Dilution allows the quantification of anthocyanins, flavonols, and phenolic acids in the juice
including those occurring partly as free aglycones or those occurring exclusively as a free ester such
as chlorogenic acid, or as a free glucoside such as caffeic acid glucoside.

For determining the content of phenolic acid aglycones and their acid-labile conjugated forms in the
juice, the blueberry juice was diluted ten times with 1% aq. formic acid, or subjected to acid
hydrolysis. Acid hydrolysis was used for the detection and quantification of both aglycone and acidlabile conjugated forms of a particular phenolic acid: This procedure involved mixing blueberry juice (2
mL) with 60 µL concentrated HCl (37%), followed by heating at 100°C for 1.5 h. 50 µL solution was
diluted with 950 µL of 1% formic acid and filtered through a 0.22 µm membrane filter prior to HPLCESI-MS/MS analysis (Section 2.2.1).

2.3. Human bioavailability study
A total of five healthy, non-smoking individuals (three males, two females; body mass index between
21-29 kg/m2; 20-24 years old) were recruited to provide indicative information on the bioavailability of
aglycone phenolic acids and metabolites over a 24 h period following intake of blueberry juice. The
first two participants were recruited for: (1) screening which compounds out of a panel of 33 phenolic
compounds would be established at increased levels in plasma after blueberry juice administration,
relative to levels noted in baseline 0 h plasma; and (2) to verify that the phenolic internal standards
used were suitable. The remaining three participants were recruited to provide plasma bioavailability
data of blueberry-derived phenolic compounds to inform the design of cell culture experiments
described in Section 2.4. The inclusion criteria for selection were: healthy individuals aged 18 years
or above, non-smokers. Exclusion criteria for eligibility were: excessive alcohol consumption,
smokers, use of prescription medication (excluding contraceptive pills), use of dietary and herbal
supplements, food allergies or sensitivities, any known medical condition, a history of eating disorders
including anorexia nervosa, bulimia, and body mass index of ≥ 35 kg/m2.
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Subjects maintained a diet low in polyphenols and phenolic acids for 72 h prior to the study, avoiding
the consumption of polyphenol-rich foods such as fruit, vegetables, chocolate, cocoa products, coffee,
tea, wine, green leafy vegetables, seeds and beetroots [284]. This lead-in period established a
baseline for phenolic acids and metabolites. On the morning of the study day, fasting blood samples
were collected for baseline measurements, followed by consumption of blueberry juice in amounts
normalised to body weight; 5 mL/kg. Blood samples were collected into K 2EDTA-containing tubes at
0.5, 1, 2, 4, 6, 8 and 24 h after juice intake (Figure 2.1). Standardised polyphenol-free meals
containing white toast, cheese, egg and salt were provided after the collection of the 1, 4 and 6 h
blood samples (Figure 2.1), with their energy and macronutrient composition summarised in Table
2.5 below. Participants continued their low-polyphenol diet in the evening and returned the following
morning after an overnight fast for 24 h blood sampling. Participants gave their informed consent for
this study, which received ethical approval from the New Zealand Health and Disability Ethics
Committees (Ethics ref: 15/NTA/46) and was registered with Australia New Zealand Clinical Trials
Registry (ID: ACTRN12615000385549).

Table 2.5. Nutritional composition of the standardised polyphenol-free meal provided to the
participants after collection of the 1, 4, and 6 h blood samples.
a
Nutritional details
Amount received
Energy (Kcal)
371
Protein (g)
19.4
Fat, total (g)
16.4
- Saturated (g)
7.4
Carbohydrates
36.2
- Sugars (g)
2.6
Dietary Fiber
2.6
Sodium (mg)
536
aAll values are average amounts [taken from manufacturer nutritional information panel] received by
the participants.

Figure 2.1. Scheme for the blueberry juice phenolic compound bioavailability trial.
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2.3.1. Analysis of phenolic acids in fasted and post-intake plasma
Blood was collected into K2EDTA vacutainer tubes and centrifuged at 3000 × g for 15 mins at 4°C to
obtain plasma. Plasma (3.935 mL) was spiked with the internal standards sinapic (179.4 ng) and 3hydroxyphenylacetic acids (121.7 ng) in 35 µL methanol solution, followed by addition of 0.407 mL 10
mM ascorbic acid with 0.050 mM EDTA solution, and acidified with 0.113 mL of 50% (v/v) formic acid
to pH 3.2. Neither addition of internal standards nor acidification resulted in plasma protein
precipitation. Phenolic compounds were extracted from plasma by SPE-Precipitation-LLE (Section
2.2.4.1). Profiling of the phenolic compounds in plasma was carried out by the HPLC-ESI-MS/MS
method described in Section 2.2.1, and quantified against calibration standards prepared in plasma
(Table 2.2).

2.3.2. Plasma bioavailability data analysis
Based on the 0-24 h plasma concentration-time data of all 12 blueberry-derived phenolic acids,
calculations were made using the functions developed for Microsoft Excel by Usansky. J.I., Desai, A.
and Tang-Liu, D. Pharmacokinetic and pharmacodynamics resources (2015). Retrieved (Dec, 2015)
(from: https://www.pharmpk.com/soft.html) on the following bioavailability parameters: maximal
plasma concentration (Cmax); area under the plasma concentration-time curve between 0-8 h (AUC08h);

time to reach plasma Cmax (Tmax); maximum plasma concentration normalised to ingested dose

(Cmax/dose); and the area under the plasma concentration-time curve between 0-8 h normalised to
ingested dose (AUC0-8h/dose).

2.4. Cell culture methods
2.4.1. Endothelial cell culture and experimental treatments
HUVECs were isolated from freshly obtained human umbilical cord veins with collagenase treatment
[285], cultured on 0.1% (w/v) gelatin-coated plates in medium 199 with glutamine, supplemented with
13% heat-inactivated fetal bovine serum (FBS), 10% penicillin/streptomycin, 75 mg/L endothelial cell
growth supplement and 100 µg/mL heparin (M199-complete). HUVECs were grown at 37ºC in a
humidified 5% CO2 incubator. For all experiments, HUVECs were used at passage 4 following primary
extraction and were used when 80-85% confluent.
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Experiments described in Sections 2.4.2—2.4.5 involved treating HUVECs with the Nrf2, HO-1 and
GCLM agonist sulphoraphane (SFN) [278], or each of three phenolic acid mixtures (designated Early,
Late, or Whole) defined in Table 4.5 which represent the compounds profiled in plasma following
blueberry juice intake. These mixtures were prepared in DMSO to generate stock solutions with
concentrations of the phenolic acids ranging from 7-563 mM, and stored at -18°C. For each
experiment, a stock mixture was thawed and diluted to the desired concentration in M199-complete,
with final DMSO concentration < 0.1% (v/v).

2.4.2. Monitoring cell death by apoptosis and necrosis
Cytotoxicity of the various treatment regimens was assessed by measuring apoptosis and necrosis by
dual labelling with Annexin-V/Propidium iodide (PI) followed by flow cytometry analysis. Annexin-V is
a phosphatidylserine-binding protein, while PI is a DNA-binding dye [286]. In normal cells,
phosphatidylserine is a membrane phospholipid present mostly in the inner leaflet of the plasma
membrane of cells. However, during apoptosis, it translocates to the outer leaflet of the plasma
membrane, where it is available for binding by fluorescein isothiocyanate (FITC)-labelled annexin V
which can be detected by flow cytometry analysis. The fluorescent DNA-binding dye PI, is permeable
to dead, damaged and/or necrotic cells, but impermeable to viable cells as intact membranes can
exclude it. Thus, by co-staining of cells with both Annexin-V-FITC and PI, cell death by apoptosis and
necrosis can be simultaneously determined.

Following treatment of the HUVECs with the blueberry compounds, medium was collected, adherent
cells recovered using 200 µL of TrpLETM Express and combined with the detached cells by
centrifugation. The cells were resuspended in 50 µL of Annexin-V binding buffer (10 mM HEPES pH
7.4, 140 mM NaCl, 2.5 mM CaCl2, and 1:50 (v/v) of Annexin-V FITC and incubated in the dark for 10
mins at room temperature. PI (5 µg) was added in 200 µL binding buffer and cell fluorescence
monitored on a Beckman Coulter Cytomics FC500 MPL, with 5,000 -10,000 cells analysed per
sample, and data was analysed by the CXP software (Beckman Coulter®, Brea, CA, USA).
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2.4.3. Monitoring cell metabolic activity
The metabolic activity of HUVECs was monitored by reduction of the cell-permeable dye
Methylthiazolyldiphenyl-tetrazolium bromide (MTT). Following 24 h or 3 h treatment to phenolic
compounds, SFN or H2O2, HUVEC cell medium was replaced with 0.5 mL of phenol-red-free M199complete containing 1.2 mM MTT and incubated in the dark for 3 h in a humidified incubator at 37°C,
5% CO2. Medium was then removed and the purple formazan crystals were solubilized in 0.5 mL of 4
mM HCl with 0.1% NP-40 in isopropanol and absorbance recorded at 570 nm in a microplate reader
(MultiskanTM GO Microplate Spectrophotometer).

2.4.4. H2O2 Assay
The ferrous oxidation xylenol orange (FOX) assay was used to determine H2O2 consumption by
HUVECs [287]. Briefly, 1 mL of H2O2 prepared in M199-complete was added to 80-85% confluent
HUVECs in a 24-well cell-culture plate. Medium (25 µL) was collected at indicated times and added to
225 µL of FOX reagent [100 µM xylenol orange, 250 µM Fe(NH4)SO4, 100 mM sorbitol and 25 mM
H2SO4], colour developed by incubation for 45 minutes in the dark at room temperature and measured
at 560 nm using a microplate reader (MultiskanTM GO Microplate Spectrophotometer). To correct for
H2O2 consumption by medium, loss of H2O2 over time was determined in the absence of cells. A
matrix-matched H2O2 standard curve (0-40 µM) was prepared in fresh M199-complete medium in
every experiment, and assayed as above.

2.4.5. Western immunoblotting
2.4.5.1.

Sub-cellular fractionation

For studying HO-1 or GCLM protein expression, HUVECs were washed with 1 mL ice-cold phosphate
buffered saline (PBS, pH 7.4) and whole cell lysates prepared by adding 50 µL sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer (65.8 mM Tris-HCl pH 6.8,
2% (w/v) SDS, 10% (v/v) glycerol, 100 mM bromophenol blue, 1x protease inhibitor cocktail, and 5%
β-mercaptoethanol).
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For studying Nrf2 protein activity, nuclear fractions were prepared by scraping HUVECs in 50 µL of
cytoplasmic lysis buffer (250 mM sucrose, 20 mM HEPES [pH 7.9], 10 mM KCl, 1.5 mM MgCl2, 1 mM
EDTA, 1 mM EGTA, 1 mM DTT, 1x stock of protease inhibitor cocktail) using a rubber policeman,
followed by centrifugation (800 xg, 5 mins, 4°C) to obtain intact nuclear pellets. The nuclear pellets
were washed twice with the cytoplasmic lysis buffer prior to lysis in 50 µL of nuclear lysis buffer (50
mM tris-HCl (pH 7.6), 150 mM NaCl, 1% (v/v) Triton-X 114, 0.5% (w/v) sodium deoxycholate, 0.1%
(w/v) SDS, 10% (v/v) glycerol, 1x stock of protease inhibitor cocktail) to generate nuclear fraction. For
SDS-PAGE analysis, SDS-PAGE sample buffer was added into the nuclear or cytoplasmic fraction at
a 1:3 (v/v) ratio.

2.4.5.2.

SDS-PAGE

Whole cell lysates, cytoplasmic or nuclear fractions were heated at 95°C, 5 minutes and loaded onto
4-15% or 10% precast SDS-polyacrylamide gels. Gels were run in a Bio-Rad Mini-PROTEAN®
Electrophoresis system in tris-glycine buffer containing 25 mM Tris, 192 mM glycine, pH 8.3 with 0.1%
(w/v) SDS at 200 V in a until the dye front was near the bottom. 10% SDS-polyacrylamide gel was
used for resolving cytoplasmic or nuclear fraction proteins, while for resolving proteins in whole cell
lysates, 4-15% SDS-polyacrylamide gel was used (Table 2.6).

2.4.5.3.

Immunoblotting and quantification of protein expression

Resolved proteins were electrophoretically-transferred from the SDS-polyacrylamide gels onto PVDF
membranes using Mini-Trans-Blot® cells in cold Western Immunoblotting buffer (25 mM Tris, 293 mM
glycine, pH 8.3 with 10% (v/v) methanol) for 1 h. Immunoblotting was performed following blocking of
non-specific binding sites for 1 h at room temperature with 5% (w/v) skim milk in tris-buffered salineTween® (TBST). Monoclonal or polyclonal antibodies against Nrf2, HO-1, or GCLM, as well as the
loading control for nuclear or whole cell lysates; poly ADP-ribose polymerase (PARP), or β-actin,
respectively, were prepared in 2% (w/v) skim milk-TBST (Table 2.6). Following incubation with
horseradish peroxidase (HRP)-conjugated secondary antibodies, protein immunoblots were detected
by chemiluminescence on a chemidoc (Alliance, UVITECH, Cambridge) using ECLTM Plus detection
reagent or Western Lightning® Plus ECL reagent. Densitometry analyses of protein bands were
performed with ImageJ software (National Institutes of Health, Maryland, US).
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Table 2.6. Conditions and antibodies used in Western Immunodetection.

Protein

SDS-PAGE
Resolving gel
(%)a

Blocking
buffer
(in TBST)

Primary antibody
(Antibody:2% milk-TBST,
v/v)

Secondary antibody
(Antibody:2% milkTBST, v/v)

Nrf2

b10

5% milk, 1 h

Monoclonal rabbit anti human
Nrf2 antibody (1:2,000)

Goat anti-rabbit HRP
(1:10,000)

HO-1

c4-15

5% milk, 1 h

Polyclonal rabbit anti human
HO-1 antibody (1:3,000)

Goat anti-rabbit HRP
(1:10,000)

GCLM

c4-15

5% milk, 1 h

Monoclonal mouse anti human
PARP antibody (1:1,000)

Goat anti mouse HRP
(1:10,000)

PARP

b10

5% milk, 1 h

Polyclonal rabbit anti human
GCLM antibody (1:2,000)

Goat anti-rabbit HRP
(1:10,000)

5% milk, 1 h

Monoclonal mouse anti human
β-actin antibody (1:10,000)

Goat anti mouse HRP
(1:10,000)

β-actin
a

b10
c4-15

% of total acrylamide in the gel; bFor nuclear fractions; cFor whole cell lysates

2.4.6. Cellular adhesion molecule expression in HUVECs
HUVECs were pre-incubated with Early (0.1, 1, 10, or 100x), Late (0.1, 1, 10, or 100x), or Whole (0.1,
1, 10, or 100x), phenolic acid mixtures for 4 h. Afterwards, medium was replaced with 1 mL of fresh
M199-complete medium with or without 1 ng/mL TNFα and incubation continued for 2 h. Medium was
collected, and HUVECs were recovered at 37°C using 250 µL of TrpLETM Express and combined with
the detached cells by centrifugation for 5 mins at 1000 x g, room temperature. Pelleted cells were
resuspended in 50 µL of sterile 1 x PBS (pH 7.4), transferred onto a U-bottomed 96-well plate to
which 2.5 µL of an antibody stock (0.1 µg/mL) containing mouse anti-human ICAM-1, VCAM-1, or Eselectin phycoerythrin-conjugated antibody was added. By comparing the phycoerythrin fluorescence
signal intensity between TNFα-stimulated control HUVECs vs phenolic acid mixture pre-treated TNFαstimulated HUVECs, the effects of each phenolic acid mixture in reducing TNFα-stimulated
expression of ICAM-1, VCAM-1, or E-selectin could be determined. The plate was incubated in the
dark for 20 minutes at room temperature, and washed once with 150 µL PBS prior to pelleting the
cells by centrifugation for 5 mins at 300 x g, room temperature. Supernatant was removed, and
HUVECs were resuspended in 200 µL 1x PBS [pH 7.4]. Cell fluorescence was monitored on a
Beckman Coulter Cytomics FC500 MPL, with 5,000 cells analysed per sample. Flow cytometry data
was analysed using the CXP software (Beckman Coulter).
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2.4.7. Monocyte adhesion assay
2.4.7.1.

Isolation of peripheral blood mononuclear cells from human
blood

Whole blood was collected into heparin-containing tubes. The blood was diluted 1:3 (v/v) with
endotoxin-free sterile PBS and 10 mL of 5% (w/v) dextran in 154 mM NaCl was added per 40 mL of
diluted blood. The tube was left to stand for ~20 minutes to allow sedimentation of the majority of red
blood cells, leaving a leukocyte-enriched upper layer, which was collected. The white cells were
separated by density separation through Ficoll-Hypaque with centrifugation in a swing rotor at 1000 x
g for 20 mins, room temperature, no brake [288]. The cells at the interface of the Ficoll-Hypaque were
collected, these representing the lymphocyte and monocyte population. These cells were washed
once with PBS and twice in 4 mL of RPMI-complete, centrifugation at 390 x g. Finally, the pelleted
peripheral blood mononuclear cell (PBMC) layer was resuspended in 4 mL of RPMI-complete and
kept in a 37°C cell culture incubator (5% CO2, humidified) and used within 3-4 h following isolation.
For co-culture experiments with HUVECs the PBCMs were re-pelleted by centrifugation at 390 x g
(same conditions as above), and resuspended in a defined volume of M199-complete medium to
standardise the cell concentration to 40,000,000 PBMCs/mL.

2.4.7.2.

Adhesion of monocytes to HUVECs and analysis by flow
cytometry

HUVECs in 24-well plates were pre-treated with rosiglitazone, GW 9662, Whole, Early, or Late
phenolic acid mixture in the presence or absence of GW 9662 for 4 or 18 h. After treatment, medium
was removed from each well, and 1 mL of fresh medium containing no TNFα, or 1 ng/mL TNFα was
added onto the cells, and incubation continued for 2 h. Freshly-isolated PBMCs in M199-complete
was added to HUVECs to achieve a final PBMC:HUVEC cell ratio of 17:1, and incubation continued
for 0.5 h prior to collection for flow cytometry analysis.

Following treatment, medium was aspirated and each well was washed 3 x with 1 mL of PBS. The
adherent cells, representing the HUVECs and adhered PBMCs were detached from the wells at 37°C
by 250 µL of TrpLETM Express, followed by washing with 500 µL of M199-complete. All detached cells
were collected and centrifuged at 1000 x g for 5 mins at room temperature. Pelleted cells were
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resuspended in 50 µL of sterile PBS, transferred onto a U-bottomed 96-well plate to which 10 µL of an
antibody stock (0.1 µg/mL) containing mouse anti-human CD14 phycoerythrin-conjugated antibody
was added. The CD14 phycoerythrin-conjugated antibody binds to monocytes and its conjugation with
the fluorophore; phycoerythrin, allows monocytes to be quantified by flow cytometry. The plate was
incubated in the dark for 15 minutes at room temperature, and washed once with 140 µL PBS (pH
7.4) prior to pelleting the cells at 300 x g for 5 mins, at room temperature, removal of supernatant, and
resuspending the cells in 200 µL of PBS (pH 7.4). Cell fluorescence was monitored on a Beckman
Coulter Cytomics FC500 MPL with 5,000 cells analysed per sample. Flow cytometry data was
analysed using the CXP software (Beckman Coulter).

2.5. Statistical analysis
Statistical analyses were performed using GraphPad Prism 7 (GraphPad Software, La Jolla, CA,
USA). For cell viability assays, data were analysed either by two-tailed one-sample t-test (against the
hypothetical value 1 or 100%) or, one-way analysis of variance (ANOVA) followed by Dunnett’s posthoc test. For H2O2 assay, exponential non-linear regression was conducted to evaluate the amount of
H2O2 consumed by cells as a function of applied H 2O2 concentration. All Western immunoblotting data
(Nrf2, HO-1, GCLM) were analysed by two-way ANOVA (with or without Dunnett’s test), two-tailed
one-sample or two-sample t-test, or linear regression with log10-log10 transformation applied. In all
cases, a value of p < 0.05 was considered statistically significant.

All adhesion molecule expression (ICAM-1, E-selectin, VCAM-1) and monocyte adhesion data were
analysed by one-sample t-test, each sample being matched with the within–experiment positive
control value set at 100%, or one-way ANOVA followed by Tukey’s honest significant difference
(HSD) post-hoc test. In all cases, a value of p < 0.05 was considered statistically-significant.
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Chapter 3

Screening of bioavailable blueberryderived phenolic compounds in human
plasma by HPLC-ESI-MS/MS: method
development and validation
3.1. Introduction
Recent blueberry phenolic compound bioavailability studies [52, 146, 223] have correlated the
appearance of a number of blueberry-derived phenolic acids in plasma with positive outcomes on
vascular function such as improved FMD of the brachial artery in males. Ingested phenolic acids
appear in the circulation primarily as a mixture of aglycone and phase II conjugates [29]. However, as
the prior studies pre-treated plasma samples with β-glucuronidase/aryl-sulphatase intended to cleave
glucuronide and sulphate moieties, it is unclear whether the correlated effects are attributable to the
aglycone, phase II conjugated, or a combination of the two forms of the phenolic acids. There is
currently little information and certainty on the plasma concentrations of phenolic acid aglycones
achieved following intake of blueberries. Therefore, reliable determination of their concentrations and
time of appearance in plasma following blueberry intake is required to study the potential bioactivity of
physiologically relevant concentrations of phenolic acid aglycones in in vitro cell culture studies.

3.1.1. Chapter Aims
To identify and quantify the blueberry-derived aglycone phenolic compounds in plasma following
normal dietary intake of blueberries, a method to detect low concentrations (nM range) of these
compounds was required. The aims of this chapter were to develop an MRM-based HPLC-ESI-MS/MS
method for this purpose and to determine which compounds could be detected in human plasma.
Specifically, the aims of this chapter were:
1. To set up an HPLC-ESI-MS/MS assay for monitoring the detection of 33 phenolic compounds
including phenolic acids, anthocyanins, flavan-3-ols and flavonols, identified as being potential
blueberry-derived phenolic compounds.

Chapter 3: HPLC-ESI-MS/MS: method development and validation

90

2. To screen for which of the 33 phenolic compounds could be found in the systemic circulation
at a reliably detectable concentration in the plasma of two participants, 0-24 h following a
single-intake of blueberry juice.

3. To validate the HPLC-ESI-MS/MS assay for reliable quantitative analysis of those phenolic
compounds that were found in the circulation following juice intake.
.

3.1.2. Experimental Approach
For screening, the selected panel of thirty-three phenolic compounds consisted of mainly phenolic
acids that are known to appear in β-glucuronidase/aryl-sulphatase treated plasma following blueberry
consumption [52, 146, 223], or are common phenolic metabolites of anthocyanins [70, 71], flavan-3-ol
monomers [69], and/or quercetin-based flavonols [171]. The screening assay was developed in the
MRM mode as described in Section 2.2.2. In this work, the triple quadrupole mass spectrometer
coupled with a liquid chromatography system was selected as the analytical platform as it is
considered to be one of the best choices for quantitative analysis of targeted compounds [289]. Blank
pooled plasma matrix or plasma matrix spiked with these phenolic compounds were used to optimise
their extraction protocol from plasma, and for validating method specificity as described in Section
2.2.4.1 and 2.2.4.2. Validation was carried out using plasma samples because it is well-established
that components present in a sample matrix can either reduce or enhance the intensity of product ion
fragments through ionisation suppression or enhancement in HPLC-ESI-MS/MS analysis [290, 291].
The concentrations tested were selected to cover the lower-end plasma concentration expected for
each phenolic compound based on previously published work as cited above.

After establishing the specificity of the HPLC-ESI-MS/MS assay in detecting each phenolic compound
in plasma extracts, two individuals were recruited to determine which phenolic compounds are
systemically-relevant after intake of blueberry juice as described in Section 2.3. Those compounds
confirmed to be present in post-intake plasma (0.5-24 h) at higher quantifier and qualifier signal peak
intensity relative to those observed in 0 h baseline plasma taken from participants after an overnight
fast and prior to blueberry juice intake, were noted. The ability of the HPLC-ESI-MS/MS assay to
quantitatively measure these compounds was validated for extraction recovery, linearity and range
including the LLOQ, accuracy, and precision in accordance to recommended guidelines in validation
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documents [280, 281]. Unlike previously published blueberry polyphenol bioavailability studies [52,
146, 223], all plasma samples were not pre-treated with β-glucuronidase/aryl-sulphatase, to allow for
reliable determination of systemically-relevant aglycone forms of blueberry-derived phenolic
compounds.

3.2. Results
3.2.1. Multiple Reaction Monitoring transitions for the 33 phenolic
compounds and internal standards
Optimised quantifier and qualifier MRM transitions for the panel of 33 phenolic compounds and
internal standards including flavonoids (Figures 3.1) and phenolic acid derivatives (Figure 3.2) are
summarised in Table 3.1. In most cases, each compound has two optimised MRM transitions: One for
quantification; quantifier ion, and the other for providing extra confirmation of identity; qualifier ion.
MRM transitions provide extra confirmation on the identity of a compound in addition to the
compound’s distinctive chromatographic retention time. In some compounds, more than two qualifier
ions are available; 2-hydroxyhippuric or 4-hydroxyhippuric acid each has two qualifier ions in addition
to one quantifier ion (Table 3.1). The product ions of these MRM transitions correspond to ions
generated as a result of loss of a distinct functional group due to the collision-induced dissociation
(CID) process involved in fragmentation of parent molecular ions to product ions by the MRM method.
As an example, the product ions of the quantifier MRM of all three anthocyanins; cyanidin-3-Oglucoside, malvidin-3-O-glucoside, and pelargonidin-3-O-glucoside of 287, 331, and, 271, respectively
correspond to their anthocyanidin aglycone arising from the loss of a glucoside fragment; C 6H10O5+,
162 amu, due to CID. Similarly, for the other phenolic compounds (Table 3.1), the product ions of their
quantifier and qualifier MRM transitions also arise from the loss of a distinct functional group. As a
further example, the product ion of the quantifier MRM transition of the positional isomers of the
cinnamic acid derivatives; p-coumaric and m-coumaric acids is 119 amu. This product ion arises from
loss of a carboxylic acid moiety; 44 amu, from their parent ion; 163 amu, in the negative ESI mode.
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Table 3.1. HPLC-ESI-MS/MS multiple reaction monitoring parent-product ion mass:charge
transitions.The transitions were used for identification and quantification of a selection of 33 phenolic
compounds
Compound
c

MW
(Da)

RT
(min)

ESI
Mode

I. Flavan-3-ol monomers
(-)-epicatechin

290.2

6.82

(+)-catechin

290.2

6.42

+
+
+

Precursor
ion
m/z

291
289
291
289
443

a
Quantifier Ion
(Product Ion 1)
m/z
Frag CE
(V)
(eV)

139
139
123

100
100
120

10
10
25

b
Qualifier Ion
(Product Ion 2)
m/z Frag CE
(V)
(eV)

123
203
123
203
139

120
150
120
150
115

(-)-epicatechin gallate
442.3
7.71
(IS1)
II. Flavonols
Quercetin-3-O-glucoside
464.4
7.59
+
465
303
120
10
149
115
Quercetin-3-O-rutinoside
609.1
7.38
609
300
250
40
(IS2)
III. Benzoic acid derivatives (phenolic acid subclass)
Benzoic acid
122.1
8.33
121
77
80
10
γ-resorcylic acid
154.1
10.20
153
135
80
10
109
110
2-hydroxybenzoic
138.1
8.93
137
93
100
20
4-hydroxybenzoic
138.1
6.38
137
93
100
20
gallic acid
170.1
2.57
169
125
160
10
97
165
protocatechuic acid
154.1
4.33
153
109
110
20
108
100
gentisic acid
154.1
6.79
153
108
100
20
109
110
syringic acid
198.2
6.88
+
199
140
100
10
181
90
vanillic acid
168.1
6.77
+
169
151
90
20
65
100
IV. Hippuric acid derivatives (phenolic acid subclass)
Hippuric acid
179.2
6.53
+
180
105
80
10
77
80
2-hydroxyhippuric acid
195.2
7.56
+
196
122
100
194
150
140
10
100
140
4-hydroxyhippuric acid
195.2
4.38
+
196
122
100
12
194
100
140
150
140
V. Cinnamic acid dertivatives (phenolic acid subclass)
trans-ferulic acid
194.2
7.80
+
195
145
90
10
117
90
dihydroferulic acid
196.2
7.48
195
136
100
10
121
185
dihydrocaffeic acid
182.2
6.48
181
137
100
10
109
205
Dihydro-m-coumaric
166.2
7.64
165
121
125
10
106
150
acid
p-coumaric acid
164.2
7.62
163
119
100
15
93
110
m-coumaric acid
164.2
7.97
163
119
100
15
93
110
caffeic acid
180.2
6.83
+
181
163
90
10
79
115
sinapic acid (IS3)
224.2
7.75
223
193
100
15
149
100
chlorogenic acid
354.1
6.40
353
191
220
10
VI. Phenylacetic acid derivatives (phenolic acid subclass)
homovanillic acid
182.2
6.83
+
183
122
100
30
137
100
3-hydroxyphenylacetic
152.1
6.91
151
107
100
10
acid (IS4)
VI. Phenol derivatives
Pyrogallol
126.1
2.73
+
127
109.1
90
10
Phloroglucinol
126.1
2.34
+
127
109.1
90
10
VII. Anthocyanins
cyanidin-3-O-glucoside
449.4
6.10
+
449
287
140
20
213
140
malvidin-3-O-glucoside
493.4
6.46
+
493
331
160
30
315
160
pelargonidin-3-O433.4
6.35
+
433
271
140
30
149
160
glucoside (IS5)
Abbreviations: MW, molecular weight; RT, retention time; ESI, electrospray ionization mode; m/z, mass-tocharge ratio; Frag, Fragmentor Voltage; CE, Collision Energy; MRM, multiple reaction monitoring; IS1/2/3/4/5,
internal standard 1, 2, 3, 4 or 5. aQuantifier Ion: Parent-product ion m/z transition used for quantification;
bQualifier Ion: Parent-product ion m/z transition providing additional confirmation of compound identity; cretention
time in 90:10 (v/v) water:acetonitrile.

25
16
25
16
20

40
-

20
20
20
20
10
20
30
12
10
20
10
20
30
10
20
25
25
10
25
10
-

60
60
60
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The optimised HPLC-ESI-MS/MS method allows different positional or geometrical isomers of related
compounds to be resolved either chromatographically, by MRM, or by both means. Specifically, the
enantiomers of the flavan-3-ol monomer (+)-catechin and (-)-epicatechin can be distinguished from
each other by a slight difference in their retention times; 6.5 vs 6.9 min as shown in Figure 3.3 and
Table 3.1, despite both having the same quantifier and qualifier MRM transitions. Similarly, positional
isomers of various phenolic acid derivatives are well-distinguished either by chromatography, MRM, or
both. The positional isomers of the dihydroxylated benzoic acid derivatives protocatechuic (3,4dihydroxybenzoic acid), gentisic (2,5-dihydroxybenzoic acid), and γ-resorcylic (2,6-dihydroxybenzoic
acid) acids can be distinguished from each other based on their distinctive retention times, quantifier
and qualifier MRM transitions (Figure 3.3 and Table 3.1). The hippuric acid derivatives, 2hydroxyhippuric and 4-hydroxyhippuric acids similarly have different retention times of 4.4 vs 7.6 min
as well as distinctive quantifier and qualifier MRM transitions (Figure 3.3 and Table 3.1), allowing
them to be easily distinguished from each other. The positional isomers of the two cinnamic acid
derivatives, m-coumaric and p-coumaric acids, both of which share the same quantifier and qualifier
MRM transitions, can be distinguished by their different retention times 8.0 vs 7.6 min (Figure 3.3).
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Figure 3.3. Representative HPLC-ESI-MS/MS MRM quantifier and qualifier chromatograms of
the various phenolic compounds.The results are shown for compounds at 10 or 15 µM in 90:10
(v/v) water:acetonitrile. The ability to distinguish between the different compounds was enabled by
differences in the retention times (in min) and/or MRM transitions.

3.2.2. Optimal protocol for extraction of phenolic compounds from
human plasma
A total of four extraction protocols were examined including: (1) plasma protein precipitation; (2) SPE;
(3) SPE and plasma protein precipitation (SPE-Precipitation); and (4) SPE, plasma protein
precipitation and liquid-liquid extraction (SPE-Precipitation-LLE) as described in Section 2.2.4.1. Of
these, only SPE-Precipitation-LLE could satisfactorily recover and detect 32 out of the total of 33
phenolic compounds and internal standards from pooled plasma matrix spiked with the compounds at
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the lowest concentration screened. The compound that could not be detected was (-)-epicatechin.
Figure 3.4 illustrates the superior effectiveness of SPE-Precipitation-LLE over SPE-Precipitation in
extracting representative compounds of the four subclasses of phenolic acids; benzoic acid, cinnamic
acid, hippuric acid, and phenylacetic acid derivatives (Figure 3.4 A, B), as well as those from the three
flavonoid classes; anthocyanins, flavonols, and flavan-3-ols (Figure 3.4 C, D) from spiked plasma.
The implementation of an extra LLE step clearly allows members of the different phenolic classes to
be recovered with less interference from the co-extracted plasma matrix components as evidenced by
better S:N ratio values, compared to when SPE-Precipitation was used. Note that plasma protein
precipitation or SPE was a much less effective extraction protocol when compared to SPEprecipitation or SPE-Precipitation-LLE (data not shown).
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Figure 3.4. Comparison of representative quantifier MRM chromatograms of phenolic acids or
flavonoids extracted from blank or spiked plasma by two different extraction procedures.
Phenolic acids (A, B) and Flavonoids (C,D) were extracted from blank or spiked plasma by the two
different protocols; solid-phase extraction and protein precipitation (SPE-Precipitation), or solid-phase
extraction, protein precipitation and liquid-liquid extraction (SPE-Precipitation-LLE).In all cases,
compounds extracted by SPE-Precipitation-LLE were more effectively recovered and detected
compared to extraction by SPE-Precipitation. S:N, signal-to-noise ratio.

3.2.3. Method specificity and identification of blueberry-derived phenolic
compounds in plasma
Using the optimised SPE-Precipitation-LLE extraction protocol, the specificity of the HPLC-ESI-MS/MS
method in reliably detecting the 33 phenolic compounds extracted from plasma spiked with the
compounds at the lowest concentrations was reported (Table 3.2). Of the 33 compounds, 32 could be
reliably detected in extracted plasma samples spiked with the compounds at the lowest detectable or
quantifiable concentration, based on a quantifier MRM chromatogram peak with S:N ≥ 2:1, or S:N ≥
10:1, respectively (Figures 3.5-3.6). The compound that could not be detected was (-)-epicatechin,
which was largely attributable to the presence of co-eluting interfering compounds at ca 6.9 min that
were co-extracted from plasma (Figure 3.6). Of the 32 compounds recovered in extracted spiked
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plasma, 17 were present in trace amounts in the blank plasma matrix, while 15 only showed up in
spiked plasma (Figures 3.5-3.6).

All 32 compounds were detected at an increased signal intensity with S:N ratios values > 2, which is
well above the detection limit, relative to the signal intensity noted in blank plasma matrix (Figures
3.5-3.6 and Table 3.2). The quantifier MRM chromatogram of the four compounds; (+)-catechin, (-)epicatechin-O-gallate, gallic acid amd pyrogallol, showed a S:N ratio ranging between 5-7 (Table 3.2),
indicating that all four could be reliably detected, but were below the LLOQ, which was defined as a
peak having S:N ratio ≥ 10. For the remaining 28 compounds, when spiked into plasma at the lowest
concentration, 10-188 nM, all could be satisfactorily recovered and showed a chromatographic peak
on their quantifier MRM transition with signal intensity having S:N ratio values well above 10 (Table
3.2). With the exception of the anthocyanin internal standard pelargonidin-3-O-glucoside, the qualifier
transition (when applicable) of these compounds showed a peak that was reliably detected with signal
intensity having S:N ratio values well above 2 (Table 3.2). In addition, the retention time of each
compound in plasma extract was very similar to that noted in pure solvent (Table 3.1 vs Table 3.2),
with the deviations in retention time between both matrices being well within 0.5 min. In summary, the
optimised sample preparation and HPLC-ESI-MS/MS method can reliably detect 32 out of 33 phenolic
compounds; 28 of which can be detected at quantifiable levels with S:N ratio ≥ 10.
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Figure 3.5. HPLC-ESI-MS/MS quantifier MRM chromatograms of 24 phenolic acid derivatives
spiked into pooled human plasma.Compounds were resolved at their lowest detectable (S:N ≥ 2)
and/or quantifiable concentration (S:N ≥ 10), listed in increasing order of m/z values. In each figure,
the peak corresponding to the indicated phenolic compound in blank or spiked plasma is shown, along
with information on retention time and integrated peak area value. In all cases, spiked plasma shows
increased signal intensity and greater peak area of the indicated compound that in blank plasma.
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Figure 3.6. HPLC-ESI-MS/MS quantifier MRM chromatograms of the 8 flavonoids and phenolic
acid ester (chlorogenic acid). Compounds were spiked into pooled human plasma and resolved at
their lowest detectable (S:N ≥ 2) or quantifiable concentration (S:N ≥ 10). In all cases, with the
exception of (-)-epicatechin, spiked plasma shows increased signal intensity and greater peak area of
the indicated compound that in blank plasma.
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Table 3.2. Signal:Noise ratio for peaks observed in the quantifier and qualifier multiple reaction
monitoring transitions of the 32 phenolic compounds recovered from plasma samples spiked
at the lowest concentration.
Compound

I. Flavan-3-ol monomers
(-)-epicatechin
(+)-catechin

Precursor
ion

Product ion

Lowest
Conc.(nM)

bRT
(min)

ESI
Mode

m/z

aQualifier Ion
Quantifier Ion
(Product Ion 1)
(Product Ion 2)
m/z
S:N
m/z
S:N

Not
Determined
100

n.d.

+
+
+

291
289
291
289
443

139
139
123

6.53

n.d
5

123
203
123
203
139

n.d
n.d
n.d
15
n.d.

(-)-epicatechin gallate
100
7.39
5
(IS1)
II. Flavonols
Quercetin-3-O-glucoside
10
7.61
+
465
303
387
149
36
Quercetin-3-O-rutinoside
10
7.38
609
300
67
(IS2)
III. Hydroxybenzoic acid derivatives (phenolic acid derivatives)
γ-resorcylic acid
100
10.65
153
135
275
109
29
2-hydroxybenzoic
100
9.06
137
93
258.2
4-hydroxybenzoic
100
6.46
137
93
253.3
gallic acid
10
6.71
169
125
7
97
protocatechuic acid
15
4.17
153
109
31
108
9
gentisic acid
25
6.52
153
108
39
109
13
syringic acid
62.5
6.79
+
199
140
772
181
50
vanillic acid
62.5
6.69
+
169
151
24
65
87
IV. Hippuric acid derivatives (phenolic acid derivatives)
Hippuric acid
188
6.39
+
180
105
13169
77
5499
2-hydroxyhippuric acid
25
7.45
+
196
130
122
194
150
537
100
14
4-hydroxyhippuric acid
25
4.10
+
196
122
242
194
100
14
194
150
11
V. Hydroxycinnamic acid dertivatives (phenolic acid derivatives)
trans-ferulic acid
12.5
7.75
+
195
145
351
117
65
dihydroferulic acid
62.5
7.43
195
136
54
121
2.3
dihydrocaffeic acid
25
6.22
181
137
15
109
5
dihydro-m-coumaric acid
100
7.51
165
121
73
106
26
p-coumaric acid
10
7.71
163
119
72
93
n.d.
m-coumaric acid
10
8.04
163
119
58
93
n.d.
caffeic acid
100
6.88
+
181
163
191
79
20
sinapic acid (IS3)
100
7.80
223
193
100
149
77
Chlorogenic acid
100
6.40
353
193
73
85
5
VI. Phenylacetic acid derivatives (phenolic acid derivatives)
homovanillic acid
62.5
6.73
+
183
122
67
137
66
3-hydroxyphenylacetic
100
6.71
151
107
30
acid (IS4)
VI. Other aromatic compounds
benzoic acid
100
8.40
121
77
76
Pyrogallol
100
2.81
+
127
109.1
6
Phloroglucinol
100
2.50
+
127
109.1
32
VII. Anthocyanins
cyanidin-3-O-glucoside
100
6.08
+
449
287
42
213
5
malvidin-3-O-glucoside
100
6.44
+
493
331
41
315
20
pelargonidin-3-O100
6.34
+
433
271
105
149
n.d.
glucoside (IS5)
Abbreviations: MW, molecular weight; RT, retention time; ESI, electrospray ionization mode; m/z, mass-tocharge ratio, IS1/2/3/4/5, internal standard 1, 2, 3, 4 or 5; S:N: peak height signal:noise ratio. aQuantifier Ion:
Parent-product ion m/z transition used for quantification; aQualifier Ion: Parent-product ion m/z transition
providing additional confirmation of compound identity btypical retention time (min) in extracted spiked plasma
samples. n.d., not detected.
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SPE-Precipitation-LLE and the HPLC-ESI-MS/MS method were subsequently applied to screen for
which of the 32 compounds would consistently appear in plasma samples in two participants following
intake of a single serve of blueberry juice. This preliminary screening was also important to determine
whether the selected phenolic acid internal standards 3-hydroxyphenylacetic and sinapic acids, and
flavonoid internal standards (-)-epicatechin-O-gallate, pelargonidin-3-O-glucoside, and quercetin-3-Orutinoside would be affected by blueberry juice administration, as this would prevent their being used
as effective internal standards to correct for variations in extraction recovery and HPLC-ESI-MS/MS
instrumental drift.

Analyses of plasma samples from two subjects at 0 h, and 0.5-24 h post intake of blueberry juice,
detected a total of 18 compounds in both subjects (Table 3.3). Of these, only 12 phenolic acids,
including derivatives of benzoic, hippuric, cinnamic and phenylacetic acids (Figure 3.7), were detected
at consistently increased levels relative to baseline. The remaining 21 compounds (Figures 3.8-3.9)
were either not detected, did not increase in levels relative to baseline, or were detected at a level
below LLOQ. Two of these 21 compounds 3-hydroxyphenylacetic and sinapic acids, were designated
phenolic acid internal standards. The fact that they could not be detected in baseline plasma nor at
any of the post-intake time points (Figure 3.8 and Table 3.3) suggests that they were suitable for use
as phenolic acid internal standards. None of the seven flavonoids that could be reliably detected by
the HPLC-ESI-MS/MS method (Figure 3.6 and Table 3.2) were found in post-intake plasma (Figure
3.9 and Table 3.3).

The ability to quantitatively profile the12 compounds in plasma that could be reliably detected by the
HPLC-ESI-MS/MS method was subsequently validated.
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Table 3.3. Phenolic compounds detected in preliminary experiments involving analysis of
0-24 h plasma samples of two participants administered blueberry juice.
Compound

Retention
time
(min)

Subject 1
Presence
in plasma

Increased
from
baseline?

Subject 2
Presence
in plasma

Increased
from
baseline?

I. Flavan-3-ol monomers
(-)-epicatechin
6.90
−
−
−
−
(+)-catechin
6.48
N/A
N/A
×
×
(-)-epicatechin gallate (IS1)
7.35
N/A
N/A
×
×
II. Flavonols
Quercetin-3-O-glucoside
7.61
N/A
N/A
×
×
Quercetin-3-O-rutinoside (IS2)
7.35
N/A
N/A
×
×
III. Benenzoic acid derivatives (phenolic acid derivatives)
benzoic acid
8.26
×
×
√
√
γ-resorcylic acid
10.58
×
×
√
√
2-hydroxybenzoic
8.77
×
×
√
√
4-hydroxybenzoic
6.24
×
×
√
√
gallic acid
2.67
N/A
N/A
×
×
protocatechuic acid
4.29
√
√
√
√
gentisic acid
6.60
√
√
√
√
syringic acid
6.79
√
√
√
√
vanillic acid
6.66
√
√
√
√
IV. Hippuric acid derivatives (phenolic acid derivatives)
Hippuric acid
6.31
×
×
√
√
2-hydroxyhippuric acid
7.39
√
√
√
√
4-hydroxyhippuric acid
4.12
√
√
√
√
V. Cinnamic acid dertivatives (phenolic acid derivatives)
trans-ferulic acid
7.73
√
√
√
√
dihydroferulic acid
7.39
√
√
√
√
dihydrocaffeic acid
6.32
√
√
√
√
dihydro-m-coumaric acid
7.56
√
√
√
√
p-coumaric acid
7.54
√
√
√
√
m-coumaric acid
8.03
×
N/A
×
N/A
caffeic acid
6.88
N/A
N/A
×
×
sinapic acid (IS3)
7.70
N/A
N/A
×
×
Chlorogenic acid
6.40
√
√ (Trace)
√
√ (Trace)
VI. Phenylacetic acid derivatives (phenolic acid derivatives)
homovanillic acid
6.73
√
√
√
√
3-hydroxyphenylacetic acid (IS4)
6.79
N/A
N/A
×
×
VI. Other aromatic compounds
Pyrogallol
3.01
N/A
N/A
×
×
Phloroglucinol
2.24
N/A
N/A
×
×
VII. Anthocyanins
cyanidin-3-O-glucoside
6.08
N/A
N/A
×
×
malvidin-3-O-glucoside
6.44
N/A
N/A
×
×
pelargonidin-3-O-glucoside (IS5)
6.34
N/A
N/A
×
×
√, Present; ×, Not detected; N/A, Not applicable; IS1/2/3/4/5, internal standard 1, 2, 3, 4 or 5.
As explained in text, the HPLC-ESI-MS/MS method was not suitable for detecting (-)-epicatechin in
plasma.
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Figure 3.7. Phenolic acids found in plasma at consistently increased levels relative to baseline
following administration of blueberry juice to two participants.
Each figure shows the peak of a particular phenolic acid found in plasma at 0 h (baseline) before juice
intake and at a time after juice intake. All 12 phenolic acids were found at increased levels in plasma
post-intake relative to baseline levels.
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Figure 3.8. Phenolic acids screened for in plasma that fell below the detection criteria.
The compounds shown but were either not detected, did not increase in levels relative to baseline, or
were detected below LLOQ (2 < S:N <10), following administration of blueberry juice to two
participants. Arrows indicate the retention time at which the peak corresponding to the phenolic acid
would have appeared had it been detected.
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Figure 3.9. Flavonoids screened for in plasma, but not detected in plasma following
administration of blueberry juice to the two participants.
Arrows indicate the retention time at which the peak corresponding to the flavonoid would have
appeared had it been detected.
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3.2.4. Validation of the HPLC-ESI-MS/MS assay for quantitative analysis
of blueberry-derived phenolic compounds
3.2.4.1.

Extraction Recovery

Extraction recoveries of the 12 blueberry-derived phenolic acids and 3-hydroxyphenylacetic and
sinapic acids, the two phenolic acid internal standards, were determined at three concentrations
representing the low, middle and high concentrations of the matrix-matched calibration curve. The
‘low’ concentration was at or within 2x the LLOQ concentration; the ‘medium’ concentration was at or
within 2x the median concentration; while the ‘high’ concentration was at or within 2x the highest
concentration point on the calibration curves. In general, the mean extraction recovery values of the
majority of phenolic acids and both internal standards were satisfactory as they were ≥70%, and were
relatively consistent; RSD ≤ 20%, at all three concentrations (Table 3.4). The extraction recovery of
both internal standards were excellent >90%. The extraction recovery of dihydro-m-coumaric, and pcoumaric acids at the LLOQ concentration was unusually high; ≥120% (Table 3.4), which may be
caused by co-extracted interfering matrix components. Their recoveries at the ‘middle’ and ‘high’
concentrations were satisfactory (>70%) and relatively reproducible (RSD < 20%).
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Table 3.4. Extraction recovery of 12 blueberry-derived phenolic acids confirmed in plasma of
volunteers following intake of blueberry juice, and two phenolic acid internal standards.
Compound
Protocatechuic acid

Gentisic acid

4-Hydroxyhippuric acid

2-Hydroxyhippuric acid

trans-Ferulic acid

Dihydroferulic acid

Dihydrocaffeic acid

Syringic acid

Vanillic acid

Homovanillic acid

Dihydro-m-coumaric acid

p-Coumaric acid

Concentration
ng/mL
nM
4.6
30
18.5
120
74.0
480
3.9a
25a
7.7
50
122.3
800
9.8
50
39.0
200
156.1
800
7.3
37.5
19.5
100
156.1
800
2.4a
12.5a
9.7
50
77.7
400
12.3a
62.5a
49.1
250
196.2
1000
9.1
50
18.2
100
72.9
400
14.9
75
29.7
150
237.8
1200
21.0
125
42.0
250
168.2
1000
11.4a
62.5a
45.5
250
182.2
1000
16.6a
100a
66.47
400
531.76
3200
2.05a
12.5a
8.2
50
32.8
200
39.7
177
27.0
177

% Recovery
b
Mean (RSD)
67 (16)
93 (8)
103 (18)
119 (8)
84 (22)
102 (13)
89 (18)
61 (30)
76 (26)
125 (13)
89 (16)
105 (2)
68 (12)
83 (17)
107 (7)
141 (44)
104 (28)
93 (8)
93 (28)
65 (43)
92 (10)
89 (37)
73 (36)
93 (26)
92 (11)
68 (17)
85 (26)
50 (12)
93 (16)
75 (17)
124 (26)
110 (26)
89 (22)
138 (5)
106 (27)
119 (23)
110 (8)
91 (23)

Sinapic acid (IS1)
3-Hydroxyphenylacetic acid
(IS2)
a
Lower limit of quantitation (LLOQ) concentration
b
Mean extraction recovery determined in three independently-prepared samples/concentration
IS1: Internal Standard 1; IS2: Internal Standard 2
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Linearity and range of plasma matrix-matched calibration curves

To determine the appropriate data transformation for linear regression, the condition of equal
variances, termed homoscedasticity, should be met when a suitable transformation is used [292].
One way to determine whether this condition is met when a particular data transformation is used is to
plot residuals, i.e. difference between observed and predicted value of the dependent variable,
against concentration. Evidence of homoscedasticity is supported by the presence of randomly
distributed residuals in a roughly horizontal band centred along the concentration axis [292], [personal
communications, Dr. Katya Ruggiero, Department of Statistics, University of Auckland]. A series of
residuals plotted against concentrations of each phenolic acid without application of a suitable data
transformation are shown in Figure 3.10. In all cases, it is clear from the residuals plots that the
residuals were not randomly distributed around a roughly horizontal band along the concentration
axis, with greater spread of residuals at higher concentrations. These residual plots thus suggest that
data transformation is needed to improve homoscedasticity prior to linear regression. Therefore,
concentration and peak area ratio data were ln-transformed for all 12 phenolic acids, as shown in
Figure 3.11. The distribution of residuals around the x-axis at the lower end of the calibration curves
was more random, including the lowest calibration standard concentration, and comparable in spread
relative to the distribution of residuals observed for concentrations at the upper end of the calibration
curves. These residuals plots therefore suggest that application of ln transformation for the x-axis
(concentration) and the y-axis (peak area ratio) facilitates good fit of the data for linear regression.
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Figure 3.10. Residuals plotted against (unweighted) concentrations of 12 phenolic acids.
Each concentration has three independently-prepared and analysed replicates.

113

Chapter 3: HPLC-ESI-MS/MS: method development and validation

114

Figure 3.11. Residuals plotted against ln-transformed concentration and peak area ratio of 12
phenolic acids. Each concentration has three independently-prepared and analysed replicates.
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After applying ln-transformation to the x-axis (concentration) and the y-axis (peak area ratio) of the
validated matrix-matched calibration curves for all 12 phenolic acids, their linear regression
parameters including slope, y-intercept, coefficient of determination (R2), range and LLOQ
concentrations are summarised in Table 3.5. All linear regression lines had R2 >0.98, indicating good
linearity for the analysis of all 12 compounds at the defined range of concentrations. The lowest
concentration on the calibration curve of each compound is their LLOQ concentration (Figure 3.12
and Table 3.5) which shows an accuracy of ± 20% of their nominal value and precision ≤ 20% RSD
amongst replicates, as well as demonstrating a quantifier MRM peak with S:N ratio ≥ 10:1.
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Figure 3.12. Matrix-matched calibration curves (ln[peak area ratio] vs ln[concentration]) of all
12 blueberry-derived phenolic acids. Values are mean ± SD of three independent
samples/concentration.
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Table 3.5. Range, coefficient of determination (R2), lower limit of quantitation (LLOQ), and ln
transformed regression equations of internal calibration curves prepared in pooled human
plasma samples. HPLC-ESI-MS/MS analyses (Three replicate samples/concentration) were
performed after extraction. Each replicate sample was independently prepared and extracted.
Compound

Internal Standard

Range
(nM)
15-480
25-800
37.5-800

LLOQa
(nM)
15
25
37.5

Curveb
Slope
1.083
1.027
1.035

y-Intercept R2
Sinapic acid
-3.258
0.9843
Sinapic acid
-3.647
0.9894
3-Hydroxyphenylacetic
-3.852
0.9913
acid
2-Hydroxyhippuric acid
3-Hydroxyphenylacetic
25-800
25
1.027
-0.919
0.9914
acid
trans-Ferulic acid
Sinapic acid
12.5-400
12.5
1.100
-2.673
0.9868
Dihydroferulic acid
3-Hydroxyphenylacetic
62.5-2000
62.5
0.887
-4.087
0.9929
acid
Dihydrocaffeic acid
3-Hydroxyphenylacetic
25-400
25
0.861
-3.371
0.9964
acid
Syringic acid
3-Hydroxyphenylacetic
37.5-1200
37.5
0.965
-1.282
0.9881
acid
Vanillic acid
3-Hydroxyphenylacetic
62.5-1000
62.5
0.929
-4.418
0.9857
acid
Homovanillic acid
3-Hydroxyphenylacetic
62.5-1000
62.5
0.942
-4.274
0.9810
acid
Dihydro-m-coumaric
3-Hydroxyphenylacetic
100-3200
100
1.049
-4.308
0.9970
acid
acid
p-Coumaric acid
3-Hydroxyphenylacetic
12.5-200
12.5
0.916
-3.645
0.9843
acid
Abbreviations: LLOQ, lower limit of quantitation; R2, coefficient of variance
aIn accordance to ICH and FDA’s bioanalytical method validation guidelines [280, 281], the LLOQ corresponds to
the lowest concentration on the calibration curve in which the analyte response has a signal-noise ratio response
≥ 10:1, and that analyte response is reproducible with an accuracy (%RE) of ± 20% and precision (RSD) of ≤
20%
bAll concentration (independent variable) and peak area ratio (dependent variable) data were ln-transformed prior
to linear regression. This was done to ensure that the data used to construct the line of best fit did not violate
homoscedasticity [292]. The use of ln-transformation was justified by comparison of the residual plots of lntransformed data versus non-transformed data, where data spread was more homogeneous with lntransformation relative to non-transformed data.
Protocatechuic acid
Gentisic acid
4-Hydroxyhippuric acid

3.2.4.3.

Accuracy and Precision

The accuracy and precision of the HPLC-ESI-MS/MS assay in measuring the concentrations of the 12
blueberry-derived phenolic acids were evaluated on each of two different days. In general, with the
exception of p-coumaric acid, the intra-day accuracy and precision repeatability, inter-day precision
intermediate precision, at the low, middle and high concentrations were well within 15% deviation of
nominal value. For compounds where the low concentration corresponded to the LLOQ concentration,
their accuracy was within 20% deviation of nominal value, and precision was < 20%. With p-coumaric
acid, accuracy of the ‘middle’ concentration at day 2 was 19%. However, apart from accuracy at Day
2, intra-day accuracy on Day 1 as well as repeatability and intermediate precision are within 15% of
their respective nominal value. Inter-day variation in the retention time of the 12 phenolic acids were
also evaluated, and all had excellent precision RSD <1.5% (Table 3.6).
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Table 3.6. Accuracy and precision (repeatability, intermediate precision) of the HPLC-ESIMS/MS method.
aCompound

cRetention

Time
(min) (RSD)

Conc
(ng/m
L)

Conc
(nM)

protocatechuic
acid

4.23 ± 0.05
(1.3%)

gentisic
acid

6.55 ± 0.03
(0.4%)

4-hydroxy
hippuric acid

4.03 ± 0.05
(1.2%)

2-hydroxy
hippuric acid

7.41 ± 0.01
(0.2%)

trans-ferulic
acid

7.70 ± 0.02
(0.2%)

dihydroferulic
acid

7.37 ± 0.01
(0.1%)

dihydrocaffeic
acid

6.27 ± 0.02
(0.3%)

syringic acid

6.75 ± 0.01
(0.1%)

vanillic acid

6.63 ± 0.03
(0.4%)

homovanillic
acid

6.70 ± 0.02
(0.4%)

dihydro-mcoumaric acid

7.51 ± 0.01
(0.1%)

p-coumaric acid

7.50 ± 0.03
(0.3%)

4.6
18.5
74.0
3.9b
7.7
122.3
9.8
39.0
156.1
7.3
19.5
156.1
2.4b
9.7
77.7
12.3b
49.1
196.2
9.1
18.2
72.9
14.9
29.7
237.8
21.0
42.0
168.2
11.4b
45.5
182.2
16.6b
66.47
531.8
2.05b
8.2
32.8

30
120
480
25
50
800
50
200
800
37.5
100
800
12.5
50
400
62.5
250
1000
50
100
400
75
150
1200
125
250
1000
62.5
250
1000
100
400
3200
12.5
50
200

aAll

Intra-day accuracy (%RE) &
repeatability (RSD)
Intraday (n = 3)
Intraday (n = 3)
Day 2a
Day 1
% RE
RSD
% RE
RSD

11.0
7.6
-9.0
-6.7
-13.2
-15.1
-1.1
0.2
5.2
-3.4
-7.25
12.7
8.9
5.5
-3.0
-0.4
-11.0
12.1
-18.7
-3.7
-4.8
8.6
-3.7
14.1
5.3
8.8
-7.6
2.2
6.8
10.6
10.0
-5.8
-8.0
16.9
-10.5
13.6

11.3
10.5
6.2
7.1
8.6
12.7
14.0
8.7
8.8
13.5
7.7
8.7
14.1
13.2
2.9
16.0
12.6
3.0
4.8
11.4
2.1
9.7
0.6
14.2
13.3
8.8
4.8
8.2
3.8
16.3
7.7
11.4
4.3
2.0
7.8
9.9

1.6
5.9
-10.5
-17.5
-14.0
-6.2
6.8
-11.1
-6.5
5.1
-11.5
7.2
-18.3
7.1
6.2
8.8
-7.0
2.3
-15.1
-1.3
2.2
9.9
14.2
12.8
2.4
7.5
12.7
1.8
-6.7
12.4
0.8
5.4
2.5
14.0
-19.0
1.6

8.3
14.3
9.6
12.5
11.0
13.1
11.4
10.2
11.9
8.0
1.2
13.5
7.1
14.6
8.8
10.6
2.8
8.4
13.4
8.5
10.6
6.5
9.8
11.4
11.9
7.4
3
21.1
9.9
7.7
2.1
8.2
13.3
19.6
13.9
16.0

Intermediate
precision
(n = 6)
RSD

10.2
11.2
7.3
11.1
8.8
12.8
12.1
10.7
8.3
10.8
5.7
10.4
19
12.5
6.1
13.8
4.6
9.3
9.4
9.1
8.0
7.4
8.6
11.6
11.4
7.3
11.4
14.3
9.7
11.4
7.1
10.7
11.0
12.4
10.2
13.1

validation QC samples at three concentrations (low, middle, and high) in Day 2 were independently prepared
and analysed 1 month after corresponding samples in Day 1.
bConcentration at the Lower limit of quantitation [LLOQ] (Signal:Noise ≥ 10; % RE ± 20%; %RSD ≤ 20%).
N/A: Not Applicable; IS1: Internal Standard 1, IS2: Internal Standard 2
cRetention time are presented as mean ± S.D. of 9 independent determinations across three separate occasions
(three replicates/occasion).
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3.3. Discussion
In this chapter, an HPLC-ESI-MS/MS method was developed for screening a panel of 33 phenolic
acids and flavonoids known to occur in plasma after consumption of berry products at low nM
concentrations. The method was then applied to screen for which compounds could be reliably
detected after intake of blueberries in two participants and the method was validated for their
quantitative analysis.

3.3.1. Characteristics of the HPLC-ESI-MS/MS method
The triple quadrupole mass spectrometer operating in the MRM mode coupled to an HPLC system,
as used in this chapter, is a popular and valuable tool for studying the systemic bioavailability of fruit
phenolic compounds in humans [37, 61, 89, 289, 293, 294] and animal models [148, 293, 295].

The results and analyses reported in this chapter are in good agreement with the observations of
others who have used similar technologies. Specifically, the product ions of the MRM transitions for
the 33 phenolic compounds reflected the loss of a distinct functional group due to the CID process
which induces fragmentation of the parent ions in the gas phase. The majority of the quantifier and
qualifier transitions optimised for the 33 phenolic compounds have been similarly used by others [45,
61, 148, 289, 295]. For example, the MRM transitions optimised for the benzoic acid derivatives;
protocatechuic, gallic, 2-hydroxybenzoic, or benzoic acids of m/z: 153  109, 169  125, 137  93,
121  77, respectively, are the same quantifier MRM transitions used in the HPLC-ESI-MS/MS
analysis of phenolic acids in plasma of rats administered grape seed flavonols [148]. Likewise, the
product ion in the quantifier MRM transitions of the following cinnamic acid derivatives; p-coumaric,
dihydroferulic and dihydrocaffeic acids, have been previously used in HPLC-ESI-MS/MS analysis of
cinnamic acid derivatives in human plasma and urine samples following intake of coffee [296] or
elderberry [61]. Amongst the flavonoids: the quantifier MRM of all three anthocyanins; cyanidin-3-Oglucoside, malvidin-3-O-glucoside and pelargonidin-3-O-glucoside, are the same as those previously
used in the literature [45, 293, 297]. In the case of the flavan-3-ol monomers; (+)-catechin and (-)epicatechin, these compounds are popularly analysed in the negative ESI mode with 289  245 [89,
294, 297] arising from loss of a CH2=CHOH fragment from the C-ring [298] or 289  203 arising from
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A-ring cleavage of (-)-epicatechin [299] as the prototypical quantifier MRM transition [148, 295]. When
optimising the MRM transitions for both compounds, it was found that the best signals were obtained
when both were analysed in the positive ESI mode, with 291  139 and 291  123 as the quantifier
and qualifier transitions, respectively. As the MRM method was operated simultaneously in the
positive and negative ESI modes with constant polarity switching during an analytical run, the MRM
transitions 289  245 and 289  203 in the negative ESI mode were each used as an additional
qualifier ion for further confirmation on the identity of both flavan-3-ol monomers when needed.
Finally, the quantifier MRM transitions optimised for the flavonols; quercetin-3-O-glucoside and
quercetin-3-O-rutinoside are the same as those used by [53], with the product ions arising out of the
loss of a glucosyl or rutinosyl functional group, respectively.

When ESI is used as the ionisation interface in HPLC-ESI-MS/MS-based quantitative analysis,
components present in the sample matrix can either reduce or enhance the intensity of product ion
fragments through ionisation suppression or enhancement [289-291, 297]. This phenomenon is
described in the literature as the ‘matrix effect’ and is known to compromise the accuracy and
precision of the quantitative procedure. Furthermore, matrix components might cause retention time
shifts, and/or render the MRM transition(s) optimised for the compounds during method development
in pure solvent system not usable for analysis in plasma such as that seen for (-)-epicatechin in this
chapter. As plasma is a considerably more complex matrix than pure solvent system [281, 289-291],
adequate sample preparation is crucial to remove matrix components to the extent that it allows for
specific and sensitive identification and quantification of the analytes in plasma [281, 290]. For this
reason, four different sample preparation strategies were tested based on three individual techniques
widely-used in the literature including plasma protein precipitation using a polar organic solvent;
acetonitrile, SPE, or LLE [279, 290]. It was found that incorporation of an extra LLE step using tmethyl butyl ether after SPE and protein precipitation allowed for the best detection of phenolic
compounds in extracted spiked plasma samples. This is likely because LLE effectively removes
phospholipids from plasma [279]. Plasma phospholipids cause serious ion suppression effects in
HPLC-ESI-MS/MS-based analysis, partly owing to their presence at high concentrations [279, 300,
301] and partly for their ability to reduce ionisation of the analytes during ESI [290].
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3.3.2. Identity of bioavailable blueberry-derived phenolic compounds

The results show that the extraction protocol and the MRM-based HPLC-ESI-MS/MS method could
be reliably used for screening 32 of 33 phenolic compounds likely to be present in plasma following
blueberry consumption. A total of 12 compounds belonging to four different phenolic acid subclasses
including derivatives of benzoic, cinnamic, phenylacetic and hippuric acids were found at increased
levels relative to baseline. Interestingly, seven of these including protocatechuic, gentisic, ferulic,
vanillic, dihydroferulic, dihydro-m-coumaric and homovanillic acids have been previously correlated
with improved FMD following intake of wild-blueberry [52, 252], suggesting that these metabolites
may have vascular bioactivity, although it is uncertain if the aglycone, phase II conjugates, or a
mixture of the two forms are involved. Recently, 2-hydroxyhippuric, 4-hydroxyhippuric, dihydrocaffeic
and p-coumaric acids were demonstrated to be present in plasma following blueberry intake, although
no information on Cmax and Tmax was measured as blood samples were taken up to 2 h post-intake
only [86]. All twelve phenolic acids found at increased levels in plasma after the blueberry juice intake
have also been found in β-glucuronidase/aryl-sulphatase pre-treated or non-pre-treated plasma
following intake of cranberries [58, 87] strawberries [35, 88], elderberries [61], and mixed bilberries
and lingonberries [85]. This means that these blueberry-derived phenolic acids are likely to be
common bioavailable phenolic metabolites of different berry fruit types, making investigation into their
potential vascular bioactivity worthwhile.

None of the anthocyanins, flavan-3-ols and flavonols screened could be detected in post-intake
plasma following intake of the blueberry juice, although the HPLC-ESI-MS/MS method could reliably
detect them down to 10 or 100 nM. The blueberry anthocyanin cyanidin-3-O-glucoside and malvidin3-O-glucoside have been shown to have extremely low plasma Cmax levels ranging between 0.2-31
nM following intake of berries [37, 58, 302] which would indicate that, if present in the plasma samples
analysed for this study, they are likely to be at levels below 100 nM. Similarly, the flavan-3-ols (+)catechin or (-)-epicatechin, which could not be detected after blueberry juice intake, were not detected
in cranberry juice phenolic compound bioavailability studies that screened for their potential
occurrence in plasma [87, 303], suggesting that, if present they are likely to be at sub-nM
concentrations. Similarly, quercetin-3-O-glucoside and quercetin-3-O-rutinoside, which the HPLC-ESIMS/MS assay could reliably detect down to as low as 10 nM, were not detected. Therefore, to
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measure these compounds quantitatively in plasma, a more sensitive assay with detection and
quantitation limit in the sub-nM region would be required.

3.3.3. Validation and reliability of the HPLC-ESI-MS/MS method
The method validation characteristics considered for the analytical milieu in the quantitative analysis
of the 12 compounds are those specified in “Validation of Analytical Procedures: Text and
Methodology Q2(R1)” prepared by the International Conference on Harmonisation (ICH)’s Expert
Working Group [280]. The validation characteristics regarded by ICH [280] as the most important for
the validation of analytical procedures include: (1) Specificity, (2) Accuracy; (3) Precision
(Repeatability and Intermediate Precision); (4) Detection Limit; (5) Quantitation Limit; (6) Linearity and
Range. While the extraction recovery efficiency of the sample preparation method is not a validation
characteristic mentioned in the ICH document [280], it is a characteristic often reported in other
method validation studies [61, 289]. Therefore, extraction recovery was included as a validation
characteristic in this chapter. While the ICH document [280] provides the methodological approach on
how each characteristic should be investigated, it does not state the acceptable degree of deviation
from nominal concentration value for accuracy and precision. Thus, the recommended limits of a
maximum of 15% deviation in accuracy and precision at all concentrations other than the LLOQ
concentration, in which up to a 20% deviation is acceptable, as defined in the US Food and Drug
Administration (FDA) bioanalytical method validation guidelines document [281], were used. Finally,
while the detection limit is deemed important by ICH [280], for quantitative purposes, the quantitation
limit (LLOQ) is more important as this defines the lowest concentration at which one can still report a
reliable figure [281]. Thus, only the LLOQ concentration of these 12 compounds are included as part
of the calibration curve.

The analytical method showed high specificity for all 12 phenolic acids even at their LLOQ
concentration as their MRM quantifier peaks showed a well-defined peak at their expected retention
time, with a S:N ratio well above that recommended by ICH [280]; 10:1. In addition, at their LLOQ
concentration, the peak noted for their qualifier MRM transition(s), if available for the compound,
showed the same retention time as their quantifier transition and had a S:N ratio of ≥ 2, implying that
the qualifier ion signals were well above the detection limit defined by ICH [280]; 2:1. These qualifier
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ions therefore provided additional confirmation that the method is specific in its detection of these
compounds.

While the extraction recovery values of most of the 12 phenolic acids and their internal standards are
not 100%, they are generally satisfactory with mean recovery >70%, and consistent when evaluated
at three concentrations (low, medium and high) within the range of the calibration curves. This is in
accordance to US FDA [281] on analyte recovery in that extraction efficiency does not need to be
100% as long as the extent of recovery of the analyte and its internal standard is consistent.

The two main methods of choice for calibration in HPLC-ESI-MS/MS analysis are external or internal
calibration [291]. In external calibration, the absolute signal intensity, which is typically the integrated
chromatographic peak area of an analyte, is interpolated against a standard curve obtained by
calibrating defined analyte concentrations against its absolute signal intensity. While this calibration
approach is more straightforward to conduct, it is well-established that the accuracy and precision of
quantitative data obtained are easily biased by the ‘matrix effect’ [304-307]. In other words, in the
analysis of complex samples such as plasma where complete elimination of interfering matrix
components is often difficult to achieve [290], the peak area is susceptible to artefactual increase or
decrease owing to the effects of ionisation enhancement or suppression by the interfering plasma
components [291]. Therefore, methods based on this type of calibration approach are useful only in
circumstances where the errors are expected to be low during sample preparation and instrumental
analysis. Accordingly, the work reported in this chapter did not use the external calibration approach
as the lack of quantitative recovery for all the 12 phenolic acids suggests that some of the phenolic
compounds have co-eluting matrix components in the extracted plasma samples that will bias the
absolute signal intensity.

Instead, this study opted for the internal calibration approach as this allows errors due to variability in
the response factor of the instruments, matrix effects, random errors in sample volume and analyte
recovery to be minimised [304, 305]. During analysis, the peak area response signals of the analyte
and internal standards were monitored, and the measured peak area ratio intensity was confirmed to
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be proportional to analyte concentration. The two phenolic acid internal standards sinapic and
3-hydroxyphenylacetic acids, both effectively corrected for errors associated with instrumental drift
and variable recovery for all 12 phenolic acids. The success of the internal calibration approach was
evidenced by the high linearity (R2 > 0.98) of the matrix-matched calibration curves of all the 12
compounds when ln-transformation was applied to the calibration data prior to linear curve fitting.
When the peak area ratio values for the LLOQ concentration of the calibration curve of each of the 12
phenolic acids were interpolated, the back-calculated values were well within the 20% deviation of
their nominal value, which further consolidates the ability of the internal standard to correct for
inaccuracy and imprecision even at the LLOQ concentration.

Accuracy and precision (repeatability and intermediate precision) were validated according to ICH
guidelines [280], using the tolerable limits of deviation specified by US FDA [281]. In general, the
HPLC-ESI-MS/MS method showed good measurement accuracy and precision for all 12 phenolic
acids within the limits of deviation. Hence, the method can be applied for quantitative profiling of these
compounds in plasma in the nM concentration range.
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Chapter 4

Determining plasma concentration-time
profiles of blueberry-derived phenolic
acid aglycones
4.1. Introduction
Phenolic acid metabolites have recently gained recognition as potential key players in mediating the
potential vascular bioactivity of ingested berries such as blueberries [52, 68, 86, 223, 308]. However,
how these compounds affect vascular function at the molecular level remains unclear owing to a lack
of cell culture studies investigating their bioactivity at physiologically-achievable concentrations [68,
81, 82]. In prior blueberry phenolic compound bioavailability studies, the use of β-glucuronidase/arylsulphatase enzymes to cleave glucuronide and sulphate moieties has resulted in uncertainty in the
plasma Cmax and Tmax of phenolic acid aglycones following intake of blueberries [86]. Therefore, to
study the potential contribution of blueberry-derived phenolic acid aglycones on vascular function, their
plasma Cmax and Tmax must be determined, using plasma samples not pre-treated with βglucuronidase/aryl-sulphatase [86]. This information will be useful in formulating phenolic acid
aglycone test mixtures that model circulating concentrations available to interact with the endothelium
in vivo [81, 82].

4.1.1. Chapter Aims
The aims of this chapter were:
(1) To confirm that the 12 blueberry-derived aglycone phenolic acids previously detected in
plasma after intake of blueberry juice (Chapter 3) could again be found in post-intake plasma
in three new participants.

(2) To determine the 0-24 h plasma concentration-time profiles of the 12 blueberry-derived
aglycone phenolic acids.
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(3) To use the values obtained for plasma Cmax and Tmax to design phenolic acid mixtures that
model circulating concentrations available to interact with the endothelium at different time
segments in vivo after a single intake of blueberry juice.

4.1.2. Experimental Approach
Three participants were recruited to provide information on the physiologically-relevant concentrations
found for the 12 phenolic acids identified in Chapter 3 after blueberry juice intake. This involved the
participants undertaking a low polyphenol diet for 72 h before the study by avoiding intake of a wide
range of polyphenol-rich food items as previously listed [284] (Figure 4.1), to establish a low baseline
level for phenolic acids. On the study day, fasting and post-intake plasma up to 24 h was sampled
(Figure 4.1) and analysed to construct the plasma concentration-time profiles for all 12 phenolic acids
reported in Figure 4.2, whose bioavailability characteristics are summarised in Table 4.2. All blood
samples were kept on ice and processed to obtain plasma which was spiked with the internal
standards; 3-hydroxyphenylacetic and sinapic acids, and extracted within 9 h.

Figure 4.1. Clinical study design for profiling plasma concentrations of blueberry-derived
phenolic acids.
To ensure that the concentrations of the phenolic acids were reliably determined, measurement errors
during the HPLC-ESI-MS/MS analyses were monitored by including plasma-spiked QC samples in
each batch run as recommended by FDA [281]. Measurement errors were evaluated as accuracy and
precision. In each run, fresh calibration curves in plasma were prepared for quantifying the
concentrations of all 12 phenolic acids found in participant plasma samples and for determining
instrumental measurement errors.
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4.2. Results
4.2.1. Composition of phenolic compounds in blueberry juice
In order to distinguish between parent compounds present in the juice and phenolic metabolites
present in plasma, the phenolic compounds in the blueberry juice were characterised. These were
found to belong to the phenolic acid, anthocyanin and flavonol families (Table 4.2). The phenolic acids
included derivatives of benzoic acid; protocatechuic, gentisic, syringic and vanillic acids, or derivatives
of cinnamic acid; chlorogenic acid, trans-ferulic acid, p-coumaric acid and caffeic acid glucoside. Most
phenolic acids occurred in their acid-labile conjugated forms (≥76%, w/w), while free aglycone forms
accounted for a smaller proportion (≤24%, w/w) (Table 4.2). Chlorogenic acid in the form of 5-Ocaffeoylquinic acid was the most abundant phenolic acid derivative, with concentrations around 17
mg/100 mL juice. In contrast, the remaining phenolic acids were present in the juice at much lower
concentrations; ≤ 2.7 mg/100 mL juice (Table 4.2).

Of the anthocyanins characterised, the majority were galactosides with malvidin- and cyanidingalactosides accounting for 32% and 19% respectively (Table 4.2). Arabinosides of petunidin,
malvidin, and cyanidin also comprised a significant proportion of total anthocyanins. There were small
amounts of glucosides of cyanidin and malvidin, which made up only 2% of the total anthocyanin
content. Quercetin-based flavonols found in the juice included the glucosyl-rhamnoside-, rhamnoside-,
and glucoside- forms of quercetin (Table 4.2). Significant amounts of quercetin-based flavonols were
found in the juice at total levels comparable to the anthocyanins.
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Table 4.1. Phenolic acids, anthocyanins and flavonols present in the supplied blueberry juice.
Compound
I. Phenolic acids
Syringic acid
Protocatechuic
Gentisic acid
Vanillic acid
Trans-ferulic acid
p-Coumaric acid
Chlorogenic acid
Caffeic acid glucoside

Concentration
(mg/100 mL Juice)

b

a1.50

24
19
Trace
12
Trace
8
N/A
N/A

± 0.04
± 0.07
a0.50 ± 0.26
a1.53 ± 0.05
a0.35 ± 0.02
a0.38 ± 0.03
17.52 ± 0.20
1.03 ± 0.02
a2.74

% as
aglycone

c

II. Anthocyanins
Malvidin galactoside
Cyanidin galactoside
dPeonidin glucoside/Petunidin
arabinoside
Malvidin arabinoside
eDelphinidin glucoside/galactoside
Petunidin galactoside
Cyanidin arabinoside
Cyanidin glucoside
Malvidin glucoside
III. Flavonols
Quercetin glucosyl rhamnoside
Quercetin rhamnoside
Quercetin glucoside

7.03 ± 0.05
4.14 ± 0.06
2.50 ± 0.01
2.42 ± 0.01
2.18 ± 0.02
2.07 ± 0.00
1.43 ± 0.02
0.36 ± 0.01
0.16 ± 0.10

7.31 ± 0.06
6.08 ± 0.05
5.58 ± 0.10

Values are mean ± SD of three independent samples
aCombined concentration of the free aglycone and acid-labile conjugates
b%(w/w) of total juice concentration of a particular phenolic acid occurring in free aglycone form.
cResults expressed as mg cyanidin glucoside equivalent/100 mL juice
dPeonidin glucoside and petunidin glucoside were not chromatographically-resolved and reported concentrations
represent their combined total
edelphinidin glucoside and delphinidin galactoside were not chromatographically-resolved and reported
concentrations represent their combined total
N/A: Not applicable

4.2.2. Plasma bioavailability profiles of blueberry-derived phenolic acids
Using the HPLC-ESI-MS/MS method developed in the previous chapter, it was found that in all
individuals, baseline plasma levels of all phenolic acids, with the exception of 4-hydroxyhippuric acid,
were either not detected or present at a concentration below the lowest concentration on the
calibration curve (Figures 4.2 and 4.3). The phenolic acids profiled include hippuric (C6-C1-NH-C2),
benzoic (C6-C1), cinnamic (C6-C3); and phenylacetic acid (C6-C2) derivatives (Table 4.2). All four
benzoic acid derivatives; syringic, protocatechuic, gentisic, and vanillic acids, and two cinnamic acid
derivatives, trans-ferulic and p-coumaric acids, were found in the juice and in plasma. The remaining
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six phenolic acids including 2-hydroxyhippuric, 4-hydroxyhippuric, dihydrocaffeic, dihydroferulic,
dihydro-m-coumaric and homovanillic acids (Figure 4.2, Table 4.2) were found only in plasma of the
participants and are thus identified as phenolic metabolites. In addition to the 12 phenolic acids, traces
of chlorogenic acid, the major blueberry juice phenolic acid were detected in 1 or 2 h plasma samples
in all three participants. This finding is consistent to results previously obtained during the preliminary
screening involving two participants (Figure 3.8).

The average plasma Cmax of the 12 phenolic acids ranged from low nM to low µM; the lowest average
Cmax of 20 nM was noted for protocatechuic acid, with dihydroferulic acid showing the highest C max of
1160 nM, followed by vanillic and dihydro-m-coumaric acids (Table 4.2). With the exception of
syringic, 2-hydroxyhippuric, 4-hydroxyhippuric and dihydrocaffeic acids, the plasma Cmax of the
remaining eight phenolic acids showed high variation between individuals, with dihydroferulic acid
being most variable (Table 4.2). In contrast, the plasma Cmax and Tmax for syringic acid were highly
consistent between the three individuals (Figure 4.2 and Table 4.2).

The different phenolic acids could be classified as early-peaking, biphasic, or late-peaking, based on
their plasma Tmax (Figure 4.2 and Table 4.2). The benzoic acid derivative; syringic acid, and the
hippuric acid derivatives, 2-hydroxyhippuric and 4-hydroxyhippuric acids, appeared in plasma with
relatively early Tmax ranging between 0.5-2 h, and can thus be classified as early peaking compounds.
Although 4-hydroxyhippuric acid also showed a later peak (T max,2) that occurred between 6-8 h, the
average second maximal plasma concentration noted at Cmax,2 was very similar to that noted for the
first maximal plasma concentration at Cmax,1. Hence, 4-hydroxyhippuric acid does not exhibit a clear
biphasic profile (Table 4.2). In contrast, all the three benzoic acid derivatives; protocatechuic, gentisic,
and vanillic acids, as well as the three cinnamic acid derivatives; trans-ferulic, p-coumaric, dihydro-mcoumaric acids can be classified as ‘biphasic’ compounds as their observed plasma bioavailability
profiles in at least one participant showed two discrete peaks; a peak with an early T max ≤ 2 h, and
another with a peak occurring at a later time, Tmax ≥ 4 h (Figures 4.1, 4.3 and Table 4.2). The
remaining two cinnamic acid derivatives; dihydrocaffeic and dihydroferulic acids are late-peaking
compounds as these compounds peaked in plasma exclusively at T max ≥ 4 h.
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Figure 4.2. Plasma bioavailability profiles of blueberry-derived phenolic acids. Data were obtained from three volunteers (, , ).
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Table 4.2. Bioavailability data for phenolic acids and metabolites in 0-24 h plasma after intake of blueberry juice
Compound
(Synonym)

Cmax1 (nM)
(Range)

Tmax1 (h)
(Range)

AUC0-8h
(nM.h)

2-Hydroxyhippuric
acid

44.5 ± 11.4
(32.8 to 55.6)

1.3 ± 0.6
(1 to 2)

4-Hydroxyhippuric
acid

68.2 ± 7.6
(66.3 to 76.6)

1.2 ± 0.8
(0.5 to 2)

Syringic acid

455.0 ± 46.7
(402.6 to 492.3)

0.8 ± 0.3
(0.5 to 1)

Protocatechuic
acid

19.8 ± 6.1
(13.3 to 25.3)

3.0 ± 1.7
(1 to 4)

90.5 ± 49.2

Gentisic acid

85.0 ± 39.0
(41.0 to 115.1)

5.3 ± 2.3
(4 to 8)

416.2 ± 242.3

Vanillic acid

595a

1.0a

Cmax2 (nM)
(Range)

I. Hippuric acid derivatives
164.7 ± 61.7
N/A

434.0 ± 44.6

68.2 ± 3.3
(65.1 to 71.6)

II. Benzoic acid derivatives
1002.4 ± 196.9
N/A

b4179.8

±

2532.4

a36.4

a139.5

b790.7 ± 323.0
(562.1 to 1019.3)

Tmax2
(h)
(Range)

Cmax1/dose
(nM/mg)

AUC
0-8h/dose
(nM.h/mg)

Cmax2/dose
(nM/mg)

N/A

N/A

N/A

N/A

7.3 ± 1.2
(6 to 8)

N/A

N/A

N/A

N/A

90.1 ± 7.5
(8%)

201.1 ± 50.4

N/A

a8.0

9.5 ± 4.8

a3.9

(8 only)

2.1 ± 0.5
(25%)

a8.0
(8 only)

49.0 ± 19.4
(40%)

240.2 ±
132.7

a134.5

b5.0

± 1.4
(4 to 6)

b

144.8 ±
69.6

b

771.8 ±
516.4

N/A

III. Cinnamic acids derivatives
trans-Ferulic acid

41.7 ± 15.2
(26.9 to 57.3)

1.0
(1 only)

270.4 ± 54.8

b57.3 ± 12.1
(48.8 to 65.9)

b8.0
(8 only)

36.5 ± 18.0

234.0 ± 74.8

b45.6

p-Coumaric acid

36.4 ± 13.3
(21.5-47.1)

4.3 ± 3.5
(1 to 8)

143.9 ± 69.2

N/A

N/A

450.5 ±
215.6

1726.2 ±
821.4

N/A

Dihydrocaffeic
acid

183.8 ± 28.9
(161.6 to 216.5)

6.0 ± 2.0
(4 to 8)

541.7 ±
197.2

N/A

N/A

N/A

N/A

N/A

± 13.1
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Table 4.2 (Continued)
AUC0-8h
Cmax2 (nM)
(nM.h)
(Range)

Compound
(Synonym)

Cmax1 (nM)
(Range)

Tmax1 (h)
(Range)

Dihydroferulic
acid

1160.3 ± 1076.1
(234.0 to
2340.7)
628.4 ± 281.9
(333.1 to 894.6)

6.7 ± 1.2
(6 to 8)

5052.4 ±
4406.0

5.3 ± 3.1
(2 to 8)

2804.2 ±
1526.6

232.6 ± 88.9
(164.1 to 333.0)

3.3 ± 2.3
(2 to 6)

IV. Phenylacetic acid derivative
1205.3 ±
N/A
409.5

Dihydro-mcoumaric acid

Homovanillic acid

Tmax2 (h)
(Range)

Cmax1/dose
(nM/mg)

0-8h/dose

AUC

Cmax2/dose
(nM/mg)

N/A

N/A

N/A

(nM.h/mg)
N/A

N/A

a940.4

a24

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Abbreviations: Cmax,1 or Cmax,2, First or second maximal plasma concentration; Tmax,1 or Tmax,2, Time to reach first or second maximal plasma concentration; AUC08h, Area under the plasma concentration-time curve from 0-8 h; Cmax,1/dose, First maximal plasma concentration normalised to ingested amount; AUC0-8h/dose, Area
under the plasma concentration-time curve from 0-8 h normalised to ingested amount; Cmax,2/dose, Second maximal plasma concentration normalised to ingested
amount; N/A: Not Applicable
Results are presented as mean ± SD of three participants.
a
Detected and quantified in one participant; bDetected and quantified in two participants
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Figure 4.3. Representative HPLC-ESI-MS/MS quantifier MRM chromatograms of the
bioavailable blueberry-derived phenolic acids at baseline, T max and 24 h plasma.Baseline
concentration of 2-hydroxyhippuric, syringic, gentisic, vanillic, trans-ferulic, dihydroferulic, dihydro-mcoumaric and homovanillic acids (A, C, E, F, G, J, K, L) was very low. In contrast, at baseline,
protocatechuic, p-coumaric, and dihydrocaffeic acids (D, H, I) were not detected. 4-hydroxyhippuric
acid was present at a significant level at baseline (B). In all cases (A-L) an obvious increase in
concentration is seen at their T max, after which concentration gradually decreases and returning back
to baseline by 24 h. Arrow in (A), (B), (D) and (E) indicates the qualifier MRM chromatogram peak of
4-hydroxyhippuric, 2-hydroxyhippuric, gentisic, or protocatechuic acid.
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4.2.3. Reliability of the plasma data: measurement errors
The measurement accuracy and precision were evaluated by analysis of plasma-spiked QC samples
at three concentrations low, middle and high, covering the linear range of the calibration curves during
an analytical batch run.

Data from the QC samples were used to justify the decision on whether to accept or reject the runs,
and are reported in Table 4.3. Plasma samples from all three participants were analysed across two
batch runs. With very few exceptions, accuracy and precision at all three concentrations for the 12
phenolic acids in both runs are well within the ± 20% or ± 15% error limits set for LLOQ concentration
or at concentrations above LLOQ, respectively. Minor deviation of 0.9% or 4% from the ±15% error
limit in accuracy or precision was occasionally observed at only one of the three concentrations during
one of the two analytical runs for the following cinnamic acid derivatives; dihydroferulic, dihydro-mcoumaric, and p-coumaric acids. As at least 67% of the accuracy and precision of all the replicated
QC samples are within 15% or 20% (for LLOQ concentration) of their nominal values, the deviations
documented for both analytical batch runs met the acceptance criteria for accuracy and precision as
defined in the FDA bioanalytical method validation document [281]. Accordingly, the 0-24 h plasma
concentration-time data (Figure 4.2, Table 4.2) determined for all three participants was considered
reliable.
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Table 4.3. Accuracy and Precision of the two independent HPLC-ESI-MS/MS runs.
Accuracy and precision of the HPLC-ESI-MS/MS assay were monitored and established by analyses
of QC samples alongside the 0-24 h plasma samples collected from the three participants.
Compound
Level
Concentration
Run 1b
Run 2b
Accuracy
Precision
Accuracy Precision
nM
% RE
RSD
% RE
RSD
Protocatechuic acid
Low
30
1.5
7.9
10.4
4.6
Middle
120
-2.9
5.0
8.8
5.3
480
High
4.8
7.6
2.9
7.9
Gentisic acid

Low
Middle
High

25a
50
800

-1.4
11.9
4.1

9.8
14.2
11.5

12.2
-0.4
4.7

9.5
5.8
10.0

4-hydroxyhippuric
acid

Low
Middle
High

50
200
800

2.1
8.1
-10.4

4.0
3.4
0.5

12.2
-5.9
-10.3

1.5
8.1
0.5

2-hydroxyhippuric
acid

Low
Middle
High

37.5
100
800

-7.3
2.5
1.9

3.2
3.4
10.2

-6.0
14.8
2.6

9.4
2.1
10.8

trans-ferulic acid

Low
Middle
High

12.5a
50
400

-6.8
0.4
-3.0

10.7
4.7
5.8

-7.6
-4.3
12.5

11.1
9.0
4.4

dihydroferulic acid

Low
Middle
High

62.5a
250
1000

0.7
-9.9
14.2

9.5
15.9
4.7

9.6
-12.7
5.9

6.3
3.8
2.9

dihydrocaffeic acid

Low
Middle
High

50
100
400

9.1
-4.9
-3.2

3.5
3.7
6.3

2.5
-1.7
-10.3

1.2
12.5
0.9

syringic acid

Low
Middle
High

75
150
1200

9.3
14.3
-4.4

2.4
5.1
6.7

-11.8
4.7
10.9

4.6
8.2
2.2

vanillic acid

Low
Middle
High

125
250
1000

13.7
4.5
-2.3

5.2
7.7
8.2

-0.5
11.7
-14.6

1.8
4.3
2.0

homovanillic acid

Low
Middle
High

62.5a
250
1000

-4.7
8.7
-3.0

1.6
5.7
10.0

-13.1
-7.6
-8.7

12.7
3.7
10.1

dihydro-mcoumaric acid

Low
Middle
High

100a
400
3200

2.6
-12.7
-7.4

8.6
12.4
10.7

-13.9
-19.0
-3.9

0.3
14.4
10.3

p-coumaric acid

Low
Middle
High

12.5a
50
200

16.2
-7.7
13.6

6.1
4.0
15.9

-19.8
2.9
-14.0

20.0
6.5
10.2

aLower

limit of quantitation (LLOQ) concentration
and precision were evaluated as % relative error (%RE) and relative standard deviation (RSD),
respectively. Values were obtained by analyses of three independently-prepared QC replicate
samples/concentration. The basis for accepting an analytical batch run involves establishing that accuracy and
precision of at least 67% of all replicated QC samples are within 15% or 20% of their nominal value for
assessment at non-LLOQ or LLOQ concentrations, respectively, given that they are not replicates at the same
concentration. In other words, 33% of the QC samples may be outside 15% or 20% of nominal value [281].
bAccuracy
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4.3. Discussion
The prevalence of phenolic acids in cultivated and wild blueberries is well-documented [31, 33, 40]
and the composition of the phenolic compounds characterised in the blueberry juice is consistent with
previous reports. Syringic, protocatechuic, gentisic, vanillic, trans-ferulic, and p-coumaric acids were
found predominantly in the acid-labile conjugated forms. The observation that the benzoic acid
derivatives; protocatechuic, gentisic, vanillic and syringic acids occurred at higher concentration than
the two cinnamic acid derivatives trans-ferulic and p-coumaric acid, is consistent with the findings of a
previous report [33]. Chlorogenic acid in the form of 5-O-caffeoylquinic acid was found to be a major
phenolic acid, and the arabinoside- and galactoside- forms of malvidin, cyanidin, and delphinidin were
the major anthocyanins, while the glucosides of malvidin and cyanidin were the minor anthocyanins
present, all in agreement with previous reports [27, 28, 309-311]. The quercetin-based glycosides
characterised in the blueberry juice in this study is also in agreement with the literature [27].

Although the concentration of anthocyanins and quercetin-based flavonols in the blueberry juice
exceed those of the phenolic acids, neither juice anthocyanins; malvidin-3-O- or cyanidin-3-Oglucosides, nor the juice flavonol; quercetin-3-O-glucoside, could be detected in plasma, implying that
these are likely found in plasma at levels below 100 or 10 nM, respectively. Similarly, although
chlorogenic acid was ~2.2x more abundant than all other phenolic acids combined, its absorption was
limited and was a minor phenolic acid in plasma. Chlorogenic acid has been proposed to be
metabolised by the colonic microbiota into its constituent phenolic acids, caffeic and quinic acids
[312]. Consequently, it was only a minor phenolic acid derivative found in post-intake plasma. In this
research, caffeic acid was not found in plasma after blueberry juice intake (Table 3.3), but its
metabolite, dihydrocaffeic acid [312] was found in plasma. This finding is consistent with that reported
in the literature [223] and suggests that blueberry phenolic acid aglycones and metabolites are more
abundant in plasma than are anthocyanins, flavonols and chlorogenic acid. These findings also agree
with a recent study [302] which showed that the phenolic acid metabolites of anthocyanins reached
much higher plasma concentrations at 25-777 nM than those observed for the their parent
anthocyanins, 27-43 nM.
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This study determined physiologically-relevant concentrations of blueberry-derived phenolic acid
aglycones in plasma collected up to 24 h without pre-treatment with β-glucuronidase/aryl-sulphatase.
These enzymes were used in previous blueberry phenolic compound bioavailability studies [52, 146,
223] and could provide no distinction between plasma levels of aglycone phenolic acids and their
phase II metabolites [86]. Therefore, the data reported in the above-mentioned studies have limited
utility for profiling the bioactive metabolites that may circulate following blueberry intake. In another
recent study that investigated the bioavailability of wild blueberry polyphenols, 43 phenolic
compounds were found to be at a significantly increased concentration in non β-glucuronidase/arylsulphatase pre-treated plasma collected at baseline and 2 h post-intake. [86]. This suggests that more
compounds than identified in the present research may be present, but in the above-mentioned study
[86], plasma was sampled only up to 2 h post-intake, and therefore did not profile the later-peaking
blueberry-derived aglycone phenolic acid metabolites reported in this chapter. As an example, in my
current study, dihydrocaffeic acid was a late-peaking metabolite with a Tmax ≥ 4 h in all three
participants, whose plasma concentration at 2 h post-intake was found to be 47.4 ± 47.8 nM. At Tmax,
it was found in plasma at 183.9 ± 28.9 nM which is ~4x the concentration found at 2 h. The plasma
concentration at 2 h post-intake reported for dihydrocaffeic acid in the present research was similar to
that recently reported after intake of wild blueberry of 23 ± 5 (SEM) [86].

The plasma Cmax and Tmax values reported for phenolic acid aglycones in this chapter reflect
physiological plasma levels achievable following intake of a single serving of berries. The plasma Cmax
and Tmax found for all 12 phenolic acids are in the nM or low µM range and Tmax between 1-8 h
following ingestion. These findings are in good agreement with recently published data following a
single serving of different berry types including blueberries [52, 146, 223], cranberries [87], and
bilberries [302] (Table 4.4). This chapter reports for the first time following blueberry intake, the
plasma Cmax of the following four phenolic acids; 2-hydroxyhippuric, 4-hydroxyhippuric, p-coumaric
and dihydrocaffeic acids, which were also recently detected in 2 h plasma after intake of wild
blueberries [86], or reported following cranberry juice intake [87]. Interestingly, despite differences in
sample preparation, the remaining eight of the 12 phenolic acids (Table 4.4) were found at Cmax and
Tmax in good agreement with those previously reported following intake of wild blueberry drink [52,
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146, 223]. As limited data are available on the efficiency with which β-glucuronidase/aryl-sulphatase
can hydrolyse glucuronide and sulphate moieties of conjugated phenolic compounds to yield
corresponding aglycones [106, 313], it is possible the plasma Cmax reported previously [52, 146, 223]
do not fully represent the sum of their aglycone and phase II metabolites. Furthermore, βglucuronidase is known to hydrolyse only 1-O-subtituted acyl glucuronides [314], but not other
positional isomers in which the aglycone is attached to C-2, -3, and/or -4 positions [315]. Therefore
use of β-glucuronidase is likely to underestimate the concentration of plasma phenolic acid
glucuronides, which may explain the similarity between the plasma Cmax reported in this chapter with
those previously reported [52, 146, 223].

The main purpose of this study was to determine what concentrations can be achieved by the 12
blueberry-derived phenolic acids and for how long they might circulate. This research only recruited
three people into the study. There was relatively high variation in plasma profiles for some of the
compounds, particularly vanillic and dihydroferulic acids. However, the variation in plasma data are
unlikely to be due to measurement errors given that measurement accuracy and precision during the
HPLC-ESI-MS/MS analyses were found to be reliable and well within the error limits. The information
obtained was intended to design physiologically-relevant concentrations of phenolic acid test mixtures
relevant for cell culture studies. It was outside the scope of this study to definitively determine the
plasma Cmax and Tmax of the phenolic acid aglycones in large populations, in which case many more
participants are likely required.
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Table 4.4. Plasma Cmax and Tmax data of phenolic acids after intake of selected berries.This table
compares the plasma Cmax and Tmax of blueberry-derived phenolic acids determined in this study with
previously published data following intake of wild blueberries, cranberries, or bilberries.
Blueberry juicea
(This Study)

Freeze-dried wild
blueberry drink1,b

Cranberry
juice2,a

Cmax
(nM)d,g

Cmax
(nM)d

Phenolic acid

Cmax
(nM)c
(Range)

Tmax (h)c
(Range)

Syringic acid

455 ± 47
(403-492)
20 ± 6
(13-25)
36e

0.8 ± 0.3
(0.5-1)
3.0 ± 1.7
(1-4)
8.0e

301 ± 208

1.9 ± 0.4

164 ± 40

85 ± 39
(41-115)
595e
791 ± 323f
(5621019)

5.3 ± 2.3
(4-8)
1e
5.0 ± 1.4f
(4-6)

42 ± 15
(27-57)
57 ± 12f
(49-66)
36 ± 13
(22-47)
1160 ±
1076
(2342341)
184 ± 29
(162-217)
628 ± 282
(333-895)
904e

1.0 ± 0.0

Homovanillic acid

233 ± 89
(164-333)

3.3 ± 2.3
(2-6)

2-Hydroxyhippuric
acid
4-Hydroxyhippuric
acid

45 ± 11
(33-56)
68 ± 8
(66-77)
68 ± 3
(65-72)

1.3 ± 0.6
(1-2)
1.2 ± 0.8
(0.5-2)
7.3 ± 1.2
(6-8)

Tmax
(h)d,g

Bilberry
extract3,a
Tmax
(h)d

Cmax
(nM)c

Tmax
(h)c

8±6

0.3 ± 0.2

777 ± 182

1.0 ± 0.0

2.3 ± 0.8

109 ± 45

2.0 ± 0.6

81 ± 32

1.0 ± 0.0

57 ± 5

3.5 ± 1.1

425 ± 137

4.4 ± 0.3

116 ± 27

1.9 ± 0.4

410 ± 115

1.8 ± 0.8

379 ± 111

1.2 ± 0.5

I. Benzoic acid derivatives
Protocatechuic
acid

Gentisic acid
Vanillic acid

II. Cinnamic acid derivatives
trans-Ferulic acid

p-Coumaric acid
Dihydroferulic acid

Dihydrocaffeic
acid
Dihydrom-coumaric
acid

116 ± 21

2.0 ± 0.3

47 ± 12

1.0 ± 0.0

4.3 ± 3.5
(1-8)
6.7 ± 1.2
(6-8)

-

-

131 ± 51

1.0 ± 0.0

112 ± 22

5.6 ± 0.4

304 ± 122

6.1 ± 3.4

6.0 ± 2.0
(4-8)
5.3 ± 3.1
(2-8)
24e

-

-

93 ± 32

7.6 ± 3.3

206 ± 49

4.9 ± 0.6

-

-

8.0 ± 0.0f

III. Phenylacetic acid derivative
77 ± 10

5.0 ± 0.7

511 ± 165

5.6 ± 0.9

IV. Hippuric acid derivatives
-

-

7±2

6.4 ± 3.3

-

-

592 ± 157

3.8 ± 2.6

Plasma samples not treateda, or, treatedb with β-glucuronidase/arylsulfatase
Values are mean ± SDc or SEMd
Second plasma Cmax and Tmax value observed in onee , or, twof participants
Cmax and Tmax following intake of blueberry drink containing 766 mgg polyphenols.
1[146]; 2[87]; 3[302].
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The relatively high inter-individual variation in plasma Cmax or in the plasma concentration-time profiles
of some of the phenolic acids particularly notable for vanillic and dihydroferulic acids are likely
attributable to inter-individual differences in the extent of flavonoid metabolism by first-pass and/or gut
microbial metabolism [73, 78]. In the case of vanillic acid, part of its appearance in plasma could be
attributed to its absorption from the juice. However, it could additionally arise primarily from 3’-Omethylation of protocatechuic acid by the activity of COMT which has been shown to occur to a great
extent during first-pass metabolism of protocatechuic acid derived from cyanidin-3-O-glucoside [70,
71]. Since the activity of phase II metabolising enzymes such as COMT is known to vary widely from
one individual to another [65], this may explain the high variation in Cmax for vanillic acid amongst the
three participants: in fact, vanillic acid was hardly found in the 0-24 h plasma of one of the participants
in this research. In the case of dihydroferulic acid, this compound was found exclusively in plasma
with Tmax > 4 h which is in good agreement with the Tmax values noted in individuals administered
coffee, which is a rich source of cinnamic acid derivatives including ferulic acid [312]. The relatively
high and later Tmax of dihydroferulic acid, combined with the relatively lower plasma C max of transferulic acid are in line with the hypothesis by Stalmach and co-workers [312] that this metabolite is
generated through the colonic microbiota-mediated reduction of ferulic acid. Thus, it is likely that the
inter-individual variation observed for the plasma Cmax values of dihydroferulic acid as well as other
phenolic metabolites such as dihydro-m-coumaric and dihydrocaffeic acids are attributable to
differences in gut microbiota composition between individuals.

As relatively little is known regarding how blueberry-derived phenolic acids and metabolites affect
vascular function or what concentrations are required for vascular bioactivity, well-designed in vitro
cell culture studies exploring this in primary endothelial cells that are well-established vascular model
of the endothelium such as HUVECs are required [25, 68, 81-83]. However, designing experimental
treatment mixtures is difficult and simply investigating phenolic acids as mixtures of equimolar
concentrations has been largely criticised [81, 82], given this will unlikely reflect the variable plasma
concentrations of different bioavailable blueberry-derived phenolic acids as reported in this chapter
and in previous bioavailability studies [52, 86, 146, 223].

Determining the vascular bioactivity with a mixture of phenolic acids investigated at concentrations
reflecting their various plasma Cmax concentrations after a realistic dietary intake of a polyphenol-rich
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food item is therefore a more biologically-relevant approach [81]. Accordingly, three different phenolic
acid mixtures with concentrations within the measured plasma Cmax range were prepared and their
composition designed based on the T max of the phenolic acids (Table 4.5).

The compounds identified in at least one participant with a T max ≤ 2 h were used to prepare the ‘Early
mixture’. Those peaking in plasma with Tmax ≥ 4 h in at least one participant were combined to give
the ‘Late mixture’. The third is the ‘Whole mixture’ comprising all 12 phenolic acids. It was intended
that exposure time of the cells to the mixtures did not exceed 24 h. This was based on the plasma
concentration–time profiles, in which the levels of many of the phenolic acids appeared to be still
increasing (e.g., gentisic acid, protocatechuic acid, p-coumaric acid, dihydro-m-coumaric acid,
dihydrocaffeic acid, and trans-ferulic acid) or at a significant concentration at 8 h (e.g., plasma levels
of vanillic acid were 300–600 nM). This indicates a relatively sustained exposure time and suggests
that they are likely to still be in circulation well after 8 h. Most phenolic acids had returned to baseline
levels by 24 h.

Table 4.5. Composition of the Early, Late, and Whole blueberry-derived phenolic acid mixtures.
Compound

Early (nM)

Late (nM)

Whole (nM)

2-Hydroxyhippuric acid
4-Hydroxyhippuric acid
Syringic acid
Protocatechuic acid
Gentisic acid
Vanillic acid
trans-Ferulic acid
p-Coumaric acid

50
60
450
15
600
60
40

30
100
1000
60
50

50
70
450
25
100
1000
60
50

Dihydroferulic acid
Dihydrocaffeic acid

-

2000
200

2000
200

Dihydro-m-coumaric acid
Homovanillic acid

-

850
300

850
300

Total (nM)

1275

4590

5155

The potential for vascular bioactivity of the three phenolic acid mixtures was investigated and the
findings are reported in Chapters 5 and 6.
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Chapter 5

Effects of bioavailable blueberryderived phenolic acids on Nrf2regulated antioxidant responses in
endothelial cells
5.1. Introduction
Epidemiological studies, together with animal and clinical research indicate that blueberry intake is
associated with health benefits related to improved vascular functions [25, 52, 68], including brachial
FMD or peripheral arterial tone in healthy adults [223, 224, 316], as well as metabolic syndrome [316]
and pre-hypertension or stage I hypertension [224, 317]. The health-promoting properties of
blueberries are thought to be partly derived from intake of their polyphenols, particularly the
anthocyanins [25, 68]. Blueberry polyphenols are however extensively metabolised in vivo, but little is
known regarding how these metabolites affect vascular function or what concentrations are required
for bioactivity. Well-designed in vitro studies exploring the effects of bioavailable phenolic compounds
and metabolites on endothelial cells are required, since these compounds are currently hypothesised
to be important modulators of the vascular and endothelial bioactivity of ingested berry polyphenols
[25, 68, 70, 71, 81-83].

Given the importance of maintaining oxidative balance in vascular endothelial cells to prevent
endothelial dysfunction [173], it was of interest to determine whether bioavailable blueberry-derived
aglycone phenolic acids at physiologically-relevant concentrations, as determined in the previous
chapter, are able to act as ‘indirect antioxidants’ by upregulating cellular signalling pathways involved
in protecting endothelial cells against endogenous and environmental oxidative stress.

One key cellular antioxidant pathway that could be affected by physiologically-relevant concentrations
of individual phenolic acids is the Nrf2 signalling pathway. The Nrf2 transcription factor is known to
regulate the expression of cellular antioxidant response proteins such as HO-1 which removes heme
released as a product of protein catabolism and GCLM which is one of the two subunits of glutamate-
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cysteine ligase, an enzyme important for glutathione synthesis [263, 264, 267, 318]. Induction of both
cellular antioxidant response proteins, particularly HO-1, are currently regarded as important in
conferring vascular protection [319]. Recent evidence suggests that phenolic acid aglycones including
caffeic [263] and ferulic acid [264] could counter high-glucose-induced redox imbalance [263], or
protect against γ-irradiation-induced oxidative stress [264], by upregulating Nrf2-regulated antioxidant
responses. However, there is limited information on how Nrf2-regulated antioxidant responses are
affected in human endothelial cells treated with mixtures of phenolic acids.

5.1.1. Chapter Aims
As a result of the identification of the Cmax and Tmax of the blueberry-derived phenolic acid metabolites,
mixtures were designed to model the compounds circulating from 0-4 h, 4-24 h, or 0-24 h following
blueberry juice intake. The effect of these mixtures on endothelial cells was tested in an in vitro culture
system. The aims of this chapter were:
1. To determine the effect of the three blueberry-derived Early, Late or Whole phenolic acid test
mixtures on the viability of HUVECs.

2. To determine whether the Early, Late or Whole phenolic acid mixture could enhance activation
of Nrf2 and the antioxidant response protein HO-1 in HUVECs.

3.

To determine whether the Early, Late or Whole phenolic acid mixture affected cellular
production of Nrf2-regulated antioxidant response proteins HO-1 and GCLM, in HUVECs in
the presence of an oxidative challenge from low, sub-lethal concentrations of H2O2.

5.1.2. Experimental Approach
HUVECs isolated from the endothelium of veins of the human umbilical cord were used at an early
passage to study the effect of the phenolic acid mixtures on Nrf2-regulated antioxidant responses in
endothelial cells. HUVECs were selected as these are a primary cell line that are relatively easy to
isolate without contamination of other cell types and umbilical veins. The cells closely mimic the
human endothelium in vivo, making them a suitable model to study effects of bioactive compounds on
various endothelial-related processes [320].
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Nrf2 can be induced in endothelial cells exposed to an oxidative stress, with consequent upregulation
of an array of antioxidant enzymes, including HO-1 and GCLM [263, 264, 278]. SFN is known to
induce Nrf2 activity and was used as a positive control when assessing the potential for the Early,
Late, or Whole phenolic acid mixtures at 1x, 10x, or 100x physiologically-observed concentrations to
induce a similar antioxidant response in HUVECs. Western immunoblotting was used to monitor Nrf2
protein levels in purified nuclear fractions, and, HO-1 and GCLM in whole cell lysates.

The potential toxicity of the three phenolic acid mixtures was determined by monitoring cellular
viability, apoptosis, necrosis and cell metabolic activity. Cells undergoing apoptosis express
phosphatidylserine on their surface, which can be detected by Annexin V- FITC [286]. Cells were
concurrently labelled with PI as a marker of membrane permeability to allow distinction between
viable, apoptotic, necrotic populations and cell fluorescence determined with a bivariate flow
cytometer. The MTT assay was used to monitor the effects of each treatment type on cellular
metabolic activity: specifically, this assay determines the activity of NADPH-dependent cellular
oxidoreductase enzymes which reflects the number of viable cells with normal metabolic activity [321].

To determine whether the blueberry-derived phenolic mixtures could protect endothelial cells from
sub-lethal oxidant exposure, the effect of pre-incubation of HUVECs with the mixtures on the induction
of Nrf2 and downstream HO-1 and GCLM expression following exposure to sub-lethal H2O2 were
investigated.

5.2. Results
5.2.1. Quantitation of Western immunoblotting protein bands
Nuclear fractions or whole cell lysates prepared from SFN pre-treated HUVECs were used as positive
controls for Nrf2, HO-1 and GCLM in all Western immunoblotting assays [278]. The equivalent loading
of proteins in nuclear fraction or whole cell lysate samples for Western immunoblotting was
determined by immunodetection of PARP or β-actin, being a nuclear or cytoplasmic marker,
respectively [263, 264, 322]. Western immunoblotting data are semi-quantitative and provide a relative
comparison of protein expression levels between the different samples on the same blot, as opposed
to an absolute measure of quantity for a specific target protein. Therefore, Nrf2, HO-1, or GCLM
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protein expression levels were normalised as ‘fold change’ with respect to the relevant control, which
is arbitrarily defined as 1.0. Equation (5.1) below was used to determine fold change in Nrf2, HO-1, or
GCLM protein expression.

𝑭𝒐𝒍𝒅 𝑪𝒉𝒂𝒏𝒈𝒆 𝒊𝒏 𝒑𝒓𝒐𝒕𝒆𝒊𝒏 𝒆𝒙𝒑𝒓𝒆𝒔𝒔𝒊𝒐𝒏 =

(

𝑫𝒆𝒏𝒔𝒊𝒕𝒚 𝒐𝒇 𝒕𝒂𝒓𝒈𝒆𝒕 𝒑𝒓𝒐𝒕𝒆𝒊𝒏 𝒃𝒂𝒏𝒅
)𝑻𝒓𝒆𝒂𝒕𝒎𝒆𝒏𝒕
𝑫𝒆𝒏𝒔𝒊𝒕𝒚 𝒐𝒇 𝒍𝒐𝒂𝒅𝒊𝒏𝒈 𝒄𝒐𝒏𝒕𝒓𝒐𝒍 𝒑𝒓𝒐𝒕𝒆𝒊𝒏 𝒃𝒂𝒏𝒅
𝑫𝒆𝒏𝒔𝒊𝒕𝒚 𝒐𝒇 𝒕𝒂𝒓𝒈𝒆𝒕 𝒑𝒓𝒐𝒕𝒆𝒊𝒏 𝒃𝒂𝒏𝒅
(
)𝑪𝒐𝒏𝒕𝒓𝒐𝒍
𝑫𝒆𝒏𝒔𝒊𝒕𝒚 𝒐𝒇 𝒍𝒐𝒂𝒅𝒊𝒏𝒈 𝒄𝒐𝒏𝒕𝒓𝒐𝒍 𝒑𝒓𝒐𝒕𝒆𝒊𝒏 𝒃𝒂𝒏𝒅

Equation (5.1)

5.2.2. Optimisation of a protocol to prepare clean nuclear fractions for
studying Nrf2 activation
To validate that effective cytoplasmic and nuclear fractionation was achieved, β-actin and PARP were
monitored as markers for cytoplasmic and nuclear cellular compartments, respectively. Figure 5.1
shows that the protocol effectively separated β-actin and PARP, indicating good separation of the
cytoplasmic and nuclear fractions.

Cytoplasmic Fraction
1
2

Nuclear Fraction
3
4
β-actin
(42 kDa)

PARP
(113 kDa)

Figure 5.1. Separation of cytoplasmic and nuclear cell fractions. Validation of the effectiveness of
the cytoplasmic and nuclear fractionation protocol. Cytoplasmic and nuclear lysates were prepared
from HUVECs grown in M199-complete. Lanes 1 and 2 show the cytoplasmic fraction, while lanes 3
and 4 show the nuclear fraction. The high purity of the nuclear fraction is confirmed by the lack of βactin proteins, which are abundant in the cytoplasm but not in the nucleus. Similarly, the lack of PARP
proteins, which are abundant in the nucleus, confirms the high purity of the cytoplasmic fraction.

Using the cytoplasmic and nuclear fractionation protocol just described, a Western immunoblotting
assay was set up to study the effects of bioavailable blueberry phenolic acid mixture(s); Early, Late or
Whole on Nrf2 nuclear translocation. The key steps undertaken to demonstrate the establishment of
this assay included:
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1. Optimisation of Western immunoblotting procedures to allow for specific immunodetection of
Nrf2 protein bands in both the cytoplasmic and nuclear fractions.

2. Verification of the use of SFN, a known activator of the Nrf2 signalling pathway [278] to induce
a positive control response in the assay by increasing Nrf2 protein accumulation in the
nucleus.

The immunodetection of Nrf2 proteins in both the cytoplasmic and nuclear fractions is confirmed in
Figure 5.2. It is clear that SFN serves as a suitable positive control for the Nrf2 nuclear translocation
assay, with a markedly increased Nrf2 protein band being evident in the nuclear fraction of SFN-pretreated HUVECs relative to control.

Henceforward, to demonstrate increased Nrf2 activity, representative Western immunoblot images of
the nuclear fractions of HUVECs pre-treated with various treatment regimens will be shown. Nrf2
protein bands appeared as a doublet noted at the theoretically-expected molecular weight between
95-110 KDa as previously reported [323]. For quantitation, both bands were analysed together. For
PARP and β-actin, a single protein band at ~113 kDa, and ~42 kDa was noted, respectively,
corresponding to their theoretically-expected molecular weight.
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Cytoplasmic
Control
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Nuclear
Control
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Molecular Weight

Nrf2

95-110 kDa

PARP

113 kDa

β-actin

148

42 kDa

Figure 5.2. Nrf2 nuclear translocation Western immunoblotting assay.
Representative Western immunoblot images showing protein bands of Nrf2, the nuclear loading
control; PARP, or the cytoplasmic loading control; β-actin in cytoplasmic or nuclear fractions prepared
from HUVECs pre-treated for 12 h with vehicle control (0.071%, v/v DMSO in M199-complete) or 20
µM Sulforaphane (SFN). KDa, Kilodalton.

5.2.3. Optimisation of a Western immunoblotting assay for determining
protein induction of heme oxygenase-1 (HO-1) and glutamatecysteine ligase modifier (GLCM) in whole cell lysates
The Western immunoblotting assay for determining protein levels of HO-1 and GCLM in whole cell
lysates was validated for subsequent use in studying the effects of bioavailable blueberry phenolic
acid mixture(s); Early, Late or Whole on their expression. Figure 5.3 confirms reliable
immunodetection of HO-1 and GCLM in whole cell lysates, with increased levels being observed
following incubation with 20 µM SFN.
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A
Time
Treatment

3h
Control

6h
SFN

Control

Molecular
Weight
SFN

HO-1

32 kDa

β-actin

42 kDa

B
Time
Treatment

18 h
Control

Molecular Weight
SFN

GCLM

30 kDa

β-actin

42 kDa

Figure 5.3. HO-1 and GCLM Western immunoblotting assay.
Representative Western blot images showing protein bands of (A) heme oxygenase-1 (HO-1); (B)
Glutamate cysteine ligase modifier subunit (GCLM); and (A, B) β-actin loading control in whole cell
lysates of HUVECs pre-treated for 3, 6, or 18 h with vehicle control (0.071%, v/v DMSO in M199complete) or Sulforaphane (SFN, 20 µM). In (B) while all the bands for GCLM and β-actin shown were
from the same gel, the protein bands had been repositioned so that they are next to each other as
indicated by the dividing lines. kDa, kiloDalton.

5.2.4. Effect of blueberry phenolic acid mixtures on cell viability
To ensure that effects on HUVECs were not confounded by toxicity responses, the effect of 24 h
exposure to 100x the physiological concentrations of the Early, Late or Whole mixture on apoptosis,
necrosis and metabolic compromise was monitored. The effect of 20 µM SFN, which was used as a
positive control compound to monitor effects on Nrf2, HO-1, and GCLM, was also investigated. None
of the three mixtures affected cell viability, with no measurable induction of apoptosis, as determined
by Annexin-V exposure, nor increase in cell death/necrosis as measured by PI uptake (Figure 5.4A).
Metabolic activity, measured by MTT reduction, was also unaffected (Figure 5.4B). In contrast, 20 µM
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SFN increased apoptosis to 21.3 ± 8.0% from 11.3 ± 0.5% in the untreated control (p = 0.019, n = 3)
and decreased MTT reduction capacity by 37 ± 6.4% relative to untreated control (p = 0.066, n = 3)
(Figure 5.4).

A

B

Figure 5.4. Effect of each blueberry-derived phenolic acid mixture or sulphoraphane on cell
viability and metabolic activity.
Effect of 24 h treatment of HUVECs with each mixture of blueberry phenolic acids (Whole, Early, or
Late) at 100x, or SFN (20 µM), on their viability as assessed by: (A) Annexin-V/PI flow cytometry
(viable cells are PI and Annexin-V negative; Apoptotic cells are Annexin-V Positive and PI negative;
Necrotic and dead cells are both PI and Annexin-V positive). (B) MTT Assay, with the reported values
normalised to the absorbance (at 570 nm) of control cells (defined as 100%). In (A) and (B), values
are mean ± SD of 3 independent experiments. *(p < 0.05): Significantly different to control (Dunnett’s
post-hoc test) фp = 0.066 vs control [hypothetical value 100%] by one-sample t-test.
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5.2.5. Effect of blueberry phenolic acid mixtures on nuclear Nrf2
translocation and expression of HO-1
HUVECs were treated with the Early, Late or Whole phenolic acid mixture and there appeared to be a
small and transient induction of Nrf2 nuclear translocation and expression of its downstream target
HO-1 within the 1-24 h sampling period (Figure 5.5 A-F). This was apparent with both 1x and 10x
concentrations of the phenolic acid mixtures, but did not reach statistical significance. SFN
significantly induced both Nrf2 nuclear translocation and HO-1 expression, with a 3 h time delay
between nuclear Nrf2 translocation and increased HO-1 production. Specifically, nuclear Nrf2 levels
were significantly upregulated by SFN treatment from 3 h, but significant induction of HO-1 was
apparent only from 6 h treatment onwards (Figure 5.5 A-C vs D-F).
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Figure 5.5. Effect of blueberry-derived phenolic acids on Nrf2 activity and HO-1 induction.
Effect of blueberry phenolic acid mixtures or 20 µM SFN on nuclear Nrf2 or cellular HO-1 protein
levels in HUVECs. Cells were treated with Early (), Late (), or Whole () mixtures at 1x (B and E)
or 10x (C and F) physiological concentrations, or with 20 µM SFN () for 1-24 h and levels of Nrf2 or
HO-1 compared with untreated control cells (). (A) Western immunoblot (at 3 h) and (B, C) graphed
densitometry values (1-24 h) for Nrf2 (All three bands included in densitometry analyses). (D) Western
immunoblots (at 3 and 6 h) and (E, F) Graphed densitometry values (1-24 h) for HO-1. Western
immunoblots are representative of, and graphed values (fold change relative to HUVECs maintained
in culture medium) represent mean ± SEM of 3-6 independent experiments. *(p < 0.05), **(p <0.01),
****(p < 0.0001): Significantly different to control (two-way ANOVA, Dunnett’s test). Protein bands
enclosed within the same dividing line are from the same gel.
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5.2.6. Effects of phenolic acid mixtures on Nrf2 and downstream gene
products HO-1, GCLM in HUVECs exposed to H2O2
Recent studies suggest that phenolic acids could mediate a cytoprotective response in HUVECs
challenged with oxidative stress mediated by high-glucose [263] or γ-irradiation [264]. Hence, the
effect of pre-exposure with the blueberry phenolic acid mixtures on Nrf2 and cellular HO-1 protein
levels in HUVECs treated with low doses of H2O2 was investigated.

5.2.6.1.

H2O2 cytotoxicity and consumption by HUVECs

Consumption of H2O2 by HUVECs was determined by reaction of H2O2 remaining in the cell medium
supernatant with ferrous ions and the ferric ion-sensitive dye, xylenol orange. In principle, the
presence of H2O2 in medium supernatant is detected by oxidation of ferrous to ferric ions in dilute acid,
which in turn binds xylenol orange to form a blue-purple coloured complex which can be measured
spectrophotometrically [287]. When added to the medium, H2O2 consumption followed first-order
exponential decay and was completed within two hours (Figure 5.6). Consumption of H2O2 can be
effectively modelled by first-order disappearance kinetics and similar exponential consumption profiles
were observed for all H2O2 concentrations. Disappearance of H2O2 from the medium was ~1.8 times
faster in the presence of cells (k = -0.049 min-1, R2 = 0.984) than with medium alone (k = -0.027 min-1,
R2 = 0.986), indicating that ~42% of H2O2 consumption can be attributed to the cells.

To determine that the concentrations of H2O2 used in experiments were sub-lethal, the cytotoxicity to
HUVECs following 6 h treatment with 2.5-40 µM H2O2 was monitored. No significant effect was
observed on apoptosis induction (Figure 5.7A) and MTT reduction (Figure 5.7B), confirming that at ≤
40 µM, H2O2 did not reduce cell viability and metabolic activity.
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Figure 5.6. H2O2 consumption kinetics in HUVECs.
Consumption of hydrogen peroxide from culture medium, without () or with () HUVECs (~120,000
cells). (A) 2.5 µM, (B) 5 µM, (C), 10 µM, (D) 20 µM, or (E) 40 µM added H2O2. Values are mean ±
range of two independent experiments carried out in duplicate.
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A

B

Figure 5.7. Effect of H2O2 on cell viability and metabolic activity.
Effect of 6 h treatment of HUVECs with H2O2 (0-40 µM), on (A) viability, apoptosis and necrosis as
assessed by PI/Annexin-V flow cytometry, and (B) cell metabolic activity assessed with the MTT
Assay. No cell damage was observed at any concentration of H2O2.
In (A) and (B), values are mean ± range of 2 independent experiments carried out with technical
triplicate-quadruplicate/experiment.

Chapter 5: Effects of blueberry-derived phenolic acids on Nrf2-regulated antioxidant
responses in endothelial cells
5.2.6.2.

156

Effect of physiological levels of blueberry phenolic acids on
subsequent H2O2-mediated Nrf2, HO-1, and GCLM induction in
HUVECs

Nrf2
At sufficiently high concentrations (≥ 15 µM), H2O2 is known to activate Nrf2 and its downstream
targets in mammalian cells [324]. No obvious increase in nuclear Nrf2 levels in HUVECs after 3 h
treatment with 2.5-40 µM H2O2 was found (Figure 5.8 A, C). However, a marked dose-dependent
induction of HO-1 levels with increasing H2O2 concentrations was observed (Figure 5.8 B, D).

y = 0.68e0.09x

Figure 5.8. Effect of H2O2 on Nrf2 and HO-1 protein levels in HUVECs.
Western immunoblots for (A) Nrf2 and (B) HO-1. Protein bands for each pair of control [0 µM] and
H2O2-treated [2.5, 10, 20, or 40 µM] samples were from the same gels. However, as their lanes were
not adjacent to each other, the protein bands have been repositioned so that they are next to each
other. In (C, D) their graphed densitometry data (fold change relative to control) represent means  SD
from three to six independent experiments. In (D), the effect of increasing H2O2 concentration on
induction of HO-1 was modelled by an exponential growth curve (y = 0.68e0.09x).

Given that only 2.5 µM H2O2 did not affect Nrf2 and HO-1 induction (Figure 5.8D and Figure 5.10),
the effect of the phenolic acid mixtures in the presence of this sub-lethal concentration of H2O2 on Nrf2
induction was studied. The effect of pre-exposure to phenolic acids on Nrf2 induction in the presence
of low concentrations of H2O2 was investigated by treating HUVECs with the Early, Late or Whole
mixtures for 18 h, followed by 3 h exposure to 2.5 µM H2O2 (Figure 5.9 A, C). Neither the phenolic
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acids nor H2O2 alone significantly affected nuclear Nrf2 levels when added alone or in combination.
Despite some variability in the nuclear Nrf2 levels in the presence of both treatments (Figure 5.9 C),
there was no dose-dependent effect of the phenolic acid mixtures (Figure 5.9 B, D).

Figure 5.9. Effect of blueberry phenolic acids on Nrf2 activity in the presence or absence of
H2O2.
The effect of Early, Late, or Whole blueberry phenolic acid mixtures on nuclear Nrf2 levels in HUVECs
treated for 18 h, followed by 3 h treatment with 2.5 µM H2O2. At physiological concentrations (1x) (A,C)
there was no significant effect of any of the three mixtures. (B, D) Show the Whole mixture at
increasing concentrations (1x, 10x, or 100x). In (C), data were analysed by two-way ANOVA with
“Treatment” and “H2O2” as the two factors: there was no significant effect of “Treatment” (p = 0.11),
“H2O2” (p = 0.07), nor interaction between both factors (p = 0.17). (A-D) Western immunoblots are
representative of three to four independent experiments, with mean ± SD represented by the graphed
densitometry data (fold change relative to control). ф(p = 0.099), ψ(p = 0.239): two-sample t-test.

Despite non statistically-significant increases in induction of Nrf2 activity in the presence of 2.5 µM
H2O2, of the three mixtures, the Whole mixture showed a trend towards Nrf2 activation (Figure 5.9C,
D). Accordingly, the Whole mixture was further investigated for its potential ability to induce HO-1 and
GCLM production in HUVECs in the absence or presence of 2.5 µM H2O2.
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HO-1
The effect of 18 h pre-incubation with the Whole mixture (1x), followed by 6 h of
0-40 µM H2O2 treatment, on cellular HO-1 protein levels in HUVECs was investigated. Increasing
H2O2 concentrations resulted in marked upregulation of HO-1 (Figure 5.10). Pre-incubation with the
Whole mixture (1x) increased HO-1 expression with 2.5 µM H2O2 (mean difference: 0.31 ± 0.07
(SEM), p < 0.01, two-sample t-test). This effect was not apparent at H2O2 concentrations ≥ 10 µM,
where HO-1 induction was significantly affected by H2O2 alone. At these higher levels of H2O2
exposure, pre-incubation with the Whole mixture did not prevent HO-1 expression.
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Figure 5.10. Induction of HO-1 protein synthesis in HUVECs by the Whole mixture and 2.5 µM
H2O2.
Effect on cellular HO-1 protein levels in HUVECs treated with the Whole mixture (1x) for 18 h, followed
by 6 h 0-40 µM H2O2 exposure. (A) Western immunoblots and (B) Graphed densitometry data (fold
change relative to 0 µM H2O2 control) are representative of four independent experiments (mean ±
SD). **(p < 0.01): Values are significantly different to each other by two-sample t-test. Protein bands
within the same dividing line are from the same gel.

The synergistic effect of phenolic acids with 2.5 µM H2O2 on HO-1 induction was further explored, and
a clear dose-dependent effect of increasing concentrations of the phenolic acid Whole mixture was
observed (Figure 5.11A, B). Regression analysis confirms that the dose-dependent induction of HO-1
by the Whole mixture treatment is only apparent in cells exposed to 2.5 µM H2O2 (Figure 5.11D) but
not when cells were exposed to the whole mixture alone (Figure 5.11C).
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Figure 5.11. Dose-dependent Induction of HO-1 protein synthesis in HUVECs by the Whole
mixture and 2.5 µM H2O2.Dose-dependent induction of HO-1 protein production in HUVECs treated
for 18 h with the Whole mixture of blueberry phenolic acids at 1x, 10x, and 100x physiological
concentrations, followed by 6 h treatment without or with 2.5 µM H 2O2. (A) Representative Western
immunoblots of four independent experiments and (B) their graphed densitometry data (relative to
relevant control) analysed by two-way ANOVA with “Whole mixture dose” and “H2O2 treatment” as the
two factors: there was a significant effect of “Whole mixture dose” (p = 0.038), “H 2O2” (p < 0.0001),
and a significant effect for the interaction between both factors (p = 0.039). **(p < 0.01), фp = 0.056,
ψ(p = 0.277): Values are significantly, marginally, or not significantly different, respectively, to each
other by two-sample t-test. (C, D) Linear regressions on Log-Log transformed data of the same data in
panel B: Cells treated with Whole mixture (1x, 10x, and 100x) for 18 h alone (C) or with a further 6 h
with 2.5 µM H2O2 (D). All data represent mean ± SD. The association between HO-1 cellular levels
and dose of Whole mixture in the presence of H2O2 is statistically significant (p < 0.001, R2 = 0.781),
but not in the absence of H2O2 (panel D vs panel C).
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GCLM
Protein expression of GCLM, another downstream target of Nrf2, was affected in a manner similar to
HO-1, with a trend towards upregulation in HUVECs exposed to 2.5 µM H2O2 following 18 h pretreatment to the Whole phenolic acid mixture (Figure 5.12). Unlike with HO-1 expression, no apparent
dose-response effect was observed with GCLM protein expression (Figure 5.12B): all three doses of
the Whole mixture at 1x, 10x and 100x, showed a significant (p < 0.05) or nearly-significant
(p = 0.062) ~1.5 fold increase in GCLM levels relative to control.

Figure 5.12. Induction of GCLM protein synthesis in HUVECs by the Whole mixture and 2.5 µM
H2O2.
(A) Western immunoblots and (B) graphed densitometry data (fold change relative to relevant control)
showing the dose-dependent effect on GCLM induction by the Whole mixture of blueberry phenolic
acids at 1x, 10x, and 100x physiological concentrations in HUVECs treated for 18 h followed by 6 h
treatment without or with 2.5 µM H2O2. Values are mean ± SD of five independent experiments. *(p <
0.05): Values significantly different to control (+2.5 µM H2O2, one sample t-test). фp = 0.062 vs control
(+2.5 µM H2O2, one-sample t-test).
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5.3. Discussion
A popular claim on how the intake of phenolic compounds such as the blueberry-derived phenolic
acids, protocatechuic and gentisic acids, may promote vascular health is that these compounds can
act as direct free-radical scavengers and therefore mitigate cellular oxidative stress [3, 4]. Much of the
evidence for this claim comes from: (1) theoretical and computational work characterising
thermodynamic parameters such as bond dissociation energy and ionisation potential, which reflect
the ability of these compounds to scavenge free radicals or prevent oxidation [3, 4, 325, 326]; (2)
Studies employing redox-based antioxidant assays showing the ability of phenolic compounds in
preventing/reducing the oxidation of a free radical probe or an oxidisable substrate [3, 256-258, 327].

However, this hypothesis is now largely questioned due to a lack of supporting evidence [5, 84, 259,
260]: physiologically-observed concentrations of phenolic acid metabolites are very low, within the low
nM-low µM range. At this concentration range, these compounds are unlikely to fulfil the kinetic
requirements needed to reach significant antioxidant reaction rates [256], especially in the presence
of other kinetically more competitive and abundant endogenous antioxidants such as ascorbic or uric
acid, with plasma concentrations as high as 100 µM or 450 µM, respectively [5, 69, 259, 260].
Instead, as shown in recent cell-culture based investigations, at physiologically-achievable
concentrations, phenolic acid metabolites appear to improve endothelial function partly by operating
as cell-signalling molecules that activate cellular pathways which regulate oxidative processes and
hence protect against oxidative stress [81, 82, 215, 262, 266, 308].

Based on recent evidence from the above-mentioned studies, it was hypothesised in this research
that bioavailable blueberry-derived phenolic acid aglycones could operate as an ‘indirect antioxidant’
by inducing Nrf2 activity and its downstream antioxidant response proteins; HO-1 and GCLM, and that
the presence of different phenolic acids is likely important in affecting the observed bioactivity. The
work described in this chapter was aimed at determining whether there are differential or cumulative
effects between different mixtures of bioavailable blueberry-derived phenolic acid aglycones in
inducing the activity of Nrf2-regulated antioxidant responses; HO-1 and GCLM, in the presence or
absence of physiologically-relevant concentrations of H2O2 (≤40 µM) [328].
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Under normal conditions, Nrf2 is a short-lived transcription factor residing principally in the cytoplasm
constitutively repressed by Keap1 and subjected to ubiquitination and proteasome degradation by the
CuI3-E3-ubiquitin ligase complex [267, 268] (Figure 1.18 A, B). Alternatively, an emerging
mechanism by which Nrf2 can be concomitantly negatively-regulated independently of Keap1 is by
another repressor protein, PTEN that is thought to antagonise the PI3K/Akt signalling pathway and
hence rendering Nrf2 inactive [268] (Figure 1.18 C,D). Regardless of the mechanism, to induce
cellular antioxidant responses, Nrf2 needs to translocate to the nucleus to promote the expression of
ARE-containing genes [329, 330], including those important for vascular protection such as HO-1 and
GCLM [278, 319].

5.3.1. Blueberry-derived phenolic acid aglycones are non-toxic and did
not exhibit hormesis-based effects
One popular hypothesis in which phytochemicals including blueberry phenolic compounds are thought
to confer health benefits is via hormesis [331, 332], a process by which a potentially toxic compound
can exert a beneficial effect when present at low concentrations. One mechanism whereby
phytochemicals may induce a hormetic response includes the induction of the adaptive cellular stress
response pathways such as Nrf2 activation that increase cellular resistance to injury and disease
[331, 332]. The isothiocyanate SFN, is a good example of a phytochemical proposed to exhibit
hormesis [331, 332], where treatment dose appears to be a defining factor in determining endothelial
bioactivity or cytotoxicity. Specifically, as reported in this chapter, at 20 µM, SFN was found to
increase apoptosis and decrease metabolic activity of pre-treated HUVECs relative to control cells.
Similarly, an increase in SFN concentration from 20 to 30 µM caused decreased cell viability in
human endothelial cells and astrocytes as previously reported in the literature [333]. At present,
whether bioavailable blueberry-derived phenolic acid aglycones could induce vascular bioactivity via
hormesis is unknown.

There was no evidence of cytotoxicity of the phenolic acid mixtures even at 100x physiological
concentrations. These findings suggest that unlike certain flavonoids such as quercetin or naringenin
which demonstrated some cytotoxicity at 100 µM [262], high concentrations (127-515 µM) of phenolic
acids appeared relatively benign to endothelial cells. The findings reported in this chapter are in good
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agreement with previous studies [215, 263, 264, 318] that have shown that at ≤10 µM, phenolic acid
aglycones and their phase II metabolites did not compromise the viability of HUVECs.

5.3.2. Nrf2-regulated antioxidant responses were induced by phenolic
acids when primed with low sub-lethal H2O2 concentration
Based on the time-course experiments between 1-24 h, it was found that pre-treating HUVECs with
the Early, Late, or Whole mixture at 1x and 10x physiological concentrations marginally increased
nuclear Nrf2 at 1, 3, and 6 h and HO-1 cellular levels at 3, 6, and 12 h, suggesting that under basal
conditions, blueberry-derived phenolic acids minimally affect Nrf2 induction in endothelial cells.

Recent studies [263, 264] suggest that when oxidative balance in endothelial cells is perturbed by
high glucose or γ-irradiation, low nM concentrations of caffeic or ferulic acid could mediate a
cytoprotective response by activating Nrf2-regulated antioxidant responses. Therefore, the potential
for the blueberry-derived phenolic acids to increase the activity of Nrf2-regulated antioxidant
responses in HUVECs exposed to sub-lethal concentrations of H2O2 was investigated. This involved
pre-treating HUVECs for 18 h with each of the three phenolic acid mixture followed by 3 or 6 h
exposure to 2.5-40 µM H2O2 for studying Nrf2, or HO-1 and GCLM levels, respectively. Pre-incubation
with the mixtures for 18 h was selected based on participant phenolic acid plasma concentration-time
profiles (Figure 4.2) which indicated that plasma levels of many of the phenolic acids were still
increasing at 8 h as seen for gentisic, protocatechuic, p-coumaric, dihydro-m-coumaric, dihydrocaffeic
and trans-ferulic acids; or for vanillic acid whose plasma concentration at 8 h remained high at ~600
nM. This indicates a relatively sustained exposure time in vivo. Furthermore, previous studies [263,
264] have shown that pre-treatment for ≥18 h with caffeic or ferulic acid in HUVECs challenged with
high-glucose or γ-irradiation resulted in increased nuclear Nrf2 activation and subsequently increased
HO-1 and/or GCLM activities.

Application of H2O2 at sufficiently high concentrations (≥15 µM) in non-endothelial cultured
mammalian cells [324] such as HeLa cells [334] is known to activate Nrf2 and its downstream targets.
Therefore, the effect of 3 or 6 h treatment with different concentrations of H 2O2 on Nrf2 activation and
HO-1 induction in HUVECs was investigated. The time points were chosen to model the time taken

Chapter 5: Effects of blueberry-derived phenolic acids on Nrf2-regulated antioxidant
responses in endothelial cells

165

for the cells to fully consume H2O2 and to activate nuclear Nrf2 and transcribe HO-1, as shown earlier
in this chapter. The concentration of 2.5 µM H2O2 was selected based on the observation that after
6 h treatment with increasing H2O2 concentrations, particularly at 20 and 40 µM H2O2, HO-1
expression was several fold higher than basal level in non-peroxide-treated control. This finding is
consistent with the idea that while high sub-lethal H2O2 concentrations particularly in the range of 2136 µM [328] are not particularly toxic to cells, they are stressful to them. It was also found that at 2.540 µM, H2O2 was neither toxic nor metabolically-compromise HUVECs.

When HUVECs were pre-treated with the Whole phenolic acid mixture (1x), increased HO-1
expression was observed only when the cells were primed with 2.5 µM H 2O2: this effect was not
apparent at H2O2 concentrations ≥10 µM, where HO-1 induction was strongly driven by H2O2 alone.
Similarly, a small but significant increase in GCLM protein expression was found to be induced by the
Whole mixture at 1x when primed with 2.5 µM H2O2. These observations collectively suggest that
endothelial cells pre-exposed to physiologically-relevant concentrations of blueberry-derived phenolic
acids may adapt better to a mild oxidative challenge from low-level H2O2. It was recently speculated
that 1-5 µM H2O2 is typically encountered in the circulation of healthy humans [328].

At 1x concentration, of the three phenolic acid mixtures, only the Whole mixture trended towards a
small fold increase of ~1.2-2 in nuclear Nrf2 levels. Given that both HO-1 and GCLM were clearly
upregulated by treatment with the Whole mixture in combination with H2O2, this suggests that this is
likely a Nrf2-upregulated process, with induction of gene expression being more readily monitored. A
small change in transcription factor expression can cause a bigger effect on gene expression.

5.3.3. Relationship between dose-dependent induction of HO-1 by the
Whole mixture and possible molecular mechanisms
Despite the significant induction of HO-1 and GCLM in HUVECs treated with the Whole mixture and
primed with 2.5 µM H2O2, only the induction of HO-1 increased dose-dependently with treatment dose
(1x—100x) of the Whole mixture. In contrast, all three doses of the Whole mixture showed a similar
degree of GCLM induction. These findings suggest that the blueberry-derived phenolic acids may
activate specific transcription factors and/or signalling cascade(s) related to Nrf2 activation that
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mediate additional synthesis of HO-1. For example, a potential mechanism that could mediate
additional induction of HO-1 involves brahma-related gene 1 (BRG1), which has been shown to
recruit Nrf2 to the promoter of the HO-1 gene, but not to that of other phase 2 detoxifying genes
regulated by Nrf2 such as NADPH:Quinone oxidoreductase 1 [335]. Alternatively, the phenolic acids
in the Whole mixture may modulate the activity of other redox-dependent transcription factors in
addition to Nrf2 such as BTB domain and CNC homolog 1 (Bach1), NF-kB or activating protein-1;
these are involved in the transcriptional regulation and activation of HO-1 gene independently of Nrf2,
and could therefore contribute toward increased HO-1 expression without affecting expression of
other Nrf2-regulated genes including GCLM [336]. Future work is thus important to clarify the precise
signalling cascade(s) and other redox-sensitive transcription factors activated by the blueberryderived phenolic acids likely to be implicated in the observed dose-dependent induction of endothelial
HO-1 expression.

5.3.4. Physiological implications
The induction of HO-1 and GCLM by the Whole mixture at all doses was generally small, with no
greater than a 2-fold increase when primed with 2.5 µM H2O2. These findings suggest that
physiologically-relevant concentrations of blueberry-derived aglycone phenolic acids could mount a
small protective Nrf2-mediated response. That this effect is achieved with 2.5 µM H2O2 may be
relevant to an in vivo setting, as it was recently suggested that similarly low plasma concentrations of
H2O2 (<10 µM) could occur in healthy people, with higher concentrations (>10 µM) more likely
implicated in people with certain disease states or chronic inflammation [324, 328]. In the context of
preventing chronic disease or maintenance of good health, it is likely that a small increase in Nrf2regulated antioxidant responses could be important, conferring a health benefit rather than inducing a
response to a toxic challenge. The latter scenario could be modelled by 20 µM SFN in this research,
which induced ~9 fold increase in HO-1 expression and initiated cellular apoptosis and reduced
metabolic activity.

In summary, the findings reported in this chapter are in good agreement with recent publications
which show that phenolic acid aglycones in the nM–low µM range could induce some upregulation of
HO-1 and GCLM expression in cultured human vascular endothelial cells in the presence of oxidative
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stress; 10 nM caffeic acid resulted in 2-3 fold induction of HO-1 in HUVECs [263], and 0.1–10 µM
vanillic acid caused a 1.5–2 fold increase in HO-1 expression in endothelial cells [318]. Exposure to
0.5-5 µM ferulic acid could dose-dependently increase Nrf2 nuclear levels and an increased
messenger ribonucleic acid (mRNA) expression of HO-1 and GCLM over an 18 h pre-treatment
period [264]. Together, these findings collectively indicate that there is a small upregulation of the Nrf2
signalling pathway in human endothelial cells exposed to physiologically-relevant concentrations of
bioavailable phenolic acids.
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Chapter 6

Effects of blueberry-derived phenolic
acids on endothelial cell monocyte
adhesion
6.1. Introduction
Inflammation can either be beneficial or disruptive to the body [175]. When an infection or tissue injury
occurs, inflammation is triggered as a short-term physiological response directed at isolation and
clearance of pathogens and harmful substances which usually results in healing: white blood cells
occupy the damaged region, remove the noxious stimulus and repair the underlying tissues [203].
Therefore, intermittent and short-term bouts of inflammation intended for re-establishment of
homeostasis are considered beneficial [260].

In contrast, low-grade chronic inflammation is a prolonged and maladaptive inflammatory response
that persists in the absence of an infection or tissue injury which usually inflicts tissue damage and
foils attempts at tissue repair [203]. Thus, it is a major contributing factor in the pathology of many
diseases related to vascular dysfunction including CVD, type-2 diabetes mellitus, cognitive and
neurodegenerative diseases such as Alzheimer’s disease, depression and cancer [203, 206, 207].
Low-grade chronic inflammation is characterised by constant expression of vascular adhesion
molecules implicated in atherosclerosis development such as ICAM-1 [337], VCAM-1 [338] and Eselectin [339] on the surface of endothelial cells, which in turn results in recruitment of circulating
white blood cells including monocytes [174].

Adhesion of monocytes to the endothelium occurs at the beginning of atherosclerotic plaque
development and reducing adhesion is regarded as beneficial [174, 207, 208]. Recent studies have
shown that anthocyanin-derived [215], or blueberry-derived [216] phenolic acid metabolites could
reduce adhesion of monocytes to TNFα-activated endothelial cells at physiologically-relevant
concentrations. However, effects on monocyte adhesion to TNFα-activated endothelial cells for some
of the phenolic acids such as protocatechuic acid are not consistent between both studies: 0.2-2 µM
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protocatechuic acid was reported to reduce monocyte adhesion [215], whereas 650 nM
protocatechuic acid was found to increase monocyte adhesion [216]. More work is therefore needed
to determine whether blueberry-derived phenolic acids can affect monocyte adhesion to endothelial
cells under simulated inflammatory conditions.

6.1.1. Chapter Aims
The work in this chapter was aimed at advancing understanding of the potential cumulative or
antagonistic effects between blueberry-derived phenolic acid metabolites on endothelial cell monocyte
adhesion. To achieve this, reliable quantitative assays to measure expression of endothelial cell
adhesion molecules, and for quantifying the number of monocytes adhering to a given number of
HUVECs were required. Specifically, the aims of this chapter were:

1. To use a flow cytometry assay to study surface expression of the cell adhesion molecules
ICAM-1, VCAM-1, and E-selectin in HUVECs and to determine the effect of physiologicallyrelevant concentrations of blueberry-derived phenolic acid mixtures on TNFα-activated
expression of each adhesion molecule.

2. To use a flow cytometry assay to determine the number of monocytes adhering to a given
number of HUVECs, and to determine the effect of blueberry-derived phenolic acid mixtures
on adhesion of monocytes to TNFα-activated HUVECs.

6.1.2. Experimental Approach
Confluent HUVEC monolayers were stimulated with TNFα at 1 ng/mL, which has previously been
used to mimic low-grade inflammatory conditions [340] and to induce cell surface expression of the
adhesion molecules ICAM-1, VCAM-1 and E-selectin. The effect of pre-treatment with the Whole,
Early or Late phenolic acid mixture on subsequent TNFα-mediated surface expression of each of the
three adhesion molecules in HUVECs was determined by detection with the corresponding
phycoerythrin-conjugated antibodies, and subsequent detection by flow cytometry. Surface
expression level was normalised to that found for TNFα control.
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To study the effect of the blueberry-derived phenolic acids on TNFα-activated endothelial cell
monocyte adhesion, PBMCs were freshly isolated from whole human blood [288]. Participants gave
their informed consent for this study, which received ethical approval from the New Zealand Health
and Disability Ethics Committees (Ethics ref: URA/06/12/083/AM05). Confluent HUVEC monolayers
were pre-treated with the Whole, Early or Late phenolic acid mixture for 4 or 18 h prior to TNFα
exposure, followed by co-incubation for 0.5 h with a standardised number of PBMCs per well
(Section 2.4.7.1). Non-adherent cells were removed by washing with PBS and the adherent cells
removed with trypsin. The number of adherent monocytes were monitored following addition of
fluorescently-labelled phycoerythrin-conjugated CD14 antibody which recognises the CD14
differentiation antigen expressed on the surface of mature human peripheral blood monocytes [341,
342]. Reduction in monocyte adhesion was normalised to that found for TNFα control.

Activation of PPARγ has been shown to reduce TNFα-mediated monocyte adhesion to HUVECs
without altering expression of ICAM-1, VCAM-1, or E-selectin [214]. To determine whether this
pathway may be implicated, it was therefore investigated whether the PPARy inhibitor, GW 9662 was
able to block the inhibition of endothelial cell monocyte adhesion by 4 h pre-treatment of HUVECs
with the phenolic acid mixture identified to consistently reduce monocyte adhesion. In addition,
HUVECs pre-treated with the PPARγ agonist, rosiglitazone, was used as an experimental positive
control for this assay: where pre-treatment of HUVECs with rosiglitazone is expected to reduce TNFαmediated adhesion of monocytes to HUVECs, and this reduction can be blocked by GW 9662 [343].

6.2. Results
6.2.1. Measurement of adhesion molecule expression by HUVECs following
activation with TNFα
Firstly, it was important to standardise the conditions for inducing increased expression of the
adhesion molecules ICAM-1, VCAM-1 and E-selectin on the surface of HUVECs. This involved the
use of a gating strategy during flow cytometry in which dead cells and cellular debris were excluded to
ensure that only live HUVECs were analysed. Increases in expression were quantified either by
comparing change in mean fluorescence intensity or change in the proportion of HUVECs expressing
the adhesion molecule due to specific treatment conditions relative to control. In the case of ICAM-1

170

Chapter 6: Effects of blueberry-derived phenolic acids on endothelial cell monocyte adhesion
where basal expression in the absence of TNFα is high, the change in expression due to TNFα was
quantified by determining the shift in mean fluorescence intensity (Figure 6.1). As for VCAM-1 and Eselectin, unstimulated HUVECs showed negligible basal expression; thus, expression of VCAM-1 and
E-selectin due to TNFα was quantified by comparing change in cell proportion expressing each type
of adhesion molecule. The activation of HUVECs with 1 ng/mL TNFα for 2 h clearly increased surface
expression levels of ICAM-1, VCAM-1 and E-selectin as evident from increased mean fluorescence
intensity and proportion of HUVECs expressing the adhesion molecule relative to control HUVECs
(Figure 6.1). Basal expression levels of VCAM-1 and E-selectin were very low in non-activated
HUVECs, while basal expression level of ICAM-1 was ~3.8x lower than in TNFα-challenged
HUVECs.
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Figure 6.1. Induction of adhesion molecule expression on HUVECs by TNFα.
Representative flow cytometry single-parameter histograms showing expression of ICAM-1, VCAM-1,
or E-selectin on HUVECs under unstimulated conditions or stimulated with 1 ng/mL TNFα for 2 h. The
y-axis is a linear scale representing the number of cells counted, while the x-axis is a logarithmic
scale representing the fluorescence intensity due to the expression of the indicated adhesion
molecule. A rightward shift along the x-axis indicates increased expression and the reported % values
show the proportion of HUVECs within the gated population that express the indicated adhesion
molecule.
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6.2.2. Effect of the Whole, Early, or Late phenolic acid mixture on surface
expression of ICAM-1, VCAM-1, or E-selectin by HUVECs following
activation with TNFα
The flow cytometry-based cell adhesion molecule expression assay was used to investigate whether
pre-treatment of HUVECs with the Whole, Early or Late phenolic acid mixture could reduce TNFαinduced expression of ICAM-1, VCAM-1, or E-selectin. Pre-treatment with any of the three mixtures at
0.1, 1, 10, or 100x concentrations, had no significant effect on the surface expression of any of the
three cell adhesion molecules relative to TNFα controls (Figure 6.2). There was a small (<5%) but
significant (p < 0.05) reduction of ICAM-1 surface expression by the Early mixture at 10x dose, while
0.1x Early or 10x Late mixture induced a small (5-7%) and significant (p < 0.05) increase in ICAM-1
expression (Figure 6.2A). Similarly, a small (~8%) and significant reduction (p < 0.05) of VCAM-1 or
E-selectin surface expression was observed in HUVECs pre-treated with 100x Whole (Figure 6.2B)
or 1x Early mixture (Figure 6.2C), respectively. However, these were minor changes and overall there
was no consistent reduction of surface expression levels.

A
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B

C

Figure 6.2. Effect of pre-treating HUVECs with different blueberry-derived phenolic acid
mixture on TNFα-induced adhesion molecule expression.
HUVEC monolayers in M199-complete were pre-treated with vehicle control (<0.1% DMSO, v/v), or
the Whole, Early, or Late phenolic acid mixture at 0.1, 1, 10 or 100x physiological concentrations for 4
h, prior to a 2-h further incubation without or with 1 ng/mL TNFα. Surface adhesion molecule
expression of (A) ICAM-1, (B) VCAM-1, or (C) E-selectin was monitored with phycoerythrin-labelled
antibodies and flow cytometry. Surface expression level of each adhesion molecule was normalised
to the value found for HUVECs treated with TNFα only (i.e. (+)TNFα control). All Values are plotted as
mean ± SD of three independent experiments. *(p < 0.05), ****(p < 0.0001): Values are significantly
different to TNFα-activated control by one-sample t-test.
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6.2.3. Monitoring monocyte adhesion to HUVECs activated with TNFα
As PBMCs isolated from whole blood consist primarily (≥ 98% approx.) of the lymphocytes and
monocytes [344], it was important to clearly distinguish between the two cell types in flow cytometry
analysis. Adhesion of PBMCs including HUVECs could be confirmed by phase-contrast microscopy,
where it is clear that TNFα-activation causes HUVECs to bind PBMCs more aggressively (Figure
6.3). However, as this does not allow for quantification of the number of monocytes adherent to
HUVECs, microscopy was used only for visual comparison to complement the quantitative data
generated by flow cytometry.

Monocytes are larger than lymphocytes and can be clearly distinguished from lymphocytes as shown
in a mixed population of lymphocytes, monocytes and HUVECs (Figure 6.4, middle row). As the
work in this research aimed to measure the number of monocytes adhering to a given number of
HUVECs, the gating strategy used in the flow-cytometry based monocyte adhesion assay involves
analysis of HUVECs and monocytes only. Monocytes were easily distinguished from HUVECs based
on their relatively smaller size, as well as by labelling them to phycoerythin-conjugated CD14 antibody
(Figure 6.4, bottom row).

The monocyte adhesion assay described in Figure 6.4 shows good specificity for quantifying the
number of monocytes adhering to a given number of HUVECs. Basal adhesion of monocytes to
unstimulated HUVECs was low, with a marked increase following activation with TNFα (Figure 6.4).
These observations are consistent with the increased expression of ICAM-1, VCAM-1 and E-selectin
in TNFα activated HUVECs relative to non-activated HUVECs (Figure 6.2).

A comparison of the forward-side scatter plots between HUVEC-PBMC co-culture activated or not
with TNFα shows no noticeable differences in the number of lymphocytes (Figure 6.4, middle panel),
suggesting that under the experimental conditions of the monocyte adhesion assay, lymphocyte
binding to HUVECs were minimally affected. Considering that lymphocytes account for ~70-90% of
total PBMCs, with monocytes accounting for the remaining proportion [344], this finding indicates that
HUVECs pre-treated with TNFα specifically recruit monocytes, but not lymphocytes which were
mostly removed during the PBS wash steps.
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A

+HUVECs

B

+HUVECs, +PBMCs

C

+HUVECs, +TNFα, +PBMCs

Figure 6.3. Monocyte adhesion to HUVECs as seen by phase-contrast microscopy.
(A) Control HUVEC, not exposed to TNFα and without PBMCs; (B) HUVECs co-incubated with
PBMCs, followed by washing to remove non-adherent cells; (C) HUVECs exposed to TNFα and coincubated with PBMCs, followed by washing to remove non-adherent cells. HUVECs lost their
cobblestone morphology due to the PBS washes. Black arrows show typical HUVECs, while yellow
arrows shows typical PBMCs. It is clear that there was minimal adhesion of PBMCs to non-activated
HUVECs (Panel B) when compared to TNFα-activated HUVECs (Panel C). All images were taken
with an Olympus DP21 camera, viewed with a 10x objective lens.
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Figure 6.4. Monitoring monocyte adhesion to HUVECs by flow cytometry.
Representative phase-contrast micrographs (images were taken with an Olympus DP21 camera,
viewed with a 10x objective lens) and their accompanying flow cytometry single-parameter histogram
data. (Column A); HUVECs not stimulated with TNFα nor co-incubated with PBMCs. (Column B);
HUVECs not stimulated with TNFα, but co-incubated with PBMCs (Column C); HUVECs stimulated
with TNFα, followed by co-incubation with PBMCs. Micrographs shown across the top panel were
captured after washing cells with PBS and re-suspension in M199-complete for imaging. Yellow arrow
shows a typical PBMC, while black arrow shows a HUVEC. In the middle panel, the gating strategy
involves inclusion of only monocytes and HUVECs as embedded in the rectangular zone, while
lymphocytes and cellular debris were excluded. Cells labelled and pointed with arrow in black, green,
or red are HUVECs, monocytes, or lymphocytes, respectively. The lower panel shows a series of
single-parameter histogram in which the y-axis is a linear scale representing the number of cells
counted, while the x-axis is a logarithmic scale representing the fluorescence intensity due to the
presence of CD14 differentiation antigen expressed on the surface of monocytes. A rightward shift
along the x-axis indicates increased monocyte adhesion, and the % value shown indicates the
proportion of cells within the gated data identified as monocytes.
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6.2.4. Effect of the Whole, Early, or Late phenolic acid mixture on
monocyte adhesion to TNFα-activated HUVECs
The effect of the three phenolic acid mixtures on monocyte adhesion was investigated following preincubation of HUVECs to the compounds at four doses ranging from 0.1—100x of physiological
concentrations for either 4 h or 18 h before addition of TNFα and monocytes.

6.2.4.1.

Effect of 4 h pre-treatment on endothelial cell monocyte adhesion

When viewed by microscopy, there was no apparent difference between the extent of monocyte
adhesion with or without pre-treatment to the phenolic acid mixtures (Figure 6.5), but this method was
not sensitive enough to quantify more minor changes. Therefore, the PBMC-HUVEC co-cultures were
harvested and subjected to flow cytometry analysis (Figures 6.6 and 6.7).

Figure 6.5. Phase contrast microscopy of monocyte adhesion to HUVECs pre-treated with
different phenolic acid mixtures for 4 h.
Row A: HUVECs in M199-complete pre-treated for 4 h with vehicle control (<0.1%, v/v DMSO),
followed by 2 h of incubation in normal medium, and 0.5 h co-incubation without or with PBMCs. In
the absence of TNFα, basal adhesion of monocytes to HUVECs is low.
Row B: HUVECs pre-treated for 4 h with vehicle control, or the Whole, Early or Late mixture each at
physiological concentration (1x), followed by 2 h activation with 1 ng/mL TNFα and 0.5 h further coincubation with PBMCs. TNFα-activated HUVECs bind more monocytes than those under resting
conditions.
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Of the three phenolic acid mixtures, pre-treatment of HUVECs with the Late mixture at all four doses
significantly reduced subsequent TNFα-induced endothelial cell monocyte adhesion, with up to 20%
fewer cells adherent to the HUVEC monolayer (Figures 6.6 and 6.7). Interestingly, there did not
appear to be a dose-dependent effect (Figure 6.7A). In contrast, neither the Whole nor the Early
mixture significantly affected TNFα-induced endothelial cell monocyte adhesion at any of the tested
doses.

As there was no obvious dose-dependent effect, to determine whether there was a differential effect
between the three phenolic acid mixtures in their ability to reduce monocyte adhesion to HUVEC
stimulated with TNFα, one-way ANOVA with Tukey-HSD multiple comparisons test was conducted
using the collective data at all four doses of the Whole, Early, or Late mixture pre-treated samples
(Figure 6.7B). This analysis revealed that the Late mixture was superior over the other two mixtures
in favourably reducing monocyte adhesion to TNFα-stimulated HUVECs, suggesting that the
composition of bioavailable blueberry-derived phenolic acid metabolites is an important factor in
affecting its subsequent anti-inflammatory bioactivity.
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Figure 6.6. Effect of 4 h pre-treatment of HUVECs with different phenolic acid mixtures on
TNFα-induced endothelial cell monocyte adhesion.
Representative flow cytometry analysis summarised as single-parameter histograms on HUVECs pretreated with (A) Vehicle Control (0.071%, v/v DMSO in M199-complete); (B) Whole; (C) Early, or Late
phenolic acid mixtures at 0.1, 1, 10, or 100x physiological concentrations for 4 h, on monocyte
adhesion to HUVECs challenged with TNFα. In each single-parameter histogram, the y-axis is a linear
scale representing the number of cells counted, while the x-axis is a logarithmic scale representing
the fluorescence intensity due to the presence of CD14 differentiation antigen expressed on the
surface of monocytes. A rightward shift along the x-axis indicates increased monocyte adhesion, and
the % values shown indicate the proportion of cells identified as monocytes.
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B

Figure 6.7. Differential effect of 4 h pre-treatment of HUVECs with different phenolic acid
mixtures on TNFα-induced endothelial cell monocyte adhesion.
(A) Effect of treating HUVECs with the Whole, Early, or Late phenolic acid mixture at 0.1, 1, 10, or
100x physiological concentrations for 4 h on TNFα-mediated endothelial cell monocyte adhesion.
Results are mean ± SD of five—eight independent experiments normalised to TNFα control (value
normalised at 100%). **p<0.01, ****p<0.0001 by one sample test. (B) Collective effect of 4 h pretreatment with Whole, Early, or Late phenolic acid mixture (0.1—100x physiological concentrations
inclusive) on TNFα-stimulated monocyte adhesion to HUVECs. Results are mean ± SD of 20—32
independent samples normalised to TNFα. **p < 0.01, ****p < 0.0001 by one-way analysis of variance
followed by Tukey’s HSD multiple comparison’s test.
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6.2.4.2.

Effect of 18 h pre-treatment on endothelial cell monocyte
adhesion

While 4 h pre-treatment with the Late mixture favourably decreased monocyte adhesion to TNFαstimulated HUVECs, interestingly, no significant effect was observed when HUVECs were pre-treated
for an extended period of 18 h with the Late mixture prior to TNFα stimulation and co-incubation with
PBMCs (Figures 6.8 and 6.9). These results suggest that effects mediated by the Late mixture are
‘transient’ and that prolonged pre-treatment such as 18 h, would result in loss of efficacy.
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Figure 6.8. Effect of 18 h pre-treatment of HUVECs with different phenolic acid mixtures on
TNFα-induced endothelial cell monocyte adhesion.
Representative flow cytometry analysis summarised as single-parameter histograms on HUVECs pretreated with (A) Vehicle Control; (B) Whole; (C) Early, or Late phenolic acid mixtures at 0.1, 1, 10, or
100x physiological concentrations for 18 h, on monocyte adhesion to HUVECs challenged with TNFα.
In each single-parameter histogram, the y-axis is a linear scale representing the number of cells
counted, while the x-axis is a logarithmic scale representing the fluorescence intensity due to the
presence of CD14 differentiation antigen expressed on the surface of monocytes. A rightward shift
along the x-axis indicates increased monocyte adhesion, and the % value shown indicates the
proportion of cells identified as monocytes.
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Figure 6.9. Summarised results on the effect of 18 h pre-treatment of HUVECs with different
phenolic acid mixtures on TNFα-induced endothelial cell monocyte adhesion.
(A) Effect of treating HUVECs for 18 h with the Whole, Early, or Late phenolic acid mixture mixtures at
0.1, 1, 10, or 100x physiological concentrations on monocyte adhesion. Results are means ± SD of
four independent experiments normalised to TNFα control. (B) Collective effect of 18 h treatment with
Whole, Early, or Late phenolic acid mixture (0.1—100x physiological concentrations inclusive) on
TNFα-stimulated monocyte adhesion to HUVEC. Results are mean ± SD of 16 independent samples
normalised to TNFα.
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6.2.5. Effect of the Whole, Early, or Late phenolic acid mixture on
peroxisomal proliferator-activated receptor-γ (PPARγ) activation
As the phenolic acid mixtures did not affect surface expression of the three endothelial cell adhesion
molecules, it is possible that the observed reduction in monocyte adhesion following TNFα-activation
was instead mediated by a change in the binding ability of ICAM-1, VCAM-1, or E-selectin. One such
mechanism may involve activation of PPARγ, which has been shown to post-translationally alter the
profile of surface N-glycans of endothelial cell adhesion molecules, resulting in decreased tendency
for HUVECs to bind circulating monocytes [214]. Therefore, activation of PPARγ was investigated as
a possible mechanism underlying the reduction in monocyte adhesion: this involved investigating
whether the PPARγ inhibitor, GW 9662, was able to affect the inhibition of endothelial cell monocyte
adhesion by 4 h pre-treatment of HUVECs with the Late mixture. In addition, HUVECs pre-treated
with the PPARγ agonist, rosiglitazone, was used as an experimental positive control for this assay:
where pre-treatment of HUVECs with rosiglitazone is expected to reduce TNFα-mediated adhesion of
monocytes to HUVECs, and this reduction can be blocked by GW 9662 [343].

Similar to previous observations (Figures 6.6 and 6.7), 4 h pre-treatment of HUVECs with the Late
mixture at all doses consistently reduced the extent of monocyte adhesion to TNFα-activated
HUVECs relative to vehicle-control pre-treated TNFα (Figure 6.10). However, GW 9662 did not affect
the inhibition of monocyte adhesion by the Late mixture; and similarly, rosiglitazone did not reduce
monocyte adhesion. In theory, GW 9662 should inhibit monocyte adhesion, while rosiglitazone should
reduce monocyte adhesion, by repressing or activating PPARγ, respectively [214, 343, 345].
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Figure 6.10. Role of the peroxisomal proliferator-activated receptor-γ in the anti-inflammatory
effect of the ‘Late’ phenolic acid mixture.
Effect of pre-treating HUVECs for 4 h with the PPARγ agonist, rosiglitazone (2 µM), the PPARy
inhibitor GW 9662(5 µM), or the late phenolic acid mixture at 0.1, 1, 10, or 100x physiological
concentrations on monocyte adhesion to TNFα-challenged HUVECs. Results are mean ± SD of three
independent experiments, normalised to TNFα control (value set at 100%). фp = 0.06, *p < 0.05, **P <
0.01 by one-sample t-test.
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6.3. Discussion
6.3.1. Effects of blueberry-derived phenolic acid mixtures on adhesion
molecule surface expression and the relationship to monocyte
adhesion
There is much interest in recommending the regular intake of high-polyphenol food product such as
blueberries to reduce the incidence and severity of low-grade chronic inflammation. However, at
present, there is limited data from human RCTs to support this [218, 219, 222, 346, 347] and
mechanistic studies are therefore needed to clarify the potential anti-inflammatory effects and
pathways affected by bioavailable blueberry-derived phenolic acid metabolites to improve
understanding on how blueberries may be used to manage the incidence and severity of low-grade
chronic inflammation [68].

The work presented in this chapter provides new findings describing the effects of three phenolic acid
mixtures that model circulating concentrations after a single intake of blueberry juice on TNFαinduced expression of ICAM-1, VCAM-1 and E-selectin and on endothelial cell monocyte adhesion.
The TNFα concentration used in all experiments was 1 ng/mL which is very close to the median
plasma TNFα concentration (1.6—2.2 ng/mL) reported for healthy middle-aged men that have
previously suffered myocardial infraction [348], and which has been recently used by others [215,
340] to model low-grade inflammation in vitro. This is in contrast to the commonly-used supraphysiological concentration of TNFα between 10-100 ng/mL in many studies [349-353], which have
been suggested to model TNFα levels found in high-grade inflammation [340]. Not surprisingly, the
use of TNFα concentrations that more closely reflect in vivo conditions has been recommended [82].

This research found that the Whole, Early and Late mixture did not affect TNFα-mediated surface
expressions of ICAM-1, VCAM-1 and E-selectin, suggesting that the blueberry-derived phenolic acids
did not directly affect the inflammatory signalling cascade involved in the cell surface expression of
the three endothelial cell adhesion molecules. These findings complement recent data from other
studies investigating the effect of phenolic acids at physiologically-relevant concentrations (≤ 2 µM) on
the expression levels of the three adhesion molecules by HUVECs stimulated with 1 ng/mL TNFα.
Specifically, a mixture of protocatechuic, vanillic, ferulic and hippuric acids at physiologically-relevant
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concentrations did not affect TNFα-induced mRNA expression levels of the three adhesion molecules
[215]. Similarly, another study reported no significant direct effect of 100 nM protocatechuic acid on
mRNA and protein expression levels of the three adhesion molecules [340]. The findings reported in
this chapter and those of others [215, 340] are consistent with recent RCT data whereby long-term
(≥ 6 week) blueberry intervention to individuals with metabolic syndrome [219] or those presenting at
least a CVD risk factor [222] did not elicit significant in vivo changes in fasting plasma levels of soluble
ICAM-1 and/or VCAM-1.

Despite the lack of significant reduction on TNFα-mediated expression of ICAM-1, VCAM-1, or Eselectin, a significant reduction of monocyte adhesion was observed for the Late mixture. This finding
suggests for the first time that a combination of specific blueberry-derived phenolic acids could
directly affect their cumulative ability to reduce monocyte adhesion to TNFα-stimulated endothelial
cells. Specifically, the presence of three phenolic acids in the Early and Whole mixtures; 2hydroxyhippuric, 4-hydroxyhippuric and syringic acids, which were absent in the Late mixture could
antagonise the effect of the active compounds present in the Late mixture. The active compounds in
the Late mixture might include protocatechuic, vanillic and ferulic acids, which have previously been
shown to significantly reduce monocyte adhesion to TNFα-activated HUVECs when tested as a
mixture together with hippuric acid [215]. Additive anti-inflammatory effects of phenolic acid
metabolites have been previously reported [262], in which when tested in isolation at physiologicallyrelevant concentration, protocatechuic, 4-hydroxybenzoic, or vanillic acid was not active; however,
when the three were investigated as a mixture, a cumulative effect was observed on significant
reduction of TNFα-secretion in lipopolysaccharide-activated human THP-1 monocyte culture.
Similarly, the same study also reported the potential ‘antagonistic effects’ between different flavonoids
and phenolic acids as out of a total of 29 different test mixture combinations, only four could
significantly reduce TNFα-secretion in lipopolysaccharide-activated THP-1 monocytes [262].

While the Late phenolic acid mixture was found to consistently reduce TNFα-mediated monocyte
adhesion to HUVECs at all four tested doses ranging between 0.1-100x physiologically-observed
concentrations, there was an apparent lack of dose-dependent effects. These findings are consistent
with previous findings [215, 216] whereby when an active phenolic acid metabolite such as gallic,
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vanillic, hippuric, or ferulic acid was tested at a range of concentrations, there was no clear dosemediated response on reduction of monocyte adhesion. One possible explanation for the absence of
dose-dependent effect is that only very small levels of the active compounds in the Late mixture; even
0.1x physiological dose, might be enough to mediate the observed reduction in monocyte adhesion.
This explanation has been previously offered by the observed lack of dose-response of phenolic acid
metabolites on monocyte-endothelial adhesion [215].

Finally, on average, the degree of inhibition of TNFα-mediated monocyte adhesion to HUVECs
relative to TNFα control noted for the phenolic acid metabolites present in the Late mixture was
similar to those reported previously [215, 216], where inhibition in monocyte adhesion is much less
than 50%. Specifically, the degree of reduction of TNFα-mediated monocyte adhesion to HUVECs by
the Late mixture was on average no greater than 20% relative to TNFα control even at 100x dose.
This is very similar to reduction in TNFα-mediated monocyte adhesion by 17.1% relative to TNFα
control in HUVECs pre-treated for 3 h by a mixture of four phenolic acids including ferulic, vanillic,
hippuric and protocatechuic acids at physiologically-relevant concentrations [215]. Similarly, another
very recent study [216] has shown that HUVECs pre-treated for 24 h with purified phenolic acid
extract containing mainly chlorogenic acid and trace amounts of caffeic and ferulic acids from freezedried wild blueberry powder could reduce TNFα-mediated monocyte adhesion by ~45% relative to
TNFα controls.

6.3.2. Investigating PPARγ activation as a potential mechanism behind
reduction of endothelial cell monocyte adhesion: Limitations
Previous work have demonstrated that the soy isoflavone, genistein could reduce adhesion of PBMCderived monocytes to HUVECs at physiologically-relevant concentration (≤ 1 µM) by activating
endothelial PPARγ without decreasing surface expression levels ICAM-1, VCAM-1 and E-selectin
[343, 345]. It is therefore possible that the observed reduction of monocyte adhesion mediated by the
Late mixture may operate by a similar molecular mechanism. Activation of PPARγ has been shown to
post-translationally alter the profile of surface N-glycans of endothelial cell adhesion molecules,
resulting in decreased tendency for binding circulating monocytes [214]. To explore this possibility,
further investigations on the effect of the Late mixture at the four doses; 0.1-100x physiologically-
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observed doses, in the absence or presence of the PPARγ inhibitor; GW 9662 [214] on adhesion of
PBMC-derived primary human monocytes to TNFα-stimulated HUVECs were carried out using the
static monocyte adhesion assay established earlier. In addition, a subset of HUVEC samples were
treated with the known PPARγ agonist; rosiglitazone [343, 345] in the absence or presence of GW
9662 to establish whether or not the assay could indicate activation of PPARγ.

It was found that the Late mixture could still consistently reduce monocyte adhesion to TNFαchallenged HUVECs even in the presence of GW 9662. While this may initially suggest that the mode
of reduction of monocyte adhesion was not related to PPARγ pathway activation, this was however
not the case. It is important to note that in previous studies [214, 343, 345], the monocyte adhesion
assays were studied under two different conditions; ‘static conditions’, which are similar to the
conditions used in the work undertaken in this chapter, while the other involved ‘stimulated in vitro
flow conditions’. The latter conditions involved introducing a continuous stream of PBMC-derived
primary human monocytes onto a monolayer of HUVECs by the use of a specialised flow chamber
system, such that a constant laminar flow rate was maintained to exert a corresponding shear stress
on the HUVEC monolayer that mimic the in vivo hydrodynamic forces experienced by the endothelium
as associated with normal blood flow [345]. Interestingly, both rosiglitazone and genistein significantly
reduced monocyte adhesion via PPARγ activation on TNFα-challenged HUVECs under the stimulated
flow conditions, but not under static conditions [214, 343, 345]. This suggests that the static monocyte
adhesion assay used in this chapter needed further modifications before it becomes suitable to study
reduction in monocyte adhesion attributable to PPARγ activation. Specifically, future work will require
setting up the appropriate in vitro flow conditions as previously described [214, 343, 345], before
being able to study whether the phenolic acids in the Late mixture could mediate reduction in
monocyte adhesion to TNFα-stimulated HUVECs in a manner involving activation of PPARγ.

6.3.3. Physiological impact of blueberry-derived phenolic acids on
vascular inflammation
The research findings reported in this chapter suggest that, in isolation, each blueberry-derived
phenolic acid might beneficially reduce, be inactive, or worsen monocyte adhesion to endothelial cells
under the influence of low-grade chronic inflammation. This interpretation is consistent with the recent
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published findings whereby when tested in isolation, at physiologically-relevant concentration
(< 1 µM), different phenolic acids from wild blueberry showed differential effect on THP-1 monocyte
adhesion to TNFα-activated HUVECs [216]. Specifically, gallic acid was found to reduce adhesion of
monocytes to HUVECs, while protocatechuic or syringic acid increased the adhesion. Consequently,
the present findings with the Late mixture should be considered in the context of a highly dynamic and
complex biological environment as it is important to note that in addition to phenolic acids, the
blueberry-derived plasma metabolome will include other phenolic compounds and non-phenolic
nutrients, vitamins and minerals, each of which may impart an additive or antagonistic effect to the
overall ‘true’ anti-inflammatory effect associated with blueberry intake.

Findings reported in this chapter also highlight that there was only partial inhibition of monocyte
adhesion to TNFα-activated HUVECs by the Late mixture, and that the effect was transient and no
longer sustained by 18 h. In the context of promoting vascular health, these findings make good
physiological sense, as it would had been highly detrimental if the blueberry-derived phenolic acids
were found to completely prevent recruitment of monocytes by the endothelium when an inflammatory
response is desirable such as during an infection or tissue injury. Therefore, these findings are in line
with the expectation that at low, physiologically-relevant concentrations, bioavailable blueberryderived bioactive compounds should deliver their activity without adversely affecting the body’s
regulatory capacity for maintaining homeostasis.
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Chapter 7
Conclusions
Following the intake of blueberries, bioactive compounds are likely to be established in the circulation
at variable concentrations and for different lengths of time. Hence, a perceived health effect is more
realistically mediated ‘cumulatively’ as the vasculature is exposed to a complex mixture of bioactive
compounds and rarely to single compounds. This thesis has reported one subset of blueberry-derived
bioactive compounds consisting of 12 aglycone phenolic acids profiled following intake of a single
serving of blueberry juice. Three physiologically relevant blueberry-derived test mixtures of phenolic
acids likely to interact with the vascular endothelium at different time segments after a single serving
of blueberry juice were identified and formulated to investigate their ability to induce Nrf2-regulated
antioxidant responses and reduce monocyte adhesion induced by TNFα activation in HUVECs. The
results indicate that at concentrations achievable in plasma after a single-intake of blueberry juice,
phenolic acids aglycones can induce low-level production of Nrf2-regulated antioxidant response
proteins HO-1 and GCLM in human vascular endothelial cells when exposed to low, nontoxic levels of
H2O2. Similarly, the phenolic acids could elicit an anti-inflammatory response at low levels. Moreover,
the compounds were found to be neither cytotoxic nor disruptive to endothelial cell homeostasis,
indicating that regular exposure of the vasculature endothelium to the identified blueberry-derived
phenolic acid aglycones, is more likely to be beneficial rather than being detrimental to health. The
findings in this thesis support the hypothesis that consumption of blueberry juice may benefit
endothelial cell activity, help maintain human vascular function, and have shown that phenolic acid
aglycones are a subset of the plasma metabolome of blueberry-derived bioactive compounds that can
contribute in reducing the incidence and severity of many chronic diseases associated with oxidative
stress, inflammation, endothelial dysfunction and atherosclerosis.

7.1. Main findings
7.1.1. Phenolic acid aglycones are measureable in the circulation after
blueberry intake
This research has shown that blueberry-derived phenolic acid aglycones can circulate in plasma at
realistic concentrations, in the nM-low µM range (Cmax 20—2,000 nM), warranting investigation into
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their potential bioactivity and interaction with vascular endothelial cells. Specifically, plasma C max and
Tmax of 12 aglycone phenolic acids were established in the circulation in 0-24 h plasma samples not
pre-treated with β-glucuronidase/aryl-sulphatase after intake of a single serving of blueberry juice.
The Cmax and Tmax of four compounds, 2-hydroxyhippuric, 4-hydroxyhippuric, dihydrocaffeic and
p-coumaric acids were quantified for the first time following blueberry intake.

The plasma Cmax and Tmax information was used to design phenolic acid mixtures that model
circulating concentrations available to interact with the endothelium at different time segments in vivo,
and these mixtures were used to study vascular bioactivity. This approach is an important advance
over previous work in which single compounds or unrealistically high concentrations of phenolic acids
were used for cell-based investigations [81, 82]. It is likely that a health effect is mediated
‘cumulatively’ rather than in ‘isolation’, as additive or antagonistic effects on vascular bioactivity might
occur when different combinations of physiologically-observed phenolic metabolites are present [81,
82, 262, 266, 308].

7.1.2. Blueberry-derived phenolic acid aglycones are not toxic to
endothelial cells
To be ‘truly bioactive’, phytochemicals should induce an effect on cellular signalling pathways that
play crucial roles implicated in preventing chronic diseases or maintaining good health, without being
cytotoxic or adversely interfere with physiological processes essential for maintaining homeostasis
[260, 261]. Therefore, the subset of bioavailable blueberry-derived phenolic acid aglycones identified
in this thesis needed to benefit vascular function(s) without compromising homeostasis to be
considered a “food bioactive”.

Evidence has been provided in this thesis that blueberry-derived phenolic acid aglycones are not toxic
to endothelial cells. Part of the work investigated the ability of the blueberry-derived phenolic acid
aglycone mixtures to up-regulate the expression of Nrf2-regulated antioxidant response proteins in
HUVECs exposed or not to an oxidative challenge by sub-lethal concentrations of H2O2. Compounds
that activate Nrf2 are typically electrophilic and can form adducts with Keap1, in turn allowing Nrf2 to
escape degradation and translocate into the nucleus [269, 354]. Two common classes of electrophilic
compounds that could activate Nrf2 and its downstream genes include those with an α,β-unsaturated
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carbonyl functional group and those that can be oxidised to give o-benzoquinone or p-benzoquinone
derivatives [354, 355]. The presence of an electrophilic α,β-unsaturated carbonyl functional group in
these compounds could act as a Michael acceptor which can undergo a nucleophilic attack by
Keap1’s cysteine residue(s), resulting in liberation of Nrf2 [269, 354]: this is illustrated in Figure 7.1.
However, the potential for Michael acceptor activity also means that these compounds may induce
cell damage and cytotoxicity by inflicting oxidative stress [261, 354]. Therefore, in the context of
promoting vascular health, it is important to ascertain that compounds that activate Nrf2-regulated
antioxidant responses do not concomitantly induce cellular toxicity.

Two of the 12 aglycone phenolic acids found in the circulation after blueberry juice intake, ferulic and
p-coumaric acids, contain an α,β-unsaturated carbonyl functional group, while protocatechuic and
gentisic acids are 1,2- and 1,4-diol derivatives of benzoic acid that could be oxidised to form
derivatives of o-benzoquinone and p-benzoquinone [356] (Figure 7.1). In cultured mammalian cells,
ferulic acid has been shown to activate Nrf2 by Keap1-dependent pathway in cardiomycetes and
hepatocytes [357] and that the PI3k/Akt and extracellular signal regulated kinase (ERK) pathways
were associated with ferulic acid-induced Nrf2 stabilisation [264, 265]. Similarly, pharmacological (25
µM) concentration of protocatechuic acid has been shown to activate and stabilise Nrf2 in
macrophages by upregulation of c-Jun N-terminal kinase (JNK) activity [358, 359]. Oral administration
of gentisic or p-coumaric acid in male Sprague-Dawley rats was found to increase the expression of
Nrf2-regulated antioxidant enzymes including superoxide dismutase, glutathione peroxidase, and/or
catalase in rat cardiac tissues [360]. At present, there is limited information on whether combination
of phenolic acids with potential Michael acceptor activity might be toxic to human vascular endothelial
cells.
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B

Figure 7.1. Blueberry-derived phenolic acids quantified in this research as being significant in
human plasma with potential Michael acceptor activity and illustration of the Michael addition
reaction with Keap1.
(A) Structures of the four phenolic acids with potential Michael acceptor activity: the Michael acceptor
moiety is an α,β-unsaturated carbonyl group indicated in red. (B) Illustration of a possible mechanism
by which protocatechuic acid oxidation to o-benzoquinone could result in nucleophilic attack (Michael
addition reaction) by a thiolate cysteine of Keap1, leading to Nrf2 liberation from Keap1.
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Accordingly, the possible pro-apoptic, pro-necrotic and metabolically-compromising effects of the
blueberry-derived phenolic acid mixtures on HUVECs were investigated and no evidence of
cytotoxicity was found even at 100x physiological concentrations (127-515 µM). These findings
suggest that the tested mixtures of phenolic acid aglycones with potential Michael acceptor activity
are not cytotoxic, and highlight the potential role of phenolic acid aglycones as a class of blueberryderived compounds that could benefit the vascular endothelium without posing a toxic effect.

7.1.3. Induction of Nrf2-regulated antioxidant responses and modulation
of monocyte-endothelial interaction by blueberry-derived phenolic
acids: physiological implications
The subset of bioavailable blueberry-derived phenolic acid aglycones reported in this thesis also
appears to beneficially upregulate cellular antioxidant and anti-inflammatory activities without
compromising disruption in cellular homeostasis. The research has shown that bioavailable blueberryderived phenolic acids elicited a small but consistent effect on modulation of vascular oxidative stress
and recruitment of circulating monocytes. Specifically, at physiological concentration (1x) of the three
phenolic acid test mixtures, only the Whole mixture trended towards a small fold increase of ~1.2-2 in
nuclear Nrf2 levels in HUVECs exposed to low, sub-lethal concentration of H2O2 at 2.5 µM (Chapter
5). Similarly in Chapter 6, only the Late mixture consistently reduced adhesion of monocytes to
TNFα-activated HUVECs. These findings consolidate the idea that the vascular bioactivity of phenolic
acids tested in isolation could be different to their ‘cumulative bioactivity’ due to potential additive
and/or antagonistic effects from other compounds in the mixture [81, 82, 262].

A key finding of this thesis is that the ‘bioactivity effect size’ mediated by blueberry-derived phenolic
acid aglycones in terms of induction of Nrf2-regulated antioxidant responses or reduction of TNFαmediated monocyte endothelial interactions is small. Specifically, induction of HO-1 and GCLM
protein expression in HUVECs pre-exposed by the whole mixture and primed with sub-lethal H2O2
concentration (2.5 µM H2O2) was no greater than two-fold relative to controls (Chapter 5). Similarly,
reduction in monocyte adhesion to TNFα-activated HUVECs by the Late mixture was on average no
greater than ~20% even if the effect was tested at 100x physiological dose (Chapter 6). These
findings are likely to have important physiological implications in terms of promoting health as they
indicate that the response mediated by the blueberry-derived bioactive compounds is distinct from a
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massive upregulation due to cytotoxicity as observed for the ~9-time fold increase in HO-1 in
HUVECs exposed to 20 µM SFN (Chapter 5). Another physiological implication of these findings is
that maximal or near-maximal activity of specific cell-signalling responses, that maintain vascular
homeostasis, could be induced even at low physiological concentrations of phenolic acid aglycones
achievable from a single serving of blueberry juice. Hence, the identified blueberry-derived phenolic
compounds need not be at pharmacological levels (>10 µM) to exert beneficial effects on the
vasculature.

7.2. Directions for future research
7.2.1. Blueberry phenolic acid aglycones may upregulate the induction
of specific ARE-containing genes regulated by Nrf2
When Nrf2 is activated, other redox-dependent transcription factors may co-regulate or counterregulate the induction of specific ARE-containing genes, which may result in greater induction of
these genes over other ARE-containing genes [335, 336]: this phenomenon was observed in the
present work. Specifically, the effects of blueberry-derived phenolic acid aglycones on HO-1 and
GCLM, two different Nrf2-regulated gene products implicated in maintenance of cellular redox
homeostasis were investigated, but a dose-dependent induction was observed only for HO-1. This
finding may suggest that although Nrf2 is an important regulator of HO-1 activity [361], the blueberry
phenolic acids may activate other transcription factors and/or signalling cascade(s) related to Nrf2
activity that mediate additional synthesis of HO-1. For example, one potential mechanism that could
mediate additional induction of HO-1 involves BRG1, which has been shown to recruit Nrf2 to the
promoter of the HO-1 gene, but not to that of the phase 2 detoxifying gene, NAD(P)H;Quinone
oxidoreductase 1 [335]. Another potential mechanism includes modulation of redox-dependent
transcription factors in addition to Nrf2 such as Bach1 along with signalling cascades such as ERK,
p38α mitogen-activated protein kinase, PI3k/Akt, JNK and GSK3 that collectively regulate Keap1/Nrf2
and Bach1 to collectively increase HO-1 expression without affecting expression of other Nrf2regulated genes including GCLM [336] (Figure 7.2). Future work should clarify the precise signalling
cascade(s) and other redox-sensitive transcription factors likely to be implicated in mediating the
observed dose-dependent induction by the blueberry-derived phenolic acids on endothelial HO-1
expression.
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Figure 7.2. Potential signalling cascades that could be affected by blueberry-derived phenolic
acid aglycones that induce Nrf2/Keap1 and Bach1 to regulate HO-1 gene expression.
While a key aspect of Nrf2 activation is its liberation from Keap1-mediated ubiquitination and
proteasomal degradation [261], p38α MAPK [362], ERK [264], JNK [363] and PI3K/Akt [364] are
signalling kinases involved in stabilisation and nuclear translocation of Nrf2 [365, 366]. These
signalling kinases could contribute toward HO-1 expression and have been previously shown to be
affected by phenolic acids [264, 265, 358, 359, 367, 368]. Bach1 is a transcriptional repressor that
binds to the ARE of the HO-1 promoter, preventing HO-1 transcription. Removal of Bach1 via nuclear
export from the HO-1 promoter will increase HO-1 expression [369]. GSK3 phosphorylates and
excludes Nrf2 from the nucleus [370]. BRG1 is a catalytic subunit of SW12/SNF2-like chromatin
remodelling complexes that interacts with Nrf2 to selectively mediate HO-1 induction [335].
Abbreviations: p38α MAPK, p38 mitogen-activated protein kinase ; ERK, extracellular regulated
kinase; JNK, c-JUN N-terminal kinase; PI3K/Akt, phosphatidylinositol-3-kinase/Akt; Bach1, BTB and
CNC homologue 1; BRG1, brahma-related gene 1; CUL3-RBX1, cullin3-RING finger protein-1;
Keap1, Kelch-like ECH-associated protein 1; Nrf2, NF-E2-related factor 2; Neh2, Neh2 domain on
Nrf2; GSK3, glycogen synthase kinase 3.
Given the vast number of gene products regulated by Nrf2 which are implicated in protecting the
vasculature against endogenous and environmental stress [261, 267, 272], it would be of interest to
characterise the Nrf2-regulated antioxidant and detoxification genes that could be induced by the
blueberry-derived phenolic acids. This will consolidate the findings from this research that Nrf2
activation by the blueberry phenolic acid aglycones could indeed promote vascular health. In this
thesis, both HO-1 and GCLM are gene products important for maintaining cellular redox homeostasis;
but the effects of the phenolic acid mixtures on Nrf2-regulated gene products involved in detoxification
of xenobiotics such as NAD(P)H:Quinone Oxidoreductase 1, which reduces pro-oxidants including

Chapter 7: Conclusions

199

quinones, quinoneimines, nitroaromatics and other azo dyes [267, 268], were not studied. The use of
DNA and protein microarrays should be considered in future work as this will provide a cost- and timeeffective means to screen for a greater subset of Nrf2-regulated antioxidant and detoxification genes
potentially induced in vascular cells by the blueberry phenolic mixtures [371].

In addition to screening the array of ARE-containing genes and protein products upregulated, it is also
important to delineate the specific signalling cascades implicated in Nrf2 upregulation by the blueberry
phenolic acids. To achieve this objective, future work should attempt to accurately quantify the small
increase on Nrf2 activity induced by the blueberry phenolic acids through the use of a more sensitive
and quantitative method than Western immunoblotting. This can include a Luciferase-based reporter
gene bioluminescence assay where ARE responsive elements are placed upstream on the promoter
of a Luciferase reporter gene, which can then be transfected into HUVECs and whose measured
expression level directly indicates the degree of Nrf2 pathway activity [372]. Then, to determine the
signalling cascades involved in phenolic acid-induced activation of Nrf2, cells should be treated with
the Keap1 inhibitor, CPUY192018 [373] along with a series of specific kinase inhibitors such as
LY294002, PD98059, Staurosporine, SB203580, SP600125 to determine if PI3K/Akt, ERK, protein
kinase c, p38 kinase, or JNK, to determine which signalling kinases are involved in stabilising Nrf2 by
phosphorylation after its release from Keap1 [261, 264, 358, 360].

Once the array of Nrf2-regulated genes and signalling cascades have been identified, it would be
important to characterise the gene-derived cellular metabolites that are directly involved in mediating
vascular bioactivity. For example, increased HO-1 protein levels should produce elevated intracellular
levels of biliverdin and bilirubin, which can be measured within endothelial cells as previously
described [319, 374, 375]. Similarly, increased GCLM protein levels should result in increased
intracellular glutathione levels, which could also be measured in endothelial cells [264]. It will be of
interest to characterise the upstream and downstream effects of blueberry-derived phenolic acids on
the Nrf2 signalling pathway to better understand the relationship between berry fruit consumption and
this biological response.
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7.2.2. Molecular mechanisms underlying reduced monocyte endothelial
adhesion mediated by blueberry phenolic acids
One key mechanism by which blueberry-derived bioactive compounds could prevent atherosclerosis
development is by reducing recruitment and adhesion of monocytes to the vascular endothelium
during chronic inflammation: however, the identity and concentrations of the implicated bioactive
compounds are unclear [68]. Accordingly, the research in this thesis investigated whether phenolic
acid aglycones derived from blueberry intake can contribute in reducing inflammation-driven
monocyte adhesion to the vascular endothelium, and found that favourable reduction was consistently
induced by the Late phenolic acid mixture. This finding therefore, shows that reduced monocyte
adhesion may be a mechanism by which intake of blueberries may reduce the likelihood of the onset
of atherosclerosis development.

However, the exact molecular mechanism(s) underlying the reduction in monocyte adhesion by
phenolic acid aglycones are unclear and could not be linked to changes in surface cell adhesion
expression of ICAM-1, VCAM-1, or E-selectin. Therefore, an initial attempt was to investigate whether
it is the ‘binding affinity’ of the cell adhesion molecules that is affected, by studying PPARγ activation.
However, future work is required to modify the existing monocyte adhesion assay used in Chapter 6
before verifying whether PPARγ activation was indeed involved in the observed phenolic acidmediated reduction of monocyte adhesion to TNFα-activated HUVECs. This will involve the need to
study monocyte-endothelial adhesion under simulated in vitro flow conditions involving introduction of
a stream of monocytes onto a monolayer of HUVECs by the use of a specialised flow chamber
system to simulate the in vivo hydrodynamic forces experienced by the endothelium as associated
with normal blood flow as previously described [214, 343, 345].

TNFα has been shown to stimulate the increased expression of mannose and/or hybrid N-glycans at
endothelial cell junctions of cultured HUVEC monolayers, and these carbohydrate residues were
responsible for mediating monocyte adhesion to TNFα-activated HUVECs independently of surface
expression of cell adhesion molecules [343]. Therefore, in relation to PPARγ activation, future work
should also aim to determine whether blueberry-derived phenolic acids may post-translationally alter
the profile of N-glycans on the surface of TNFα activated HUVECs which might result in decreased
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tendency for the HUVECs to bind circulating monocytes. This could be studied by the using a panel of
fluorescently-labelled lectins that recognise specific N-glycans as previously described [343].

7.2.3. Use of other human endothelial cell lines and three-dimensional
cell culture models
All the in vitro vascular work reported in this thesis has used HUVECs as the model endothelium.
Although HUVECs are a primary cell line that closely mimic the endothelium in vivo and are therefore
a good model to study effects of bioactive compounds on endothelial-related processes [320], they do
not originate from the arterial wall [285]. Therefore, an endothelial model directly relevant to arterial
blood vessels susceptible to atherosclerosis such as the human coronary artery endothelial cell
(HCAEC) line should be used [376]. Thus, the key findings with HUVECs presented in this thesis
should be verified in HCAECs, particularly in regard to the potential of the blueberry phenolic acids in
reducing monocyte adhesion under pro-inflammatory conditions as this event models the initial step in
atherosclerosis development in arterial walls [174, 208].

It is important to note that the in vitro vascular work carried out in this thesis and the great majority of
recently published work that have studied the vascular activity of phenolic acids [81, 82, 215, 216,
262, 263, 266] have utilised two-dimensional cell culture of endothelial cells. Response of endothelial
cells to active compounds when they are grown on a two-dimensional model may be different to that
for cells cultured on a three-dimensional model. This is because the diffusivity and penetration of
active compounds through cell layers on a three-dimensional model are likely different to those in twodimensional models: three-dimensional cell culture is arguably a better model for the interactions
likely encountered in vivo [377]. Hence, the combined exploration of the vascular bioactivity of
blueberry-derived bioactive compounds and metabolites in both two- and three-dimensional models
will be a useful avenue for future work. However, all in vitro work suffers the same limitation in
modelling the complex molecular events occurring in the body. Hence, all mechanistic insights
delineated in vitro must be linked with in vivo findings noted in well-designed human RCTs to better
understand and explain the likely mechanisms occurring in vivo.
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7.2.4. Further characterisation of blueberry-derived bioactives: phenolic
and non-phenolic nutrients
Many more compounds are likely to be found in the circulation following intake of blueberry which
have not been screened for in this thesis: in addition to phenolic acids, the blueberry-derived plasma
metabolome will include other polyphenolic compounds and non-phenolic nutrients, dietary fiber,
vitamins, and minerals. All these components could impact the overall bioactivity experienced by the
vasculature in vivo, and their detailed characterisation and studying how they affect human health is
an important avenue for future work. This would involve application of high-throughput omics-based
technologies such as epigenomics, transcriptomics, proteomics and metabolomics, combined with
powerful bioinformatic tools to allow researchers to gain a ‘global’ perspective on how blueberryderived bioactive compounds impact human health and well-being. This approach, while still at its
infancy in the field of polyphenol health research [378], will be pivotal in providing a systematic and
objective means to understand the health benefits of consuming blueberries.

In spite of the high physiological relevance of investigating effects of bioavailable blueberry-derived
bioactive compounds as mixtures that closely-reflect their plasma concentration-time profiles, in vitro
bioactivity investigations on single compounds are still important. Specifically, performing tests on
single compounds and then interpreting the data along with findings from testing mixtures will aid in
understanding how certain compounds interact with one another in conferring a meaningful combined
effect to the vasculature. This approach will also be useful in generating a list of compounds ranked in
terms of their activity.

In addition to testing blueberry-derived bioactive compounds in isolation and as mixtures, applying
whole plasma samples obtained at different time points after intake of blueberry constitutes another
approach that could be implemented to gain a deeper understanding of the ‘total bioactivity’
experienced by the vasculature at a particular time. This overall approach could provide important
insights on fundamental questions related to health outcomes such as: how soon and for how long
can a particular beneficial outcome be experienced and sustained for after the intake of blueberry
juice; and what are the important active compounds or interactions involved.
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7.3. Summary
While the work reported in this thesis is an advance over others that used single compounds or
unrealistically high concentrations of phenolic acids in cell-based investigations, it is important to note
that in addition to the phenolic acids, the blueberry-derived plasma metabolome will include other
polyphenolic compounds and non-phenolic nutrients, dietary fibre, vitamins, and minerals.
Consequently, findings reported in this thesis should be considered in the context of a highly dynamic
and complex biological environment. Further work is needed to comprehensively profile the plasma
metabolome of blueberry bioactive compounds and to further characterise their cumulative activity on
the vasculature.

In conclusion, the research in this thesis has shown that phenolic acid aglycones are an important
subset of the metabolome of blueberry-derived bioactive compounds that can promote vascular
health and maintain homeostasis. As the phenolic acid aglycones identified in this thesis are common
phenolic acid aglycones also found in plasma after intake of cranberries [87], bilberries [302] or other
fruit and vegetable [29], their activity characterised in this thesis may also apply to the potential effects
observed following intake of other berries, fruit and vegetable. Overall, the present findings of this
thesis have further highlighted the importance of regular intake of berries, fruit and vegetable in
promoting and maintaining good health.
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