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Abstract

The interaction between cocoa polyphenols and sugars was investigated in
the Caco-2 céll model. Previous investigations have suggested a link
between sugar content of a food/méal and epicatechin bioavailability. To
investigéte this hypothesis further, tHe effect of sucrose, glucdse and
fructose on epicatechin absorption across the Caco-2 monolayer was
studied, ahd is presented here. Apical to basoléteral transport of epicatechin
was enhanced by co-incubation with sucrose, but not glucose or fructose. It
is proposed that sucrose-induced cell signalling stimulated activity of the
sodium-dependent glucose transporter SGLT1, which Ilead to widening of
tight junction pore size. Consequently paracellulaf permeability of
epicatechin was enhanced. The presence of glucose or fructose, but not
sucrose, reduced the total concentration of methylated epicatechin produced
by Cacb-z cells. -Decreased formation of methyiated 'epicatéchin is |
hypothésised to be a consequence of catechol-O-methyl transferase
inhibition (COMT). COMT requires a magnesium cation cofactor, which is
also required by some glycolytic enzymes. It is suggested that competifion
for the magnesium (I1) cofactor quds to reduced epicatechin methylation.
Flavanol-rich dark chocolate extract also redu/éed”total miethylation of
epicatechin. It is proposed that flavanols with a degree of polymerisation
greater than monomer compete with epicatechiﬁ for methylation.

Dark- chocolate is repo&ed to have a low glycaemic index, which wa’s:
hypothesised tb be attributable to flavanol inhibition of sucrose hydrolysis
and/or glucose uptake. In Caco-2 cells the rate of sucrose hydrolysis and the
rate of glucose traﬁsport were attenuated by. a flavanol-rich dark chocolate

extract. Reduced rate of sucrose hydrolysis was partly attributed to the
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vii
epicatechin content of the dark chocolate extract, with a synergistic
contribution from other flavanol components. Similarly, synergy between the
flavanol cbmponents of dark chocolate extract, or those components with a
degree of polymerisation greater than dimer, is postulated to be responsible
for reducing the rate of glucose absorption. Moderate concentrations of
flavanol monomers and B2 dimer enhanced the rate of sucrose hydrolysis;
proposed to be a consequence of flavanol-enzyme binding, at a site other
than the active site, resulting in a conformational change that lead to more
exposed catalytic residues at the active site. Caffeine and theobromine
increased the rate of cellular glucose uptake. This is suggested to be a
consequence of stimulated SGLT1 trafficking to the apical rmembrane
induced by elevated cyclic adenosine monophosphate concentration within |

the cells as a result of cyclic 3', 5'-nucleotide phosphodiesterase inhibition.
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Chapter 1 Literature review

1.1 Cocoa and chocolate
1.1.1 Production

Cocoa is a dry powdered product manufactured from seeds of the
Theobroma cacao L. tree, and in its unsweetened form is the result of fat
extractionv from cocoa liquor. Cocoa liquor is the material used in chocolate
confectionery manufacture along with other ingredients such as sugar,
emulsifier, milk protein, etc. depending on the desired product.

The production of cocoa liquor begins with cleaning the seeds followed by a
fermentation stage during which the chemical composition of the bean
begins to alter and once dried the beans are ready to be roasted. Roasting
may be performed before or after shelling (winnowing), and is a fundamental
part of the process that affects the flavour characteristics and nutrient profile
of the final product. The shelled bean, known as the nib, is then ground to a
pasté, which causes the fat to melt and form cocoa liquor. The liquor may
then be treated with an alkali solution, ‘Dutching’, to increase thé pH and

improve palatability. Similar to the roasting process, the alkalising step

. affects the chemical composition of the cocoa liquor such that both stages in

processing may be refined and strictly controlled to develop a 'product with a

specific chemical profile.
1.1.2 Composition and biologically active components

The nutrient composition of cocoa and chocolate is distinct; dark chocolate
containing 70% cocoa solids contributes more energy, lipid and sugars per

100 g edible weight than unsweetened cocoa powd‘er. However comparing



percentage content is less relevant from a physiological perspective as the
actual amount of dark chocolate and cocoa powder consumed is very
different. A typical portion size of dark chocolate is approximately 28 g
whereas a cocoa beverage may oniy contain around 5.5 g of unsweetened
cocoa ‘powder. Relative to the serving' size, contributions to energy, lipid and
sugar intake from unsweetened cocoa“powder are much lower than from
dark chocolate and quite insignificant compéred with the United Kingdom
(UK) reference nutrient intake (RNI) values. Similarly, micronutrient

contribution from cocoa powder is slight with the exception of copper. A

typical serving of unsweetened cocoa powder contfibutes approximately\
16% of an adults daily UK RNI for copper (1.2 mg/d)l A typical portion of

70% cocoa solids dar’k chocolate contributes quite considerably to total fat

and non-milk extrinéic sugar (NMES) recpmmehded intakés - 16% and 13%

‘respectively. Additionally micronutrient contribution towards an adults intake

are substantial — copper, 41%; iron and magnesium, each 23% (femalés);

phosphorus 16% and zinc 13% (females). Deficiency of copper, magnesium,

phosphorus and zinc is generally not a problem for the UK adult populétion

however iron is a common deﬁgiency in females. Although non-haem iron is

. less well absorbed than haem soﬁrce§, when the bpdy’s iron reserves are

low absorption becomes more‘efﬁcient (Ministry of Agriculture 1995),

Of the non-essential nutrient components of dark chocolate and cocoa the

most relevant, considéring serving size, are caffeine, theobromine and »
flavonoids. éaffeine in cocoa powder is negligible; however& aw28v g bar of
dark chocolate may contain approximately 22 mg (U.S. Department of
-Agriculture 2011). For comparison a teaspoon of regular instant coffee

contains around 31 mg and a cup of tea 47 mg (U.S. Department of
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Agriculture 2011). Theobromine, a structurally similar precursor of caffeine in
plant cells, is abundant in dark chocolate and cocoa. A typical serving of
70% dark chocolate would provide more than 200 mg whilst a typical serving
of cocoa powder supplies >100 mg (U.S. Department of Agriculture 2011):

Flavonoids present in dark chocolate and cocoa have attracted much
attention in the past decade and are believed to stimulate biological activities
that may be beneficial to human health. The main flavonoids identified in
- dark chocolate are flavanol monomers (-)-epicatechin and (+)-catechin, and
polymers of these compounds up to decamer, and ferulic acid. Resveratrol
and its 3-O-glucoside are also present but in >100-fold lesser amounts. The
main flavanol present in dark chocolate is (-)-epicatechin, at approximately
70 mg 100 g' fresh weight (Neveu et al. 2010). The (-)-epicatechin B2 dimer
and C1 trimer constitute ~36 and 26 mg 100g™ fresh- weight respectively. A
28. g typical portion of dark chocolate would supply almost 20 mg of (-)-

epicatechin, 10 mg of the B2 dimer and 7 mg of C1 trimer.
1.1.2.1 Bioavailability of caffeine and theobromine

Caffeine is a 1,3,7-trimethylated xanthine that is metabolised in vivo to
paraxanthine (1,7-dimethyl xanthine), theophylline (1,3 -dimethyl xanthine),
- theobromine (3,7-dimethyl xanthine) and 1,3,7-trimethyluric acid in pathways
similar to those described for theobromine (Eigure 1.1) (Thorn et al. 2012).

Caffeine is efficiently absorbed from the small intestine, such that the entire
dose administered is absorbed with a reported peak in plasma concentration
at approximately 30 min post-ingestion. The elimination half-life is on
avefage 4.5 h but dependent on high individual variations (Blanchard and

Sawers 1983).



There have been a limited number of bioavailability studies‘ conducted in
humans and other animals since the late 1950's; although the analytical
methods have changed the metabolic outcomes remain relatively similar. In
the first of such studies the authors identified unchanged theobromine and 3
‘metabolites in 48 h urine following} consumption of the pure compound
(Cornish and Christman 1957). The m;in metabolite was 7-methylxanthine
which accounted for up to 30% of the dose, 3-methylxanthine accounted for
approximately 20% and 7-methyluric acid accounted for around 4% of the |
dose. Later, 3,7-dimethyluric acid and a uracil compound was identified in
urine following consumption of cocoa powder (Arnaud and Welsch 1979).‘
These additional compounds have since been confirmed in human trials and
the uracil compound identified as 6-amino-5-(N-methylformylamino)-1-
methyluracil (Tarka et al. 1983). Metabolite recovery of around 80% of the
vingested dose plus 18% unchanged theobromine haQe been reported (Tarké
et al. 1983). Shively et al (1985) also documented a small percentagé of
unchanged theobromine in the faeces of subjects which accounted for less
than 1.5% of the ingested dose. Pharmacokinetic investigafions have
demonstrated an average half—!ife of theobromine in plésma‘ of 7.2 h when
consumed in the form of a gelatin ‘capysule (Leld/’et ql. 1986) and 10 h when
ingested from an aqueous solution (Shively et al. 1985) with total clearance
from plasma measured at 1.2 mL min™ kg and 0.9 mL min” kg,
respectively. The hakimum plasma conceﬁtrafion of theobromine from 5
chocolate is .reached approximately 2 h post-ingestion sugg‘esting‘that it is
enﬁrely absorbed in the small intestine (Shively et al. 1985). And although
' thé rhechanism for absorption through the intestinal gpitheﬁum has not been

described, based on in vitro absorption of caffeine using colon

¥



adenocarcinoma cells (Caco-2) (Smetanova et al. 2009), it can be surmised
that theobromine similarly diffuses passively through the enterocytes into the
hepatic circulation.

Most recent investigations have focused on the mechanisms by whfch
theobromine is demethylated and oxidised to methyluric acid. Work
conducted in the early 1990's suggested the hepatic cytochrome P450
pathway with specific involvement of the moneoxygenase enzyme (EC
1.14.14.1) isoforms CYP1A2 and CYP2E1 (Gu et él. 1992, Tassaneeyakul
et al. 1994, Rodopoulos et al. 1996). The main metabolite present in urine
accounting for up to 40% of the ingested dose is 7-methyl xanthine which is
a product of both enzyme isoforms. CYP2E1 appears to be the least specific
as it also catalyses the formation of 3-methyixanthine and 3,7-dimethyluric
acid (Gates and Miners 1999). Whilst the 3-methylxanthine isomer may
undergo slight further metabolism to 3-methyluric acid (~1% of dose)
(Rodopoulos et al. 1996), 7-methylxanthine is the main substrate, produced
from theobromine catabolism, for xanthine oxidase (EC 1.17.3.2). Xanthine
oxidase catalyses oxidation of carbon-8 to form 7-methyluric acid. The

mechanism of uracil formation is yet to be established.



Caffeine Theobromine
O o]
) o e
LS N N
| (7 - W
N N
) &,
1 Eyr1a2
1 eV e CcwEl ez
&arr;lna-s-(N- 3,7-methyluric acid 3-methy! x anthins : 7-methyl xanthine

methyiformylamino)-1-

m:hvlurac;a o] Np_ia “‘ mfﬁ:i‘? | w& :’C)Ha

! HN | #o )\ I OJ\ |
"\=o O)‘N N o N
SLX k.

NH, ] ‘
& c Karti Gicass Rarthine iedass
I-methy luric acid 7-methy luric acid
: o ' o jit
N
éH, _

Figure 1.1 Metabolic pathway of theobromine

1.1.2.2 Bioavailability of flavanols

Flavanols are a type of phytochemical within the subgroup of flavonoids,
other types within this subgroup include flavonols, flavones, flavanones,
anthocyanidins and isoflavones. Phenolic acids and tannins are al;o a
subclass of phytochemicals categorised as phenolics and are often .
" incorporated in the general discussion of flavégoids. Human intervention
studies “investigating the bioa-vailability and effects of flavonoids have
typically focuse& on phenolics in tea, coffee, red wine, fruit juice, onion and
soy bean. | )

Epicétechin is the principal flavanol that has been investigated and to which

many health benefits arising from consumption of tea and chocolate have

been attributed.
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A number of bioavailability studies in rats and humans have investigated the
pharmacokinetics of epicatechin either administered as the individual
compound or in a food matrix such as cocoa and tea. The specific
mechanism of epicatechin uptake from the small intestine ha‘s not be“en
elucidated although a transcellular route in vivo has been established
through detection of phase |l metabolites in plasma. In vitro studies

demonstrate the absence of saturation kinetic properties, and similar

~ apparent permeability coefficients (Papp) for apical to basolateral and

basolateral to apical transport which together suggest a paracellular route
(Deprez et al. 2001, Kosinska and Andlauer 2012).

Epicatechin absorption in vivo predominantly results in the procuction of
phase Il metabolites; very little, if any, free epicatechin is detected in
humans. The peak plasma concentration of metabolites is reached 2-4 h
post-ingestion indicating that absorption occurs mainly in the small intestine.
There are some discrepancies in the pattern of metabolism between human
and rat models. In both, epicatechin is predominantly conjugated with D-
glucuronic acid in either the 3' or 4’ position, a reaction catalysed by the

membrane bound enzyme UDP-glucuronosyltransferase (EC 2.4.1.17)

(Kuhnle et al. 2000, Baba et al. 2001b, Actis-Goretta et al. 2012).

Methylation of epicatechin and epicatechin-O-D-glucuronides, catalysed by
catechoI-O-methylfransferase (EC 2.1.1.6), have also been reported in rat
plasma but not human (Baba et al. 2001b). In humans methylated and non- _
methylated epicatechin is also conjugated with a sulphate group by
sulfotransferase enzymes (EC 2.8.2.1) and some studies have reported the
detection of sulfated glucuronide conjugates of epicatechin in both humans

and rats (Baba et al. 2000b, Baba et al. 2001b).
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Polymeric flavanols with a degree of polymerisation ‘up to decamer have
been identified in dark chocolate and cocoa. Monomeric units are joihed by a
carbon-carbon bond at various locations on the molecule. Currently
commercial availability of these compounds is limited so many studies have
-focused attention on the B2 dimer énd C1 trimer of (-)-epicatechin (Figure
1.2), or non-specific polymers extracted‘ from cocoa or grape seed extract. In
vitro studies have demonstrated that trimer to hexamer flavanols from cocoa
degrade up to 100% to form monomers and dimers when incubated at pH 2’
for up to 3.5 h at 37°C. The dimer degraded by ~20% to mondmer. This was
refuted by the results of a human study.in which a cocoa beverage was
consumed then gastric fluid extracted at ten minute interyals until the
stomach was empty. The flavanol profile did not alter during the course of
gastric fluid extraction indicating that there was no degradétion of polymeric
flavanols (Rios et al. 2002). The evidence for aAbsorption of oligomeric
flavaﬁols is similarly contrasting. Perfusion of rat jejunum with din;eric
flavanols demonstrated degradation of dimer to monomer with the detection
of unmetabolised monomer at the serosal side. Some methylated dimer was
also identified (Spencer et al.’2001). Procyanidin B2 administered to rats
orally in water following a 12 h fast was d'etgcteg in plasma along with
epicatechin and 3'-O-methyl epicatechin; maximum concentration was
achieved at 30-60 min. Up to 18 h, all three compdunds were identified in
urine along with metHyIated and non-methylated conjugates (Baba et“al.,
2002). Contradictory to this, plasma collected from rats 3‘ h following
cdnsumption of a meal prepared with grapeseed extract or the Bd3vdimer did
~ not contain any B3 dimer and catechin and epicatechin were only detected |

in the plasma of rats fed the grapeseed extract. The concentration of

L
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catechin in the plasma following consumption of grapeseed extract was
comparable with the concentration following consumption of the same
amount of pure catechin indicating that the dimer was not degraded to its
monomer constituents (Don.ovan et al. 2002). A study publfshed mére
recently reported similar results following human consumption of beverages
containing either (-)-epicatechin only, monomer to decamer flavanols, or
dimer to decamer. Monomeric flavanols were primarily detected in plasma
~ following consumption of the (-)-epicatechin only bevérage and the monomer
to decamer-containing beverage. A small concentration of (-)-epicatechin
was detected in plasma following ingestion of the dimer to decamer
beverage but this was commensurate with low levels presert in the
beverage rather than a consequence of polymer degradation (Ottaviani et al.
2012). It appears that whilst rats may have the capacity to hydrolyse flavanol
dirhers to monomers and absorb some intact dimers, humans do not
possess the same ability.
Flavanols that are not absorbed in the small intestine pass through to the
colon where they are substrates for microflora metabolism. Metabolites
detected in urine approximately 15 h after ingestion of tea included 5-
(3’,4',5'-trihydroxy;;henyl)-v-\)alerolactone attributed to epigallocatechin
metabolism and 5-(3',4'-dihydroxyphenyl)-y-valerolactone attributed to
epicatechin metabolism (Li et al. 2000). In vitro assays of human colonic
microflora with polymeric flavanols .have revealed the formation of various .
phenolic acids . including 2-(3-hydroxyphenyl)-acetic  acid, 2-(4-
hydroxyphenyl)-acetic acid, 2-(3,4-dihydroxyphenyl)-acetic acid, 3-phenyl-
propionic acid, 3-(3-hydroxyphenyl)-propionic acid and 3-(4-hydroxyphenyl)-
probionic acid (Deprez et al. 2000, Appeldoom et al. 20093).
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Figure 1.2 Cocoa flavano! structures

1.2 Cocoa and health

1.2.1 Consumption

A recent report by KPMG LLP (KPMG LLP 2012) demonstrated that whilst
| globally economies have been in recession, fﬁe’ chocolate‘ market has
remained stable, in fact its retail market valde has risen rﬁarginally each year
since 2007 and is predicted to continue its growth at a rate 6f 2% per year
ov;al: the next 5 years. The majority of the global market is held by Western
Europe (32%) followed by North America (20%), Asi'a (17%), Latin America
(13%), Eastern Europe (‘12%), Middle East and Africa (4%) and Australasia -
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(2%), with large growth predicted in the smaller markets over the coming
years.

The global population is increasing and with improvements in nutrition and
health care so too is the age of populations. Concomitant to an ageing
population is an increase in the number of non-communicable diseases
which is the cause of more than 36 million deaths around the world each
year, more than 80% of these deaths are due to cardiovascular diseases,
cancers, diabetes and respiratory diseases (United Nations 2012). The
economic impact of such chronic diseases has been estimated by the World
Health Organisation (World Health Organization 2006) which predicts the
greatest burden will be on the low and middle income countries. The
estimated accumulated loss of national income between 2005 and 2015 is
$3.4 billion in the United Kingdom, whilst China, India and Russia have
estimated national losses of $53.3 billion, $23 billion and $29.8 billion,
respectively. One factor associated with chrunic non-communicable disease
is an unhealthy diet; some governments have already introduced taxes on
unhealthy foods whilst others are éonsidering this possibility (KPMG LLP
2012).

The 2008/2009 UK Natiohal Dietary Nutrition Survey (NDNS) (Food
Standards Agency 2010) reported that adtilts were consuming on average
21 g of chocolate 'confectionery per day and the 2010 Family Food suirvey
(Departnient for Environment 20115 reported an average contribution to
energy intake from confectionery (including chocolate) of 4% per person per
day. In 2010 confection’ery as a whole contributed 15% of the total non-milk
extrinsic sugars (NMES) consumed per person per day from household

purchases and 13% from foods purchased outside the home (Department



12

for Environment 2011); the current UK reference nutrienf intake (RNI)
recommends that NMES should not provide more than 11% of the daily
energy intake (Food Standards Agency 2006). Considering potential taxes
on unhealthy foods and the increa‘sing global popularity of chocolate there
‘appeérs to be scope for manufacturers to invest in research and

development to manufacture products with functional health benefits.
1.2.2 Epidemiological evidence for beneficial effects

During the last 5 years theré have been numerous reviews considering the
ro‘le of cocoa in specific health issues in addition to a small number of
épidemiological studies. The majority of mpublished work Huring this time is
human and non-human interveﬁtion trials particularly focusing on the effect
of cocola products or chemical components of cocoa individually. The
majority of work relates to cardiovascular disease (CVD) with hypotheses
typicélly that consumbtion of cocoa or intake of specif;lc components of
cocoa are able to lower risk or improve biomarkers of disease. Discussion in
this section preddminantly considers the literature pertaining to CVD but is
inclusive of other areas of study with all human interveﬁtion trials
summarised in table format (Table 1.1). -

The risk of deafh from stroke, coronary heartr }disease (CH‘D) and CVD
émongst participants of the lowa Women's Health Study (IWHS) was lower
in women who consumed chocolate relative to those who‘ consumed no
ch;colate (Mink et al. 2007). Sirﬁilarly data takenrfrom the United States
National Hean Lung and Blood Institute Family Héart Study (Djousse et al.
2011) suggests that compared with no intake, partlmpants with a greater.

frequency of chocolate intake have a reduced odds of CHD prevalence, the

W
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lowest in consumers of 5 or more servings per week. However by contrast,
a study of women participating in the Swedish Mammography Cohort
(Mostofsky et al. 2010) demonstrated that the beneficial effect of chocolate
consumption on risk of heart failure was reversed as intake éxcéededu 2
servings per week. It is relevant to note at this point that serving size is not
stated in fhe aforementioned studies, although the authors of the Swedish
investigation do suggest an average portion size somewhere between 19A
and 30 g. An inverse association between chocolate consumption up to 7.5
g per day and risk of CVD among German adults participating in the
European Prospective Investigation into Cancer was reported (Buijsse et al.
2010). In the latter study and that of the IWHS, the association appeared
most compelling for stroke. Evaluation of data taken from The Stockholm
Heart Epidemiology Program (Janszky et al. 2009) of individuals who have
experienced a first acute myocardial infarction, show that the risk of cardiac
mortality is lowest in those who consume a §J g portion of chocolate at least
twice per week and the risk of a non-fatal stroke was shown to be lowest in
those consuming up to one portion per week.

From this small collection of epidemiological studies it can be surmised that
the consumption of 50-100 g per week of chocolate may reduce the risk of
cardiovascular disease, in particular stroke. What is not established in any
of these investigaﬁons is the type of chocolate consumed. The type of
chocolate, i.e. dark, milk or white, aﬁd the addition of other ingredients such ‘
as fruit or nuts, is an important factor in the overall analysis of evidence.
Dark chocolate typically contains more non-fat cocoa solids (NFCS) than
milk chocolate, and white chocolate contains no NFCS. As the percehtage

of NFCS content increases, the percentage content of sugar decreases
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(U.S. Department of Agriculture 2011). Furthermore milk and white
chocolate also contain milk powder that is not present in dark chocolate.
One study investigating the effects of additional ingredients demonstrated
that the lipid profile and inflammation biomarker concentration was improved
-following consumption of a cocoa broduct with the addition of hazelnuts,'
phytosterols and soluble fibre.. The coc;;)a product without added ingredients
had no significant effect (Sola et al. 2012).

Some epidemiological studies have investigated more specific interactions
by focusing on particular components of cocoa. The primary focus has been
flavonoids and in Krelation to cocéa, ,.particularly' the flavan-3-ol and
proanthocyanidin sub-classes of polyphenols. An evaluation of incident
hypertension, bioharkers of inflammation and endothelial dysfunction in
relation to flavonoid intake of participants in the Nurses' H.ealth Study (NHS)

I and I, and the Health Professionalé. Follow-Up Sfudy (HPFS) (Cassidy 'etw
al. 2011, Landberg et al. 2011) did not find any relationship with flavan;é-ol
or proanthocyanidin intake. However, at the highest daily intake of catechin
and epicatechin, the primary flavan-3-ol constituents of cocoa, tﬁere was a
éigniﬁcantly lower risk of incident hypertension. In contfast, a ‘significant
reduction in the risk of CVD has been repbﬂfed 4\fvith increased intake of
flavanols and proanthocyanidins (McCullough et al. 2012). The reduction
was not linear and, similar to other epidemiological eVidénce, reversed in the

highest intake groups.i

-
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1.2.3 Mechanisms of biological effects

1.2.3.1 Endothelial cell dysfunction

Endothelial cell dysfunction is an indicator of cardiovascular disease that has
been widely studied in vivo a-nd in vitro. Many of the human intervention
trials described in this chapter involve quantification of products secreted by
the endothelium such as nitric oxide, or expression of inflammatory response
proteins such as interleukin-6 (IL-6). One study recently reported that nitric
oxide (NO) production by platelets isolated from healthy subjects increased
following 3 weeks daily consumption of dark chocolate (Nanetti et al. 2012).
Systolic blood pressure (SBP) in spontaneously hypertensive rats (SHR)
was reduced and considered to be a consequence of increased nitric oxide
production following an acute dose of CocoanOX (a polyphenol-rich cocoa
powder); the effect was prevented in the presence 6f an endotheliél nitric
oxide synthase (eNOS) inhjbitor (M. Quinones et al. 2011). The same
authors investigated the long-term effect of CocoanOX supplementation and
observed attenuated development of hypertension in SHR with the effect
being greatest in animals given the lowest dose (Quinones et al. 2010).
Another study of SHR whose diets were supplemented with soluble cocoa
- fibre exhibited lower SBP and DBP during the treatment period. Throughout
a 4 week post-treatment period when the test treatment had been
discontinued SBP increased equivalent to control and DBP inqreased
beyond that of control animals (Sanchez et al. 2010).

SHR adrhinistered 200 and 400 mg kg'1 doses of CocoanoX exhibited higher
plasma angiotensin converting enzyme (ACE) activity at the end of the

intervention period, plasma concentration of angiotensin Il was also raised.
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The latter remaining elevated after treatment ended. Although this may be
suggestive of a negative consequence, the authors discussed the possibility
that inhibition of ACE leads to an increase in its plasma concentration
without reducing efficacy of thevinhibitor The same study measured
' relaxatron of pre-contracted intact aorta rings extracted from control animals
induced by incubation with CocoanOX Relaxation was reduced in the
presence of N“-nitro-L-arginine methyl ester (L-NAME) but not indomethacin
implying that dilation was a result of eNOS activity rather than prostaglandin-
| synthase (Mar Quinohes et al. 2011). Similar effects have been reported
using pre-contractee renal arteries isolated from' wild-type (WT) and
atherosclerotic mice (ATX) (Gendron et al. 2010). Catechin treatment in WT
mice durihg months 9 to 12 improved dilation at 12 months compared with
the untreated group, however this effect was not replieated in ATX mice.
lncubatlon with NG-nltro L-arginine (L-NNA) attenuated dilation in untreated”
WT mice but animals exposed to 3 months catechin treatment were
unaffected, suggesting that eNOS was not inhibited in catechin treated cells
or that addition of indomethacin to the incubation did not further affect this
}result. |

In vitro studies using hurhan umbilieal vein‘ e'nrdott)elial cells (HUVEC) are
widely used as a model to study endothelial function. HUVEC cells
incubated with (-)-epicatechin for 2 hours h‘ad signiticantly increased nitrite
levels up to 1 UM of (-)-epicatechin however beyond this, up to 10 pM,'the!
nitrite coneentration did not differ from control (Brosse‘tte ‘et 'al. 2011).
Similarly the greatest augmentation of nitric oxide produced by human
* coronary artery endothefial cells (HCAES) was reported fellowing a 10

- minute incubation with 1 pM (-)-epicatechin (Ramirez-Sanchez et al. 2010).

%l
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Following a 24 hour incubation with (-)-epicatechrin Brossette et al (2011)
observed no significant change in endothelial nitric oxide synthase (eNOS)
mRNA expression nor any variation in its stability. It may be that increased
production of nitric oxide is attributable to an interaction with fhe
phosphatidylinositol 3-kinase (PI3K) pathway which is involved in controlling
phosphory‘lation of the activation residues Ser1177 and Ser633. Treatment
of HCAES with epicatechin increased phosphorylation of these serine
residues and reduced phosphorylation of Thr495. In addition epicatechin
treatment appeared to induce activation of eNOS through uncoupling from
caveolin-1 (Cav-1) which it is bound to at the cytosolic side of the cell
membrane in its inactive form, and binding with calmodulin (CaM) to
stimulate solubilisation of the active enzyme. Further analysis suggested
that this effect was mediated via interaction with phospholipase C. Whilst
these conditions were dependent on the presence of calcium, the same
authors have also demonsirated that epicaiechin is able to stimulate NO
production induced by phosphorylation of serine residues and activation of
eNOS without uncoupling from Cav-1 in calcium-free cohditions (Ramirez-
Sanchez et al. 2011).

Similarly enhanced phosphdrylation of non-specific serine/threonine protein
| kinase (Akt), an enzyme involved in the PI3K pathway, was measured in
mice subjected to ischemia-reperfusion injury following 10 days of
supplementation with 1 mg kg™ body weight (-)-epicatechin; infarct size was .
reduced. Co-supplementation with the opioid antagonist's naloxone or
naltrindole elimiﬁated the effect on Akt phosphorylation and infarct size. The
results suggest that the protection conveyed by epicatechin was dépendent

on interaction with opioid receptors in the heart (Panneerselvam et al. 2010).
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Endothelium secretion of endothelin-1 (ET-1) is associated‘ with vascular
constriction and therefore negative cardiovascular consequences. Bovine
aortic endothelial cells (BAEC) treated with a procyanidin-rich extract of
cocoa produced less ET-1 than control cells; the response was dose-
' depeﬁdent (Caton et al. 2010). Procyanidin~rich extracts of other fruits
elicited similar results and the trimerw to pentamer fractions of cranberry
extract’were shown to downregulate exbression of ET-1 mRNA and
upregulate Kruppel-like factor 2 (KLF2) mRNA, a transcription factor that
mediates the synthesis of ET-1. Garcia-Conesa et al (2009) demonstrated a
similar reduction in ET-1 synthesis in HUVEC treated with a procyanidin-rich
fraction of apple (Garcia-Conesa et al. 2009).

Increasing nitric oxide concentration in vivo is generalﬁly considered a
positive consequence due to its functions of vasodilatior’\‘(Figure 1.3) and
inhibition of platelet aggregation. It is possible thét reported increases in .
flow-mediated dilation (FMD) and reduction of blood pressure folloWing
cocoa consumption (Table 1.1) is due to an increase in the production of
nitric oxide stimulated by epicatechin (Eigure 1.4). Chronic intake ma); have
a long-term protective effect in( the event of CVD, although in vitro and non-
human in vivo results are not necessarily tfgns{errable to -humans and
consumption of cocoa produéts will contribute to energy and macronutrient

intake that may be considered unhealthy.
1.2.3.2 Inflammation

Serum concentration of C-reactive protein (CRP) in a cohort of healthy
“ltalian adults pérticipating in the Moli-sani Project was lower amongst

consumers of less than 3 x 20 g servings per week of dark chocolate (di
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Giuseppe et al. 2008); this effect was not observed in consumers of 3 or
more servings per week. A higher CRP concentration is associated with a
higher risk of CHD therefore it can be inferred from this study that moderate
consumers of dark chocolate‘have a lower risk of CHD than non- and hidh-
consumers. Of the human intervention trials published since 2007 in which
the serum CRP concentration is quantified following a chronic cocoa
supplementation, the overall effect is inconclusive. In healthy subjects
~ significant reductions in CRP following ihtervention have been observed
(Hamed et al. 2008, Tzounis et al. 2011), whereas in subjects suffering from
hypertension, hypercholesterolemia or type-2 diabetes there have been no
significant changes observed (Grassi et al. 2008, Mellor et al. 2010, Sarria et
al. 2012). By contrast, in a study of diabetic mice whose diets were
supplemented with epicatechin significantly lower CRP levels were reported
corhpared with diabetic mice whose diets were not supplemented (Si et al.
2011). Although serum CRP concentration is indicative of CVD it is yet to be
determined whether high serum concentration contributes to the
development of disease or whether it is a consequence of the disease. The
level of intake of cocoa products or individual components, and whether any
ability to lower CRP levels irhproves prognosis in patients or reduces risk in

a healthy population, is yet to be determined.
1.2.3.3 Oxidative stress and dyslipidemia

Daily oral supplementation of 1 mg kg epicatechin for 10 days prior to -
ischemia-reperfusibn injury, in rats, reduced infarct size and oxidized
glutathione/reduced glutathione ratio (GSSH/GSH) at 48 hours post-injury

(Yamazaki et al. 2008). Infarct size remained significantly smaller at 3
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weeks post-injury. A further study by the same authors performed on
animals exposed to permanent coronary occlusion (POC) yielded very
similar results of infarct size, they also hypothesized that exposure to
epicatechin prior to POC may elicit an increase of Akt phosphorylation
’ howe:/er no significant changes weré observed (Yamazaki et al. 2010).

Dyslipidemia is a major risk factor of CVD that has prompted an abundance
of invéstigations, not least in relation to cocoa consumption. Many of the
intervention trials described in Table 1.1 have reported increased HDL
cholesterol levels and improved total cholesterol/HDL cholesterol ratio
following cocoa intervention. A soluble cocoa fibre product fed to rats
consuming a high cholesterol diet attenuated the negative consequences of
the diet. The cholesterol-rich diet raised total- and.LDL cholesterol
concentration. and malondialdehyde (MDA) concentrétion of serum but
these levels were significantly reduced in the groub supplemented with the |
cocoa fibre product. In cohtrast the cholesterol-rich diet caused a reduction
in HDL cholesterol concentration that was also improved by supplementation
with the cocoa fibre product (Ramos et al. 2008, Bravo et al. 2008). A
similar study of rats fed a high cholesterol diet with and without the addition
of cocoa procyanidins reported thgt rats fed the cholesterol-rich diet
expérienced significantly higher plasma total cholesterol than rats fed a
normal diet. This increase was signiﬁcantly éttenuafed by the addition of 0.5
or 1.0% vcocoa procyanidins to the‘ high cholesterol diet. Furthermore “ratsé
gohsuming the high cholesterol diet al exhibited signiﬁcaﬁtly more
cholesterol and triglyceridés in the liver than rats fed the normal diet. At the
highest supplementation of cocoa procyanidins this increase  was

significantly less (Osakabe and Yamagishi 2009).
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Obese-diabetic rats fed a diet supplemented with cocoa extract for 4 weeks
demonstrated improved levels of plasma total cholesterol that was similar to
that of non-diabetic rats consuming a normal diet. An improvement of similar
rmagnitude was also noted for plasma triglycerides and LDL cholesterbl.
There were no significant changes in plasma HDL cholesterol concentration
(Jalil et al. 2009). Diabetic mice treated with epicatechin for 15 weeks
exhibited similar total- and LDL cholesterol levels to non-diabetic mice at the
- end of the study period that were significantly lower than untreated diabetic
mice. Longevity of the epicatechin-supplemented mice was also improved;
the number of mice surviving until the end of the study period was
significantly greater than diabetic mice without supplementation, and not
different from control mice. Markers of inflammation in the serum of
epicatechin-supplemented diabetic mice were also affected by the treatment.
Compared with non-treated diabetic mice, insulin-like growth factor-1 (IGF-
1), CRP-1, interleukin-18 (iL-1B) and gluta’hione were either returned to
control levels or reduced significantly. Interestingly, although there were no
significant differences of superoxide dismutase (SOD) activity between
control and diabetic mice, activity was significantly greater in the treated
diabetic group (Si et al. 2011).
| Investigations using the Zucker fatty rat model of obesity and metabolic
syndrome demonstrated that supplementation of the diet with 5% soluble
cocoa fibre resulted in a significant feduction of plasma MDA concentration
such that levels were no longer significantly different from lean control rats.
Z‘ucker fatty raté fed a standard diet exhibited significantly higher levels of
tufnour necrosis factor-a (TNF-a) compared with the lean control anihals but

this was reduced in animals that consumed the 5% soluble cocoa fibre diet.
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It is important to note that this reduction was not statistiéally significant
however levels in the supplemented group were not significantly different
from either fatty or lean rats. Fatty animals fed the 5% soluble cocoa fibre
supplemented diet had significanily higher levels of plasma adiponectin
: comﬁared with fatty rats and lean rafs, which had similar levels (Sanchez et
al. 2011). The same authors investigéied the effect of a soluble cocoa fibre
on development of hypertension in SHR and reported reduced MDA plasma
concentration (Sanchez et al. 2010). A similar reduction in plasma MDA
concentration was observed when SHR were treated with 100, 200 and 400
mg kg™ doses of CocoanOX; the effect was reversed by the end of a 4 week

post-treatment period (Mar Quinones et al. 2011).

1.2.3.4 Conclusion

Cardiovascular diseases are responéible for more deaths globally than any
other cause (ch;rld Health Organization 2011) and are‘ ihe focus of much
research, not least in relation to cocoa. The main focus of such research
has been to ideﬁtify associations between intake and disease, and to elicit
mechanisms by which onset of disease can be delayed or prevented, or
where treatment of cardiov:;tscular events can be facilitated. M’any of the
human intervention studies described in Table 1.1 have involvéd intervention
treatments thag have derﬁonstfated improvements in markers of disease risk
factors such as total/HDL cholesterol ratio and FMD. Nitric ‘oxide synthesis
isr possibly the>most 'investigated‘ endothelial funétion in relation to cocoa
over the last 5 years with many authors repbfting increases in NO
‘con’centration of plasma. At this time the predominant mechanistic

hypothesis is that cocoa, or a component such as epicatechin, stimulates
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eNOS activity. Although this doesn’t appear to be the only mechanism that
is affected, certainly increasing NO synthesis may be one reason why FMD

and blood pressure are improved following intervention treatments.



Intervention

Control Study design Qutcomes Ref.
Cu deficient patients None Serumtrace metal 1 serum [Cu] and “(Nishiwaki
supplemented with 10- concentration monitoreds  neutrophil count et al. 2011)
40 g cocoa powder per 24 months post-enteral
day until improvement tube insertion in 23
observed patients (78.8 + 10.4

years)
One cup of espresso None 50 term pregnantwomen 1 fetal HR (Buscicchio
coffeeand 30 g DC without complicated accelerations and et al. 2012)
(separate occasions) gestation (31.8 £+ 5.05 variability
' years) .
15 g pp-rich DC perday 15 g macronutrient Double-blind, randomised Improved symptoms (Sathyapala
for 8 weeks matched low-pp cross-over; 10 subjects of CFS netal
. chocolate (3.9 mgECE diagnosedwithCFS (6 2010)
a') females, 4 males)(52+ 8
years) ‘ :

HF beverage Macronutrient-matched Cross-over; 10 healthy 1 cutaneous blood (Neukam et

LF beverage females (18-65 years) flow al. 2007)
20 g HF chocolate per . 20 g LF chocolate (<30 Double-blind, randomised; 1 minimalerythema (Williamset
day for 12 weeks - " mg flavanols) 30 healthy subjects (22  dose al. 2009)

‘ females, 8 males)(42.7 ¢
: 10 years) ' :

37gDC and 237 mL Low-pp bar and Double-blind, randomised; 1 pulserate at (Crews et
cocoa beverage per day beverage containing 101 healthy subjects (60 midpointand end-of- al. 2008)

. for 6 weeks

0.20 mg g* and 40.87

mg g™* total

proanthocyanidins,

respectively

females, 41 males) (260
years) o

treatment

Sjeld} uoljuaALRBIu| uewn ¢°¢’'L
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cocoa butter (1 g kg™

" BW)

oil (1 g kg BW)

, Intervention Control Study design Outcomes Ref.

7 Flavanol-rich cocoa Flavanol-poor cocoa Double-blind, randomised; 1 cerebralblood flow (Sorond et
beverage perday for 1 beverage (36 mg 21 healthy subjects (10 in response to acute al. 2008)
week flavanols per day) females, 11 males) (72.2 + dose of cocoa

: ' 6 years) beverage

8 Cocoa beverage Macronutrient-matched Double-blind, cross-over;  Improved cognitive  (Scholey et
containing either 520 cocoabeverage 30 healthy subjects (17 performance and al. 2010)
mg or 994 mg cocoa containing 46 mg cocoa females, 13 males)(21.9 + reduced mental
flavanols ~ flavanols SE 0.61 years) fatique

9 35gDC 35 g white chocolate Cross-over; 30 subjects (22 improved contrast (Field et al.

females, 8 males)(18-25  sensitivity, motion 2011)
years) integration threshold,
visual spatial working
memory, and reaction
time

10 20 g chocolate 20 g chocolate Double-blind, randomised; 1 posterior parietal (Camfield et
beverage beverage LF content 63 subjects (52.30 + 7.49  activity, synaptic al. 2012)
containing MF or HF years) ' gxcitatiop and neural

information
content per day for 30 -
days processing speed

11 Mashed potato powder Mashed potato powder Randomised, cross-over; Plasma[TAG] and (Tholstrup et

(1 gkg'BW) (1 g kg' BW) 10 healthy females (38.2 + [IL-6] were altered (no al. 2011)
. supplemented with supplementad with olive 10.7 years) | significantdifference

between the meals)

14



Intervention

Control

Study design

Outcomes Ref.

. females, 8 males) (64.7 +

12 Cocoa beverage twice Cocoa-free beverage Randomised; 25 healthy J LDL susceptibilityto (Baba et al.
per day for 12 weeks males (38 + SE 1 years) oxidation and urinary 2007b)
: ; : : [dityrosine]; T HDL
. cholesterol
13 Low-, medium-, or high- Nutrient matched Double-blind; 160 normo- | {[Apo B] in MCP and (Baba et al.
pp cocoa beverage beverage (trace and mildly HCP groups; | 2007a)
twice per day for 4 amounts of cocoapp)  hypercholesterolemic oxidised LDL (kU L1
weeks subjects (91 females, 69 plasma) in all groups
males) (20-70 years)
14 40gDC Macronutrient matched, Double-blind, randomised; 1 Coronary artery (Flammer et
flavonoid-free chocolate 22 heart transplant diameter and % al. 2007)
recipients (4 females, 18  change of
males) endothelial-
dependent
vasomotion; | [8-iso-
PGF2a] and platelet
adherence
15 22 gDC supplemented Macro- and Double-blind, cross-over; | Serum total- and (Allen et al.
: with 1.1 g canola sterol micronutrientmatched 49 subjects (32 females, 17 LDL cholesterol; | 2008)
esters twice per day for DC without the addition males)(24-70 years) with SBP and DBP -
4 weeks of plant sterols elevated cholesterol (5.20- (combined
7.28 mmol L) ' intervention and
control results)
16 MF or HF beverage Macro- and Double-blind, randomised, 1 FMD - (Balzer et al.
‘~ ' micronutrientmatched cross-over; 10 type-2 2008)
LF beverage diabetic subjects (2

- 9.9 years)

9c
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per day for 15 days

chocolate per day

19 hypertensive,

prediabetic subjects (8
females, 11 males) (44.8 +

8.0 years)

and 1 insulin
sensitivity; | clinical
SBP and DBP, and
ambulatory BP; 1
FMD and | serum
total- and LDL

cholesterol

_ Intervention Control Study design Qutcomes Ref.

17  Flavanol containing Macro- and Double-blind, randomised; {1 FMD (Balzer et al.
beverage 3 times per micronutrientmatched 41 type-2 diabetic subjects 2008)
day for 30 days LF beverage (29 females, 12 males)

(intervention, 63.1 + 8.3
years; control, 64.4+ 8.6
years)

18 HF beverage twice per Macro- and Double-blind, randomised; 1 FMD (combined (Davison et
day for 12 weeks with  micronutrientmatched 49 overweight and obese  exercise and non- al. 2008)
and without 45 min LF beverage with and subjects (32 females, 17 exercise results); |
physical activity 3 days without physical activity males) (40-50 years) insulinresistance,
per week ‘ DBP and MAP

(flavanol treatment
nested in time)

19 Phase 1: Acute Phase 1: 74 g cocoa- Single-blind, randomised, 1 FMD; |SBP and (Faridi et al.
consumptionof 74 g DC free chocolate cross-over; 45 healthy DBP; greatest FMD  2008)
Phase 2: 2 cups of Phase 2: 2 cups of subjects (35 females, 10 improvement
either sugar-containing sugar-containing cocoa- males) (5238 +11.0 years) following sugar-free
cocoa beverage or free beverage ' cocoa beverage.
sugar-free cocoa

: beverage ‘
20 100 g flavanol-rich DC 100 g flavanol-free white Double-blind, cross-over; | Insulinresistance  (Grassi et al.

2003)

Lz
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cycling

followed by cycling

overweight/obese subjects response to exercise

(8 females, 13 males) (54.9

+ SE 2.2 years)

Intervention Contro} Study design Outcomes Ref.
21 100gDCperdayfor1 None 28 healthy subjects (19 | plateletactivated - (Hamed et
week females, 9 males)(42+ 12 GP llb/llla al. 2008)
years) expression; | LDL
. cholesterol; 1 HDL
cholesterof. | C-
reactive protein
- : : (females only)
22 Cocoabeverage twice Macro- and Double-blind, randomised, {1 insulin-stimulated (Muniyappa
per day for 2 weeks micronutrientmatched  cross-over; 20 brachial artery et al. 2008)
LF beverage hypertensive subjects (12  diameter
females, 8 males) (51 + SE
1.5 years) ‘ :

23 20 gcocoapowderin 250 mL skimmedmilk  Randomised, cross-over;. 1 HDL cholesterol; | (Monagas et
250 mL skimmedmilk  without cocoapowder 42 high-riskof CVD expression of al. 2009,
twice per day for 4 ' subjects (23 females, 19  adhesion molecules Khan et al.
weeks N males) (69.7 + 11.5 years) on the surface of 2010)

o monocytes and
concentration of
circulating soluble
adhesion molecules
24  HF cocoa beverage Macronutrientmatched Double-blind,randomised, 1 FMD; JAUCfor  (Berry et al.
. followed by 10 min LF cocoa beverage cross-over; 21 healthy DBP and MAP in 2010)

8¢



intervention

Control

Study design

QOutcomes

Ref.

25

Cocoa beverage
containing 33, 372,712,
or 1052 mg total
flavanols per day for 6

weeks

None

Double-blind, randomised;
52 mildly hypertensive
subjects (20 females, 32
males) (42-74 years)

1 24 h ambulatory
MAP, SBP and DBP

(1052 mg); |

Overnight ambulatory
SBP, DBP and HR

(Davison et
al. 2010)

26

6 g or 25 g DC per day

for 3 months

None

Single-blind, randomised,;
91 cardiovascular high-risk
patients (20 females, 71
males) (57-74 years)

1 24 h, day- and
night-time MAP, SBP
andDBP (6 g); | 24 h
and daytime MAP
and SBP (25 g)

(Desch et al.

2010)

27

HF cocoa beverage
twice per day for 30

days

Nutrient matched LF
cocoabeverage

Double-blind, randomised,
cross-over; 16 coronary
artery disease (CAD)
patients (3 females, 13
males) (64 + 3 years)

1 FMD (both

conditions), FMD
post-intervention was
higher than post-
control; 1 % of CACs;
| plasmalnitrite]; 1

SBP

(Heiss et al.
2010)

28

15 g DC 3 times per day

for 8 weeks

Macronutrient matched
cocoa solids-free
chocolate

Double-blind, randomised,
cross-over; 12 type-2
diabetic subjects (5
females, 7 males) (42-71

years)

T Serum [HDL
cholesterol]; | total
cholesterol:HDL
cholesterol ratio

(Mellor et al.

2010)

29

Dairy based cocoa
beverage containing
either natural-dose
(NTC) or high-dose

- (TEC) theobromine
once per day for 3

weeks

Unspecified dairy based
placabo beverage

Double-blind, randomised,
cross-over; 42 pre-/stage 1
hypertensive, healthy
subjects (10 females, 32
males) (62 + 4.5 years)

124 h DBP (NTC); 1
24 h SBP, daytime
DBP, 24 h, day- and
night-time HR (TEC);
] central SBP, HR
and stroke volume

(TEC)

(van den
Bogaard et
al. 2010)

62
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intervention Control Study design Outcomes Ref.

30 Dairy-based high-fat Macronutrient matched Double-biind, randomised, Tt serum [triglyceridesj (Westphal
liquid meal plus HF dairy-based high-fat cross-over; 18 healthy and [free fatty acids] and Luley
cocoa powder liquid meal containing  subjects (16 females, 2 (both conditions); | = 2011)

LF cocoa powder males)(25.2+ 2 5years) FMD (both conditions,
' higher following
intervention)

31 40 g DC twiceperday 30.4 g bar of sugar- and Single-blind, randomised; 1t PlasmalF,- (Aligrove et
for 2 weeks followed by fat-matched cocoa 20 healthy males (22 + 4 isoprostane] post- al. 2011)
1.5 hcycling liquor-free chocolate years) exercise (both

‘ followed by cycling conditions, lower
. following
intervention); |
oxidised LDL pre- and
post-exercise ‘
32 40gDC 40 g milk chocolate Single-blind, randomised, | SerumsNOx2-dp, (lLoffredo et

cross-over; 20 healthy
subjects (13 females, 7
males) (33 + 11 years) and
20 smokers (13 females, 7
males) (33 + 11 years)

»

1

urinary isoprostane  al. 2011,
excretion and platelet Carnevale et
ROS, sNOx2-dp and al. 2012)
8-is0-PGF2a (healthy
subjects); t FMD,

serum [NOx] and

platelet NOx

production (smokers);

| serum sNOx2-dp,

urinary isoprostane

excretion and platelet

ROS, sNOx2-dp and
8-iso-PGF2a

(smokers)

%



Intervention Control Study design QOutcomes Ref.

Cocoa beverage Macronutrient matched Double-blind, randomised; Dose-dependent (Monahan et
containing either 2, 5, beverage withoutcocoa 23 healthy subjects (14 greater change in al. 2011)
13 or 26 g of cocoa powder females, 9 males) (63 + SE FMD (5, 13 and 26

2 years) g); t SBP (2 and 26

g); 1 DBP (2, 13 and
26 g); 1t MAP (2, 13
and 26 g); | [glucose]

(0,2and 5 g)

- Sugar-free cocoa Cocoa-free sugar- Double-blind, randomised, 1 FMD (both (Njike et al.
beverage or a sugar- sweetened beverage cross-over; 39 overweight, conditions) 2011)
sweetened cocoa healthy subjects (33
beverage twice per day females, 6 males)(41-63
for 6 weeks years)
75gDC None 16 healthy subjects (6 1 Angiotensin- (Persson et

females, 10 males) (20-45 converting enzyme al. 2011)
years) activity
13.5 g flavonoid- Macronutrient matched Double-blind, randomised; | Plasmalinsulinjand (Curtis et al.
enriched chocolate placebo chocolate 93 postmenopausal, type-2 insulinresistance; 1 2012)
twice per day for 1 year ’ diabetic patients (51-74 insulin sensitivity; |
) years) [LDL cholesterol]; 1
CHD risk (both

conditions, less
following intervention)
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Intervention Control

Study design

Outcomes Ref.

37

100 g DC followed by Macronutrient matched
cocoa solids-free bar
(71 g) followed by

2.5 h of cycling

cycling

Single-blind, randomised,
cross-over; 14 healthy male
subjects (22 + 1 years)

1 Plasmatotal » (Davison et
antioxidant status al. 2012)
(both conditions); 1

[insulin] pre-exercise

- and 1 h post-

exercise; | plasma
[glucose] post-
exercise {(both
conditions)

38

100 g high-antioxidant None |

dark chocolate (HADC)
or 100 g DC

3

Double-blind, randomised,
cross-over; 15 healthy
subjects (9 females, 6
males) (30 + 5 years)

1 Plasma FRAP (both (Lettieri-
interventions); HHADC Barbato et
FRAP remained al. 2012)
higherat4 and S h; 1

urinary HADC FRAP
upto12h; t ;

[triacylglycerol] (both
interventions); 1 [thiol]

at 2- and 4 h (both

interventions)

39

50 g DC per day for 3 None
weeks

50 healthy subjects (25
females, 25 males) (28-45

years)

-

1 [HDL cholesterol] (Nanetti et
and ftriglyceride]l and al. 2012)

1 LDL cholesterol

(females only); | lipid
peroxidation,

conjugated diene and
hydroperoxide

content of HDL and

LDL; 1 platelet

production of NO; |

peroxynitrite

ce



Intervention Control Study design Outcomes Ref.

40  Cocoa products: (B) (A) Cocoa Double-blind, randomised; | [Total-] and [LDL (Sola et al.
cocoa + hazelnuts, (C) 113 pre/stage-1 cholesterol}and 2012)
cocoa + hazelnuts + hypertensive and [Apo B] and Apo .
phytosterols, (D) cocoa hypercholesterolemic B:Apo Aratio (C)

+ hazelnuts + subjects (67 females, 46 and (D); | hsCRP
phytosterols + soluble males) (43-65 years) and oxidised LDL (D)
fibre per day for 4
weeks
41 DC and cocoa None 5 type-2 diabetic patients 1 [HDL cholesterol]; (Taub et al.

~ beverage once per day

for 3 months expression of

markers of
mitochondrial
structure in skeletal
muscle

failure (47-71 years)

with stage ll and Ilf heart  enhanced 2012)

Table 1.1 Summary of intervention studies using cocua published between 2007 and 2012. Only outcomes
with a statistical significance ¢f a maximum p<0.05 are reported. Mean t standard deviation unless
otherwise stated. Abbreviations used in the table: 1, increase; | decrease; DC, dark chocolate; HR, heart
rate; pp. Polypheno!; CFS, chronic fatigue syndrome; HF; high flavanol; LF, low flavanol; MF, medium
flavanol; BW, body weight; TAG, triacylglycerol; IL-6, interleukin 6; LDL, low-density lipoprotein; HDL, high-
density lipoprotein; Apo B, apolipoprotein B; 8-iso-PGF2a, 8-iso-prostaglandin F2a; SBP, systolic blood

pressure; DBP, diastolic blood pressure; FMD, flow mediated dilation; MAP, mean arterial pressure; GP, .

glycoprotein; CVD, cardiovascular disease; AUC, area under curve; CACs, circulating angiogenic cells;
sNOx2-dp, soluble NOx2 derived peptide; - ROS, reactive oxygen specizs; FRAP, ferric reducing ability of
“plasma: NO. nitric oxide. | ‘
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Nitric Oxide

Nitric Oxide-

Figure 1.3 Nitric oxide stimulated vasodilation
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Peroxynitrite Nitric Oxide

Superoxide / O
X

NADPH Oxidase 7

Figure 1.4 Potential mechanisms by which epicatechin increases nitric oxide
concentration



36
1.3 Carbohydrate metabolism

1.3.1 Sucrose hydrolysis

Sucrose is a disaccharide, MW 342.3, composed of glucose and fructose
monosaccharides (Figure 1.5). Hydrolysié of sucrose is an acid catalysed
reactions that liberates a-D-glucose and B8-D fructose with no mutarotation
reported (Zagalak and Curtius 1975). The authors of this study investigated
enzyme catalysed acid hydrqusis of sucrose and revealed that cleavage of
the monosaccharide units occurs between the anomeric carbon of glucose
and the adjoiﬁing oxygen atom; experiments using H2'®O confirmed the
incorporation of '80 into liberated a-D-glucose but not B-D-fructose. The use
of 2H,0 demonstrated that protonation of each monosaccharide upon
releasé from sucrose was not from water present in the reaction mix.

Enzyme hydrolysis of sucrose in humans is exclusively catalysed by sucrase -
(EC 3.2.1.48) although it also exhibits activity for maltose, a disaccharide
comprised of two glucose units. Sucrase is located at the luminal surface of
enterocytes, both crypt cells and microvillus cells express the enzyme in its
mature and precursor form (Beaulieu et al. 1989). Sucrase is ;nchored to
the epithelial cell membrane via another a-glucosidase enzyme, isomaltase
(EC 3.2.1.10), that is responsible for the hydrolysis of maltose and
isomaltose. The two subunits of sucrase and isomaltase are initially
synthesised in the ‘rough endoplasmic reticulum (RER) as a single
polypeptide chain of 1827 amino acid residues with a MW in the region of
220,000-280,000 Daltons (Da) (Conklin et al. 1975). The exact molecular
weight measured varies depending on the method of solubilisation, either

papain or Triton-X-100 (Brunner et al. 1979). The protein is then transported

e
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to the Golgi apparafus where N- and O-linked glycosylation takes place;
transfer from the RER to the Golgi apparatus takes 2-3 hours (Beaulieu et al.
1989). The glycosylated precursor protein is transported to the basolateral
epithelial membrane then insérted into the lipid bilayer with the NH.-terminal
of isomaltase remaining in the cytosol. A hydrophobic region containing 31
amino acids acts as the membrane anchor and the ‘mainly hydrophilic amino
acids are exposed to the luminal cavity (Semenza 1986). Exposure of the
precursor to the lumen permits cleavage of the two subunits by pancreatic
protease enzymes with the subunits remaining associated in the sucrase-
isomaltase (Sl) complex (Hauri et al. 1979).
The active site of sucrase displays activity towards hydrolysis of a1-2 and
a1-4 glycosidic bonds. Human lysosomal a-glucosidase shares a highly
conserved catalytic site with human and rabbit isomaltase, and rabbit
suérase (Hermans et al. 1991, Chantret et al. 1992). A study of the
interaction between human lysosomal or yeast a-glucosidase and the
inhibitor conduritol B epoxide (CBE) revealed that the B-carboxyl group of
aspartic acid at the active site was essential for hydrogeh bond formation
with CBE and that proton donation was likely to be from an aspartic acid
residue (Hermans' et al. 1991. Okuyama et al. 2001). In support of these
| ﬂndin‘gs, structural studies using the inhibitors kotalanol and Man,GlcNAc,
an asparagine-linkéd N-acetylated oligosaccharide, have revealed hydrogen
bond formation between aspartic écid residues and saccharide hydroxyl
groups, with aspartic acid residues also identified aé catalytic nucleophiles.
Stabilisation of the enzyme-inhibitor complex was proposed to invblve
additional hydrophobic interactions with leucine, tryptophan, phenylalanine,
valihe and tyrosine (Sim et al. 2010).

| EENS UNIVERSITY LIBRARY
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1.3.1.1 Modification of sucrase activity
1.3.1.1.1 Diet and disease

The activity of S| may be enhanced or diminished in different disease states
or through diet. A diet high in sucrose or medium-chain triacylglycerols
resulted in significantly increased S| mRNA levels and increased activity in
rats compared with animals ;ed a low-starch, high long-chain triacylglyerol
diet (Yasutake et al. 1995). Intrajejunal administration of fructose or sucrosé
solution, but not glucose, Icompared with sugar-free solution, similarly
enhanced Sl activity and mRNA levels in rats (Kishi et al. 1999). A highf
carbohydrate, low-fat diet fed to mice éimilarly enhanced the activity and
MRNA le\)éis of Si compared With animalé fed a low-carbohydrate, high-fat
diet (HSnma et al. 2007). The authors reported the increase to be associated
with enhanced acetylation of histc;ne H3 and H4 on the promoter and .
transéription regions of the Sl gene. Increased ‘SI écti\)ity has also been |
reported in streptozotocin-induced diabetic rats dué to a reduced rate of
enzyme degradétion (Olsen and Korsmo 1977). A more recent study
demonstrated that increased SI mRNA levels, protein expression and
ehzyrhe activity were redu;:;ad to levels equi\(glent to those in non-diabetic
rats, with insulin treatment (Liq etal 2011)'. The authors treated Caco-2 cells
with insulin and observed reduced SI mRNA levels and activity that was
associated with a reduction in the level of caudal type homéobox 2 (CQXZ)
rf;BNA. Inhibition of tI:\e mitogen-activated protein kinase (MAPK)-dependent
‘pathway,’via which CDX2 is expressed, returned CDX2 mRNA levels, and SI
mMRNA levels énd activity to a level equivalent to cdntro| cells not treated with

insulin. Hepatocyte nuclear factor-ia (HNF-1a), another transcriptional
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protein, is also implicated in the regulation of Sl expression.‘ Decreased
expression and activity of Sl in Caco-2 cells cultured with high concentration
glucose media, was reversed when glucose concentration was lowered;
HNF-1a mRNA was similarly affected by glucose concentration (Gu et al.
2007).

Congenital sucrase-isomaltase deficiency (CSID) is an autosomal recessive
disease of the human small intestine that results in abdominal pain and
diarrhoea following ingestion of sugar. The pathogenesis of CSID has been
mostly attributed to a mutation of the S/ gene that encodes the’ precursor
enzyme protein (Uhrich et al. 2012). Subsequent synthesis of the protein in
the RER leads to the substitution of specific amino acids in the single
polypeptide chain. Various amino acid alterations have been noted in
biopsies obtained from patients suffering with CSID a small number of which
appear more frequently. Consequently substituted amino acid residues lead
to incorrect folding of the protein, insufficient transportation from either the
RER or the Golgi apparatus, and cleavage of the hydrophobic membrane
domain from the precursor protein‘within the RER ultimately preventing
anchorage in the apical membrane of the epithelial cell (Jacob et al. 2000,

Ritz et al. 2003, Keiser et al. 2006).
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Figure 1.5 Structure of the disaccharide sucrose composed of a-D-glucose
and B-D-fructose _

1.3.2 Glucose transport

Glucoe;.e absorption from the lumen of the smail intestine is controlled by two
~ distinct protein carriers located at the apical membrane, SGLT1 and GLUT2,
and one at the basolateral membrane, GLUT2. The primary glucose carrier,
SGLT1, is a protein composed of 664 amino acid residues of which 14
helical regions span the apical membrane (Hediger et al. 1989, Turk et al.
1994, Turk et al. 1996). Activity of the carrier is dependent on fh}e binding of
sodium ions and maintenancé of a negative electrochemical gradient within
the cell. This gradient is a reéult of basolateral efflux of 3 sodium ions by the
sodium-potassium pump and influx of fewer sodium ions ’via the glucose
carrier protein. Affinity of this secondary active cotransporter for glucose is
high as démon.strated by a low Michaelis—constant, ~5 mM (Scow et al.
_2011), which represents  the ratio of dissociation to formation of the
transporter-subStrate complex. Even at low luminal concentratidns SGLT1

continues to transport glucose against a concentration gradieht. Structural

e
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evaluations have demonstrated that the number of sodium ions Sound to the
transporter affects the capacity for glucose binding and that cation-n
interactions are involved in binding two sodium ions to the transporter which
induces a conformational change that permits glucose binding (Jiang et al.
2012). Investigations using the SGLT1 inhibitor phloridzin and glucose
stereoisomérs implicate the C-terminal loop 13 and tryptophan residues in
formation of the transporter-substrate complex (Raja et al. 2003, Raja et al.
2004, Kumar et al. 2007, Tyagi et al. 2007, Wimmer et al. 2009). In order to
release sodium and glucose into the cytosol the transporter must undergo a’
reorientation from outward to inward facing (Sala-Rabanal et al. 2012). This
conformational change is a result of a sequence of altered electrical charges
(Longpre et al. 2012). Reorientation weakens the bond between the
transporter and one of the sodium ions which confers a disruption to the
hydrogen bonds that maintain the transporter-glucose complex thereby
releasing glucose into the cell. It has been proposed that only one sodium
ion is released into the cell and that the second remains bound to the
transporter and returns to the extrace‘llular facing orientation.
Sodium-independent passive diffusion of glucose is facilitated by the GLUT2
protein carrier. Located in the basolateral membrane GLUT2 allows
transport of glucose and fructose out of the cell into the hepatic portal vein.
Relatively recently' this transpbrter has also been deteﬁted in the apical
membrane where it is believed to éésist SGLT1 uptake of glucose in the
presence of a high glucose concentration in the intestinal lumen (Zheng et
al. 2009, Chaudhry et al. 2012). The secondary structure of GLUT2 is similar
to fhat of SGLT1. It is a protein comprised of 554 amino acids that span the

cell membrane across 12 regions with both the C- and N-terminal cytosol



42
facing (Mueckler 1994, Olson and Pessin 1996). Passive ’diffu':sion of glucose
is proposed to involve hydrogen bond formation of glucose at carbon atoms
1, 3 and 4 with carbon-6 involved in a hydrophobic association with the
transporter (Colville et al. 1993); transmembrane regions 9 to 12 have been
considered essential for transportef-glucose affinityv (Wu et al. 1998). In
contrast to SGLT1, GLUT2 is a low afﬁnity-high capacity carrier of glucose,
Km = ~20 mM, that does not show saturated kinetics with increasing
concentration of substrate (Scow et al. 2011, Zheng et al. 2012).
Translocation of GLUT2 to the apical membrane occurs rapidly withinr
minutes of cells sensing the presenée of a high luminal concentration of
glucose. The mechanism for apical GLUT2 translocation is proposed to
involve two separate pathways that cooperate to enhance activity of protein
kinase C isoform Il (PCKBII) (EC 2.7.11.13). Cotransport of sodium ions
| into the cell leads to depolarisation of the cell membrane which activates the
calcium channel Ca,1.3 permitting a flux of calcium ions into the cell; this is
maximal at glucose concentrations that saturate SGLT1. The increased
influx of calcium alters the cytoskeletal structure and increa:s.es PCKRII
affinity for phosphatidylserine. Similarly at SGLT1 saturating concentrations
of glucosve, apical sweet taste receptors are activated and internalised by the
cellf the alpha subunits of these receptors is cleéved and released into the
cytosol. The remaining beta and gammaAsu'bunits activate phospholipase C
isoform Bl (PLCBlli (EC 3.1.4.11) which catalyses the removal of a
qiécylglycerol from phosphatidyl inositol-bisphosphate. The presence of
diacylglycerol fully activates PKCBIl which leads to translocation of GLUT2

to the apical membrane (Scow et al. 2011). Caco-2 cells co-incubated with

R
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PKC inhibitors or activator demonstrate reduced and elevated glucose

uptake, respectively (Zheng et al. 2012).
1.3.2.1 Modification of transporter activity
1.3.2.1.1 Diet and disease

In healthy subjects the plasma increase in glucose concentration following a
meal stimulates the release of insulin from pancreatic beta cells. Insulin
receptors on muscle cells and adipocytes bind to the plasma insulin
subsequently resulting in the insertion of glucose transporter GLUT4 into the
cell membrane to facilitate glucose uptake, thereby lowering plasma glucose
concentration. Insulin receptors at the apical membrane of epithelial cells
similarly bind to insulin in the lumen and induce a reduction of GLUT2
translocation to the apical membrane that lowers glucose absorption from
the small intestine (Tobin et al. 2008). In the diabetic d‘isease state, glucose
uptake into adipocytes and muscle cells is impaired due to resistance to the
action of insulin or through lack of insulin release from pancreatic beta cells.
In response to both situations, enhanced insertion of GLUT4 into the plasma
membrane of adipocytes and muscle cells is not stimulated and plasma
glucose concentration remains elevated. At the intestinal level, GLUT2
" internalisation is not promoted therefore apical GLUT2 levels remain high
and glucose uptake continues to be facilitated (Tobin et al. 2008).
Streptozotocin-induced diabetic rats exhibit enhanced expression of GLUT2
in enterocytes that is reversed with insulin treatment (Burant et al. 1994,
Corpe et al. 1996). Increased levels of GLUT2 in the small intestine of

human subjects with type-2 diabetes has also been reported (Dyer et al.

2002).
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1.4 Objectives

The objective of this project was to investigate the interaction between dark
chocolate flavanols and sugars, including the metabolic fate of,each, and to

identify potential mechanisms by which interaction may occur.
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Chapter 2 Materials and methods

2.1 Chemicals

All chemical reagents were purchased from Sigma-Aldrich, Dorset UK, and
all water is ultrapure with a resistivity of 18.2 MQ-cm at 25°C supplied using

the Millipore Milli-Q Integral system, unless otherwise stated.
2.1.1 Reagent preparation

Transport buffer solution was prepared according to the Hanks' Balanced
Salt solution (H6648) formulation without the addition of D-glucose. Briefly,
0.4 g L' potassium chloride (P5405), 0.06 g L potassium phosphate
(P0662), 0.05 g L sodium phosphate dibasic (S9763), 0.35 g L™ sodium
bicarbonate (S5761), 8 g L' sodium chloride (S5886), supplemented with
0.27 g L™ calcium chloride dihydrate (C7902) and 0.018 g L™ ascorbic acid
(A4544) were dissolved in water and the solution adjusted to pH 7.4 at 37°C

before being sterile filtered (Corning® 430049).
2.1.1.1 Dark chocolate extract preparation

A flavanol-rich dark chocolate extract was prepared as recently described
(Robbins et al 2052). Nestlé Noir Intense 70% cocoa solids was ground to a
powder and the fat rémoved by treatment with hexane. A volume (45 mL) of
hexa'r‘le (Fisher Scientific, H/0406/PB17) was added to 5 g bf powder and the
suspension sonicated at 50°C for 5 min before being centrifuged at 3,000
rpm for § min. The hexane was decanted to waste and the process repeated ‘
twice more; residual hexane was evaporated overnight in a fume cupboard.
A flavanol-rich extract was prepared from the fat-free powder; 10 mL of

extraction solution containing acetone (Fisher Scientific, A/0606/17), water
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and acetic acid (Fisher Scientific, A/0360/PB15) (70:29.5:0.5) was added to
the required quantity of powder and the suspension sonicated at 50°C for 5
min followed by centrifugation at 3,000 rpm for 5 min. The supernatant was
collected and passed through a strong-cation exchange solid phase
extraction cartridge (52686) and filtered through a polytetrafluoroethylene
(PTFE) membrane syringe fi'ter, 17 mh, 0.2 pm (Chromacol, 17-SF-02(T)).
The filtrate was evaporated to dry under vacuum then reconstituted in 20 mL

of test or control solution and corrected to pH 7.4 at 37°C.
2.1.1.1.1 HPLC-FLD protocol

The flavanol profile, monomer to decamer, of dark chocolate extract was‘
analysed using an Agilent 1200 series HPLC with fluorescence detection, as
recently described (Robbins et al. 2012). A Phenomenex Develosil Diol 100
A 5 pm column, 250 x 4.6 mm, plus Phenomenex cyano guard column, 4.x 3
mm, was maintained at 35°C in a thermostatted column oven. The mobile
phase consisted of solvent A) 2% acetic acid in acetonitrile (Fisher Scientific,
A/0626/17) (98:2 viv), and B) 2% acetic acid in aqueous methanol (Fisher
Scientific, M/4058/17) (95:3:2 vivivl). The flow rate was maintained at 1.0 mL
min” throughout the durétl:cn of the analytical run. The mobile phase
gradient of solvent B in solvent A was as foIIOWS:' 0 min, 7% B; 3_min, 7% B;
46‘0 min, 37.6%38: 63 min, 100%: 70 min 109% B; 76 min, 7% B; 81 rﬁin, 7%
B. Fluorescenbe detection was performed with excitation at 230. nm and
é;nission at 321 nm». The ph;)tomultiplier level was set to 10. Stanéard
'e;‘)icatechin was used to prepare a calibration curve of fluorescence as a

function of epicatechinﬁconcentration. Linear regression analysis, with the y-

intercept fixed at zero, was conducted to obtain the gradient and adjusted R-
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square value of the curve. The concentration of flavanols dimer to decamer
was calculated using the epicatechin calibration curve with a relative
response factor applied to each fracﬁon. The flavanol content (mg 100g™) of
fresh weight dark chocolate was calculated firstly by converting the
concentration (mg mL™") to the content (mg g™') of defatted dark‘chocolate. A
correction factor was applied to account for the dilution factor and fat content

of the dark chocolate.
2.1.1.2 In vitro epicatechin transport and methylation

Sugar solutions containing 100 mM sucrose (S9378), glucose (Fisher
Scientific, G/0450/60) or fructose (47740) were prepared in transport buffer
solution and corrected to pH 7.4 at 37°C. Each sugar solution was
subsequently used to prepare test solutions containing 250 uM epicatechin.
Briefly, 2 mg epicatechin was dissolved in a mixture containing 10 pL
dimethyl sulfoxide plus 990 pL sugar solution, or transport buffer for the
experimental control. The sﬁspension was sonicated at 37°C for 30 min then
vorteked to ensure complete dissolution. A volume (725 pL) of epicatechin
solution was diluted to 20 mL using the corresponding solution then

corrected to pH 7.4 at 37°C.

© 2.1.1.3 Dark chocolate extract inhibits sucrose hydrolysis in the Caco-

2 cell model

A 20 mM sucrose solution was prepared. Briefly, 684 mg of sucrose (S9378)
was dissolved in 100 mL of transport buffer solution and then corrected to

pH 7.4 at 37°C.
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2.1.1.3.1 Pure compounds
Pure compounds were weighed and initially dissolved in 1 mL of a 1%
solution of DMSO (60153) in transport buffer solution or 20 mM sucrose

solution (v/v). Aliquots were diluted to 20 mL using transport buffer solution

“or 20 mM sucrose solution to obtain final concentrations as described below.

Compound Weightﬁ Aliquot Final Concentration
(mg) (W) (uM)
Flavanol monomers 3 970 500
2 581 200
1 - 580 100
1 290 50
1 - 116 20
Procyahfdin B2 3 385 100
- (Extrasynthese, 0984) 3 193 50
Acarbose (A8980) 3 860 200
2 645 - 100
1 645 50

8(-)-Epicatechin (Extrasynthese, 0977 S), (+)-Epicatechin (Nacalia Tesque,
02573-34), (-)-Catechin (C0567), (+)-Catechin (Extrasynthese, 0976 S).

2.1.1.3.2 Ethyl acetate extrabt of dark chocolate extract

A volume (0.75 mL) of ethyl acetate (Fisher ’Scientific, E/0906/17) was
édded to the dry extract; the suspension was vortexed to mix and
centrifuged at 17,000 x g for 5§ minutes. The supernatant was removed and
evaporated to dry. To the remaining pellet the‘ethyi acetate extraction
ﬁrocedure was repeated and the supernatant e_vaporated to dry. Each ethyl
‘acetate fraction was reconstituted in 20 mL of sucrose solution and then

correct to pH 7.4 at 37°C.

pE
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2.1.1.4 Glucose transport inhibition by a flavanol-rich dark chocolate

extract

A stock solution of 10 mM glucose was prepared. Briefly, 180 mg of glucose
(Fisher Scientific, G/0450/60) was dissolved in 100 mL of transport buffer
solution and 50 mL serial dilutions ranging from 0.25-7 mM prepared in
transport buffer solution. A 20 mL aliquot of each concentration was taken to
which 9 pL of 0.1 pCi pL™ [*C]-glucose was added to a final radioacﬁvity

concentration of 0.045 pCi mL™ and then corrected to pH 7.4 at 37°C.
2.1.1.4.1 Pure compound preparation

Pure compounds were weighed and initially dissolved in 1 mL of a 1%
solution of DMSO (60153) in transport buffer solution (v/v). Aliquots were
diluted to 20 mL to obtain final concentrations as deScribed below. A volume
(9 pL) of 0.1 uCi pL! ['“C]-glucose was added to each 20 mL solution to
obtain a final radioactivity concentration of 0.045 pCi mL"', and then

corrected to pH 7.4 at 37°C.
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Compound Weight - Aliquot Final Concentration
(mg)  (uL)  (mM)

(-)-Epicatechin 2 581 0.2

(Extrasynthese, 0977 S)

(-)-Epicatechin 6 %69 1

(+)-Epicatechin (Nacalai Tesque, 02573- 2 581 0.2

34) '

(-)}-Catechin (C0567) | 2 581 0.2

(+)-Catechin | 2 581 0.2

(Extrasynthese, 0976 S)

_Procyanidin B2 3 780 0.2

(Extrasynthese, 0984)

Caffeine (CO750) ' 1 971 0.25

Theobromine (T4500) 10 605 1.68

2.1.1.4.2 Solid phase extraction of flavanol fractions

There are no commercially available standards of fla\(andls with a degree of
polymerisation greater than trimer. In order to obtain and investigate the
effect of flavanol polymers larger than dimer, a solid phase extraction (SPE)
procedure was developed bgased on the HPLC-FLD method used to quantify
the compounds. Using a vacuum manifold, vacuum 0.2 bar, SupelcleanTM
LC-Diol tubes (57016) were pre-conditioned witﬁ 2 mL of acetonitrile. Dried
dark chocolate extract was reconstituted in water and 2 mL of the aqueous
extract was loaded into the SPE tube. To prevent dilution of the collected
sample, the iniﬁal 2 mL of aqueous extract was elhted to waste. A further 1
.mL of aqueous extract was loaded into the SPE tube and collected in a
centrifuge tube. The SPE material was washed twice with 1 mL per wash of

water; each of these washes was collected separately in a centrifuge tube.

bl ol




51 Tt

Analytes that remained adsorbed to the SPE material were eluted with two
washes, 1 mL each wash, of a predominantly organic solvent. The elution
solvent contained 85% acetonitrile/acetic acid (98:2 v/v) and 15%
methanol/water/acetic acid (95:3:2 v/vlv). The elution samples were
collected separately in centrifuge tubes. Each sample was evaborated to dry
then reconstituted in 0.5 mL acetone/water/acetic acid (70:29.5:0.5 viv/v) for

HPLC-FLD analysis.

2.2 Cell culture

The human colon adenocarcinoma cell line, Caco-2 (HTB-37™), was
obtained from the American Type Culture Collection (ATCC®) at passage 18
(LGC Standards, Middlesex UK) and propagated in 25 cm? (Corning®
430639) and 75 cm? (Corning® 430641) polystyrene culture flasks using
Eagle's Minimum Essential Medium (EMEM). Media containing 1g L™ D-
glucose (30-2003, LGC Standards, Middlesex UK) supplemented with 15%
(v/v) fetal bovine serum (F7524), 19.6 mL L? L-glutamine (200 mM; G7513),
10 mL L™ penicillin-streptomycin (10,000 U mL"'-10 mg mL™; P0781), 10 mL
L' MEM non-essential amino acid solution (100x; M7145) and 1 mL L
amphotericin B (250 pg mL'; A2942). The incubation temperature was
" maintained at 37°C with an atmosphere of 95% air and 5% carbon dioxide
(COz). At 2 or 3 day intervals growth media was replenished and at 80%
conﬂuence‘cells were detached from the flask surface using 0.25%_ trypsin-
EDTA solution (T4049). For experiments cells were cultured in 24 mm
Transwell® plates on a 4.67 cm? 0.4 ym pore polycarbonate membrane
insert (Corning® 3412) at a density of 6.43 x 10* cells cm™. Growth media

contained 10% fetal bovine serum (v/v) in EMEM supplemented as
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described previously, incubation conditions remained unchanged.

Experiments were performed between 21 and 23 days after seeding on

Transwell® membrane inserts.
2.2.1 Validation of cell membrane integrity

vThe integrity of the Caco-2 monolayer in each Transwell® insert was
confirmed by measuring the {rans-epitheiial electrical resistance (TEER) of
the cells using a Millicell ERS-2 Electrical Resistance System (Millipore,
Watford UK). TEER value is indicative of the monolayer condition, a low
value implying less well formed tight junctions between the cells which may
increase the paracellular transport of a compound across the membrane. |
Readings were taken at three positions per insert with the mean + SEM
being calculated for each ‘well. The mean resistance of a blank insert, i.e.
with no cells, was subtracted from the mean of each Transwell® insert

containing cells to provide the resistance of the cell monolayer.

2.2.2 Assay protocol

Initially cells were washed to remove traces of ceil culture media in a
process that involved aspiration of media from apical and,y basolateral
compartments and replacement with 2 mL of pre-warmed transport buffer.
The solution was immediately aspiret:ed and repleced with a further 2 hL of
transport buffer before being returned to the incubator for 30 min at 37°C,
5% CO; to facilita‘te tight junction formation between cells. Following
incubation frans-epithelial electrical resistance (TEER) was measured. The
transport buffer was aspirated and replaced with a further 2 mL of transport
buffer in the besolateral compartment and 2 mL of control or tesf solution in

the apical compartment. Transwell® plates were returned to the incubator,

N
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for up to 55 minutes (refer to section 2.3.2, 2.3.3 and 2.3.4 for the specific
duration of each assay) at 37°C, 5% CO..

Upon removal from the incubator the trans-epithelial electrical resistance
was measured in each insert before collection of apical and basolateral
samples. Cells were washed with the addition of 2 mL of tranéport buffer in
each compartment to ensure collection of all analytes. Cells were then
detached from the membrane using 1 mL of 1 M sodium hydroxide (71686)
solution per insert, and placing the Transwell® plate on a rotating shaker for
30-40 min. Upon collection of the detached cells the solution was neutralised
by the addition of 1 mL of 1 M hydrochloric acid (Fisher Scientific,
H/1200/PB17) solution. All samples were stored at -20°C until required for

analysis.

2.3 Analytical methods
2.3.1 Validation

Protocol validation was based upon the international Union of Pure and
Applied Chemistry (IJUPAC) harmonised guidelines for single-laboratory

validation of methods of analysis (Thompson et al. 2002).
~ 2.3.2 Invitro epicatechin transport and methylation

All pure compound epicatechin is the 2R, 3R enantiomer (Extrasynthese,
0977 S). One Transwell® p|ate was allocated per experimental condition to
provide six replicates. Two p-assages of cells, passage 43 and 50. were .
utilised in the investigation of epicatechin transport and methylation. The cell

culture assay duration was 60 minutes.
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2.3.2.1 HPLC-DAD-MS? Protocol
2.3.2.1.1 Parameters

An Agilent 1200 series Rapid Resolution System equipped with a
Phendmenex Kinetex® C18 2.1 x 150 mm column was empldyed for the
| liquid chromatographic separation’ of analytes. The stationary phase was
fitted in a thermostatted column compaftment maintained at 35 + 0.15°C.
The mobile phase consisted of solvent A 02% formic acid in water (v/v) and
solvent B: 0.2% formic acid in LCMS grade adetonitrile (viv) (Fisher
Scientific, A/0638/17). The solvent flow was maintained at 0.3 mL min’
th‘roughout the following gradient schedule of solveni B, briefly: 0 min, 5%;
5.8 min, 5%; 35 min, 30%; 37.4 min, 95%; 41 min, 95%, 44.6 min; 5%; and
53.1 min, 5%. The diode array detector was set to measure signal in‘tensity
~ at 220 nm and 280 nm each with a bandwidth of 8 nm. Mass spectrometric
detection of analytes was performed using the Agilent 6410 Triple
Quadrupole LC/MS system. In negative electrospray ionisation mode the
instrument parameters were as follows: gas temperature and flow 350°C, 11
L min™"; nebuliser gas pressure 30 psi; capillary voltage, -4000 V; aﬁd delta
EMV7400 V. The analyticaltmethod run time was divided into 4 segments;
the first being a window of 0 to 2 min /\;hereby flow to the mass
spectrometer was diverted td waste so as to reduce the transfer of salts
which may otherwise interfere with analyte detection and quantification by
céusing increésed dackground noise and suppression of io(n'i'sation.“The
redmining time segments, along with analytical parameters for compound

quantification and qualification are shown in Table 2.1.
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Multiple reaction monitoring extraction from total ion counts and peak area
integration for each compound was performed using Agilent MassHunter

Workstation Software version B.03.01.
2.3.2.1.2 Linearity, precision and limit of quantification

Initially six calibration standard solutions were prepared in the range of 0-50
pM and analysed in triplicate. Briefly, 1 mg of epicatechin was dissolved in a
1 % solution of dimethyl sulfoxide (DMSO) (60153) in water (v/v). Serial
dilutions were prepared using water to closely match the sample matrix. For
each concentration the mean peak area t standard error of the mean (SEM)
(n=3) was plotted against concentration; linear regression analysis was
performed to calculate the adjusted R-square value and gradient of the
calibration curve. The relative standard deviation (RSD) of replicate peak
areas was calculated for each concentration to assess precision of the
analysis at each concentration. Limit of detection and limit of quantification
was defined as 6x and 10x respectively, the mean of replicate zero

concentration solutions.
2.3.2.1.3 Sample preparation for HPLC-DAD-MS? analysis

Samples were vortexed to ensure homogeneity then centrifuged at 17,000 x
g for 5 min at room temperature to remove cellular matter. Supernatant was
collected into a 1.8 mL cryogenic vial for storage at -20°C, and 1 mL passed
through a polytetrafluoroethylene (PTFE) membrane syringe filter, 17 mm,
0.2 bm (Chromacol, 17-SF-02(T)) pre-conditioned with 1 mL methanol
(Fisher Scientific, M/4058/17) followed by 1 mL water. A volume of filtered

sample (180 pL) was added to an amber micro-vial along with 20 pL of 16.4
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KM taxifolin (Extrasynthese, 1036), final concentration 1.6 pM, chosen as a

suitable internal standard for the relative identification of analytes.

¥



Time Retention  Compound  Precursor Quantification Qualification

segment time ion
(min) (mi2) Product Fragmentor Callision Product Fragmentor Collision
| ion voltage energy ion voltage enerqgy
(m'z) V) \ (m/z) ~M V)
2 130 . Catechin 2890 2448 120 8 2029 120 15
3 174 Epicatechin 2890 2450 120 8 2030 120 15
4 216 J3-O-methyt- 303.1 136.8 110 12 1650 110 10
epicatechin
4 234 4’-O-methyt 3031 1368 110 12 165.0 110 12
epicatechin :
4 225 Taxifolin 3031 2849 110 15 1249 »1 10 2

LS

Table 2.1: Mass spectrometry parameters for quantification and qualification of epicatechin, methylated epicatechin metabolites
and taxifolin '

TN -
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2.3.3 Dark chocolate extract inhibits sucrose hydrblysis in the

Caco-2 cell model

Cells between passage 25 and 49 were utilised in the investigation of
sucrose hydrolysis. A minimum of three replicates was allocated per

experimental condition. The cell culture assay duration was 20 minutes
2.3.3.1 Glucose oxidase/pei;oxidase assay

The rate of sucrose hydrolysis was initially quantified by determination of
glucose concentration in the sample and dividing this by the incubation time.
The initial mefhod for measuring glucose concentration was the glucose
oxidase/peroxidase assay in which gluc;ase oxidation to gluconic acid and
hydrogen peroxide is catalysed by glucose oxidase/peroxidase from
Asperg’illus niger (EC 1.1.3.4) (49180). In the presence of hydrogen
peroxide, horseradish peroxidase (EC 1.11.1.7) (P8125) catalysés the
oxidation of o-dianisidine (D9154) to form a brown colour, addition of
sulphuric acid (Fisher Scientific, $/9160/PB17) to the reaction mix changes
the wavelength of absorbance and thus a colour change to pink is observed.
The absorbance of the solution was measured at 540 nm. The; Caco-2 cell
assay protocol was developed based on Michaelis-Menten kinétic analysis
of sucrose hydrolysis using this methdd. lnitiai inhibition assays using a
cocoa powder extract providéd by Nestlé revealed an inhibitory effect on
enzymes of the glucose oxidase/peroxidase assay. To overcome this
problem a solid phase extraction procedure uéing hydrophilic-lipophilic
balanced reversed-phase cartridges (Waters, 186003849) was investigated,
however this proved unsuccessful. An alternative method using universally

-

radiolabelled [**C]-sucrose and liquid scintillation counting was proposed as

B2)
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a more suitable method. This also had the benefit of aIIowin‘g distinction
between glucose produced from sucrose hydrolysis and residual glucose
from the cell culture media which may cause inaccurate determinations of

glucose concentration.
2.3.3.1.1 Linearity, precision, limit of detection and limit of quantification

Six standard calibration solutions were prepared in the range of 0-80 pg mL"'
and analysed in triplicate. The concentration of each calibration solution was
plotted against the mean absorbance at 540 nm * standard error of the
mean (SEM) (n=3). Linear regression analysis was performed, with the y-
intercept fixed at zero, to calculate the gradient and adjusted R-square value
of the calibration curve. The relative standard deviation (RSD) of replicate
absorbance values was calculated for each concentration to assess
precision of the analytical method. Limit of detection and limit of
quantification, as defined by The Food and Drug Administration Validation of
Analytical Procedures, were calculated as shown in Equation 2.1 and

Equation 2.2.

33 i
Limit of detection = Ta Equation 2.1

100 i
Limit of quantification = . Equation 2.2

Where o = standard deviation of blank samples and m = gradient of the

calibration curve.
2.3.3.1.2 Sample preparation for glucose oxidase/peroxidase assay

Samples were centrifuged at 17,000 x g for 5 minutes to remove cell debris

and 0.06 mL of the supernatant added to a microplate well. To commence
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the assay, 0.12 mL of assay reagent containing 12.5 units mL" of glucose
oxidase/peroxidase, 2.5 purpurogallin units mL™' of péroxidase and 2.5 ug
mL" o-dianisidine, was added to the microplate well containing cell culture
sample and incubated for 30 min at 37°C. The reaction was stopped by
addition of 0.12 mL of 6 M sulphuric‘acid.’The absorbance of each well was

measured at 540 nm using a microplate reader.
2.3.3.1.3 Calculations

The absorbance of each sample was initially corrected against a blank and
- the concentration of glucose calculated from the linear regression equation
determined for the absorbance calibration curve. The molar concentratioﬁ
was converted to rate of product formed per minute by division of the total
molar concentration of glucose by the incubation time. The rate of product
formation was equated to the rate of sucrose hydrolysis. The kinetic
properties of sucrose hydrolysis were measured using the Michaelis-Menten
model. A plot of rate of sucrose hydrolysis as a function of initial sucrose
concentration was prepared and nonlinear regression analysis based on the
Michaelis-Menten equation performed (Equation ’2.3). Rearrangemenf of the
equation permitted the maximum veldcity (Vmax) and Michaelis constant (Kwu)

to be determined (Equation 2.4 and Equation 2.5).

= Ymax[S] Equation 2.3
0T Kyt 1S)
Vo(Ky + [S]) * Equation 2.4
hax = =5
- Vinax!S] w Equation 2.5

Ku [$]

Vo



61 —
2.3.3.2 Liquid scintillation counting

Liquid scintillation counting was performed using a Packard 1600 TR Liquid
Scintillation Analyser. The carbon-14 isotope emits high energy beta
radiation and has a half-life of 5730 years which promotes sample stability
allowing repeated sample analysis. Use of a liquid scintillation cocktail
(National Diagnostics/Fisher Scientific, SCN-220-110F) containing an
energy-collecting solvent and a phosphor facilitates the measurement of
radiation emissions, referred to as disintegrations. One disintegration per
second (DPS) equates to 1 Becquerel (Bq), the standard international unit of
radioactivity, and can be converted to the commonly used unit of Curie (Ci).

The radioactive component emits a beta particle, the energy from which is
ultimately absorbed by the phosphor. The phosphor becomes excited from
the absorption of energy causing it to emit light energy that is detected by
thé scintillation counting equipment. Each phosphor emits one photon but
multiple phosphors may be excited by the emission of one beta particle
creating a distinct intensity of light that is measured as a pulse. The pulses
are expressed as the number of counts per minute (CPM) which can be
converted to the number of disintegrations per minute (DPM) based on the
efficiency of e‘nergy transfer of the liquid scintillation cocktail and
subs‘equently converted to units of radioactivity. In the current investigation
the protocol for quuid scintillation counting used a minimum ratio of scintillant
to sample volume of 1: 10 to ensure sufficient energy transfer and therefore
permit the equation of one count per minute to one disintegration per minute. '
Counts were converted to units of Curie based on the relation of 1 Curie
being equal to 2.2 x 10" disintegrations per minute. Counting efficiency of

the equipment and background radiation was corrected for. The counts per
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minute determined for a carbon-14 | calibration solution, relative to its
specified value was calculated, and the correction factor applied to the
counts per min for each calibration solution. The counts per minute of a
background calibration solution were then subtracted from the counts per
- minute measured for each sample.

Because the ['“C]-sucrose (Perkin-Elrﬁer, NEC1OOX650UC) was universally
labelled the basolateral radioactivity measured was a combination of glucose
and fructose liberated during sucrose hydrolysis; apical radioactivity was the
sum of sucrose, glucose and fructose. Because of this glucose and fructose
could not be quantified in the apical \conjpartment. Initial analysis using the
glucose oxidase/pérokidase method had demonstrated that relatively only a
small amount of glucose was detected in the basolateral compartment, the
majority was present in the apical compartment. To overcome this issue a
high pressure liquid chromatogréphy (HPLC) séparatio;m‘ with
electrochemical detection was developed to . quantify mono- and
disaccharides. After development of the HPLC-IPAD method the presence of
sucrose in the basolateral compartment of Transwell® plates was observed
rendering the use of [“C]-sucrose ineffective for quantiﬁcatio;m of sucrose

-

hydrolysis.

_Concentration of glucose ahd fructose was not quantified using this meihod

therefore a calibration curve was not produced.
2.3.3.2.1 Sample preparation for liquid scintillation counting

Samples were vortexed to ensure homogeneity then a volume, 0.25 mL for
" apical samples and sample blanks, and 0.5 mL for basolateral and cell

samples, was added to liquid scintillation vials containing 5 mL of scintillant.

P
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Light emission was counted for 10 min per vial and the number of counts per

minute calculated by the equipment software.

2.3.3.2.2 Calculations

Radioactivity in the basolateral compartment of Transwell® plates viias
converted from counts per minute to Curie and expressed as a percentage

of the total (apical + basolateral + cellular) radioactivity in the well.
2.3.3.3 HPLC-Integrated Pulsed Amperometric Detection (IPAD)

Carbohydrate separation is based on the principle of anion exchange
chromatography. In water at 25°C the dissociation constants of glucose and
fructose are >12; a strong sodium hydroxide gradient, pH>12, causes
ionisation of the sugars and permits separation of glucose, fructose and
sucrose. Electrochemical detection employs the use of three electrodes, a
gold working electrode, a combined pH-silver/silvér chloride reference
electrode and a titanium counter electrode. Application of a repeating
sequence of potentials across the working and reference electrodes causes
oxidation of the gold electrode. The titanium counter electrode receives the
flow of electrons te ensure the potential applied across the wo.rking and
reference electrodes remains unaffected by current flowing from the gold
electrode. Anionic sugar molecules are attracted to the oxidised gold
electrode and a transfer of electrons results in the detection of current. The
current is integrated over time which gives a measure of charge that is
expressed in units of Coulombs (C). |

Separation of mttno- and disaccharides was achieved using a Dionex
CarboPac PA20 column (3 x 150 mm), with Dionex CarboPac PA20 guard

column (3 x 30 mm), fitted into a thermostatted column compartment on a
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Dionex LC system with autosampler (AS50), gradient pump (GS50), and
electrochemical detector (ED50), controlled by Chforheleon 6 software.
Sonicated solvents A) water, and B) 200 mM sodium hydroxide (71686)
were stored under nitrogen gas for the duration of use and replace’d with
fresn solutions at least once per week. Solvent flow rate wes maintained at
0.4 mL min" throughout the following gradient scﬁedule of solvent B in
solvent A: 0 min, 30%; 10 min, 50%; 17 min, 30%; 27 min, 30%. The
repeating sequence of potentials was as follows: 0.00 s, 0.05V; 0.20 s, 0.05
V; 0.40 s, 0./0’5 V;041s,0.75V; 0.60s, 075 V; 0.61s, -0.15V; 1.00 s, -
0.15V; integration of current over time began at 0.20 s and ended at 0.40 s.
The electrode cleaning step from 0.41 s to 1.00 s firstly ensured full
oxidation of analytes at the gold electrode with the application of a high |
positi;/e potential, then repulsion of all analytes upon application of a
negative potential. The autosampler temperature was maintained et 10°C

and the column oven at 30°C.
2.3.3.3.1 Linearity, precision, limit of detection and limit of quantification

~ Ten standard calibration solutions were prepared in the range of 0-500 uM

and analysed in triplicate: The molar concentration of each calibration

Vd

solution was plotted against the mean peak area, expressed in units of
n'C*min, t+ standard error ef the mean (SEM) (n¥3). Linear regression
analysis wasfperformed, with the y-intercept fixed at zero, to calculate the
éradient and adjusted R-square value of the calibration( curve. The reiative
.st-andard deviation (RSD) of replicate calibration solutions ‘was calculated for “

each concentration to assess precision of the analytical method. Limit of

B il
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detection and quantification were calculated as shown in Equation 2.1 and

Equation 2.2.
2.3.3.3.2 Sample preparation for HPLC-IPAD

Samples were centrifuged at 17,000 x g for 5 minutes to remové cell debris.
Supernatant was passed through a 1.7 mm, 0.2 pm PTFE filter pre-
conditioned with 1 mL methanol (Fisher Scientific, M/4056/17) followed by 1
mL water. A volume of filtered sample (180 pL) was added to a

polypropylene HPLC vial along with 20 pL of 1 mM fucose (F2252) used as

an internal standard.
2.3.3.3.3 Calculations

The concentration of each glucose and fructose was calculated from the
linear regression equation determined from the peak area calibration curve
for each monosaccharide. The sum of apical énd basolateral molar
concentration for each monosaccharide was calculated and corrected
against the appropriate sample blank. To account for any potential loss of
glucose and fructose through cellular glycolysis the mean monosaccharide
concentration was derived from the individual total concentrations -of glucose
and fructose. The rate of product formation was equated to the rate of
sucrose hydrolysis and was calculated by dividing the total molar

concentration by incubation time.

2.3.4 Glucose transport inhibition by a flavanol-rich dark

chocolate extract

All glucose used in the investigation was the D- isomer. Cells between

passage 33 and 50 were utilised in the investigation of ['“C)-glucose
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transport. One Transwell® plate was allocated per experimehtal condition to

provide six replicates. The cell culture assay duration was 30 minutes.
2.3.4.1 Liquid Scintillation Counting

Liquifj scintillation counting was performed using a Packard 1600 TR Liquid
" Scintillation Analyser. A universally labelled ["“C]-glucose isotope (Perkin-
Elmer, NEC042V250UC) was used in the measurement of apical to
‘baso|ateral glucose transport and ceIIQIa\r uptake. To prevent rgsidual
glucose from the cell cultufe media interfering with determination of
basolateral and cellular glucose concentration, each solution was
supplemented with a fixed volume of ‘radiolabelled glucose containing é
specific radioactivity. The benefits of this were tWo-foId: firstly glucose
analysis was precise and sensitive, and secondly m_ir)imal pre-analytical
sample preparation was required due to lack of interference from other‘
compounds in the sample matrix.

The carbon-14 isotope emits high energy beta radiation and has a half-life of
5730 years which promotes sample stabmty aNowmg repeated sample
analysis. Use of a liquid scintillation cocktall containing an energy-collectmg
solvent and a phosphor facilitates the measurement of radiation emissions,
referred to as disintegrations. One disintegrat?on per second (DPS) equates
to 1 Becquerel (Bq), the standard international unit of radioactivity, and can
be converted .to the commonly used unit of Curie (Ci).

<The radioactive component emlts a beta particle, the energy from WhICh is
’ ultlmately absorbed by the phosphor The absorption of energy excites the

* phosphor causing it to emit light energy that is detected by the scintillation

counting‘ equipment. Each phosphor emits one photon but muitiple

o
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phosphors may be excited by the emission of one beta particle creating a
distinct intensity of light that is measured as a pulse. The pulses are
expressed as the number of counts per minute (CPM) which can be
converted to the number of disintegrations per minute (CPM) based on the
efficiency of - energy transfer of the liquid scintillation cocktail and
subsequently converted to units of radioactivity. In the current investigation
the protocol for liquid scintillation counting used a minimum ratio of scintillant
to sample of 10:1 (v/v) to ensure sufficient energy transfer and therefore
permit the equation of one count per minute to one disintegration per minute.
Counts were converted to units of Curie based on the relation of 1 Curie
being equal to 2.2 x 10'2 disintegrations per minute. Counting efficiency of
the equipment and background radiation was corrected for. The counts per
minute determined for a carbon-14 calibration solution, relative to its
specified value was calculated, and the correction. factor applied to the
counts per min for each calibration solution. The counts per minute of a
background calibration solution were then subtracted from the counts per

minute measured for each sample.
2.3.4.1.1 Linearity, precision and limit of quantification

Ten standard calibration solutions were prepared in the range}of 0-0.014 pCi
(0-30,000 CPM) and analysed in triplicate. Briefly, 2 pL of 0.1 uCi uLt [c)-
glucose stock solhution was diluted to 2 mL (0.1 pCi mL™") and serial dilutions
prepared using transport buffer solution. Based on the specific activity of the
stock solution (319 pCi umol ™) the molar content of each calibration solution
Was calculated and plotted against the mean number of counts per minute

standard error of the mean (SEM) (n=3). Linear regression analysis was
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performed with the y-intercept fixed ét zero to calculate the gradient and
adjusted R-square value of the calibration curve. The relative standard
deviation (RSD) of replicate counts per minute was calculated for each
calibration solution to assess precision of the analysis at each molar ahount.
The iimit of quantification was defined as'the concentration equivalent to 10x
the standard deviation of background corrected ‘blank samples (Currie

1968).
2.3.4.1.2 Sample preparation for liquid scintillation counting
Refer to section 2.3.3.2.1, page 62.

2.3.4.1.3 Calculations

Each sample was corrected for background radiation and the content of [U-
14C]—g;lucose calculated from the linear regression equatfon determined for
the calibration curve. The content was converted to concentration per
millilitre and, based on the ratio of radiolabelled glucose to non-radiolabelled
glﬁcose in the corresponding transport solution, the concentration per
millilitre of non-radiolabelled glucose was calculated. Total . glucose
~ concentration per millilitre was calculated as the sum of radiélabelled and
non-radiolabelled glucose, then converted to the concentrationA per litre. The
rate of apical to basolateral transport and cellular uptake (UM min') was
calculated from the total glucose concentration in either the basolateral
samples or cellular samples, respectively, divided by total ihcubation time.
The kinetic properties of apical to basolateral glucose transpoﬁ and cellular
‘uptake were Ameasu‘red using the Michaelis-Menten model. A plot of -
transport rate as a function of initial glucose concentration was prepared and

nonlinear regression analysis based on the Michaelis-Menten equation was

S o
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performed (Equation 2.3). Rearrangement of the equation bermitted the

maximum velocity (Vmax) and Michaelis constant (Ku) to be determined

(Equation 2.4 and Equation 2.5).

2.4 Statistical analysis

All statistical analysis of data was performed using IBM

SPSS Statistics 19. Levene's thogeneity of variances was initially
executed to calculate whether data variation within each group was
significant. Where significant variations were measured a non-parametric
test to determine significant differences between groups was applied. If data
variations were not significant a parametric test was utilised. Data are
expressed as mean values t standard error of the mean (SEM), and
differences were considered statistically significant when p<0.05, unless

otherwise stated.
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Chapter 3 In vitro epicatechin transport and methylation

3.1 Abstract

The investigation of epicatechin transport and methylation presentéd here
was carried out to determine whether tfansport of pure epicatechin across
the Caco-2 cell monolayer was significantly affectéd by co-incubation with
sucrose, glucose or fructose; and whether transport of epicatechin from a
flavanol-rich dark chocolate extract was significantly different from that of the
individual compound. The results of this study reveal that whilst epicatechin
transbort is not significantly affected by the presénce of higher molecular
weight oligomers and polymers in a dark chocolate extract, O-methylation of
epicatechin is significantly attenuated. The presence of sucrose signiﬂcantly'
'impréved epicatechin transport but did not elicit a significant effect on the
formation of 3'- and 4'-O-methylated metabolites. Conversely co-inbubation
with glucose and fructose did not significantly affect epicatechin absorption
but did significantly reduce the synthesis of 3'-O-methylated metabolites.
The role of paracellular permeability in epicatechin transport and the
potential for competitive. inhibition of catechol—O-methyltrénsferase by
oligomeric flavanols and by glycolytic enzymes requiring the magnesium

~ divalent cation is discussed.



3.2 Introduction

There are several reports in the literature of epicatechin bioavailability
studies undertaken in humans and animals and absorption studies in cell
culture models using flavanol-rich foods, beverages, plant extracts and the
pure compound. Effects of the food matrix on gastrointestinal absorption and
metabolism of epicatechin from cocoa in human and animal subjects has
been investigated with particular attention to the carbohydrate and protein
content, both of which are of significance to confectionary and beverages
containing cocoa flavanols. The physical form in which the cocoa is ingested
appears to significantly affect the pharmacokinetic properties of epicatechin
with maximum concentration (Cnax) of serum epicatechin greater in human
subjects following ingestion of a cocoa beverage compared with a dark
chocolate bar containing an equivalent amount of total flavanols (Neilson et
al. 2009). Although this could be a consequence of the different cocoa butter
content, and therefore fat content, of the bars and beverages. The ability of
carbohydrates to enhance epicatechin absorption has been proposed but
the evidence is inconclusive. Carbohydrate content of a meal aﬁd plasma
flavanol area under the curve (AUC) was reported following an investigation
of volunteers consuming either table sugar, bread or grapefruit juice
immediately before consumption of a sugar-free flavanol-rich cocoa
beverage (Schramm et al. 2003). Each test meal significantly increased
plasma flavanol (epicatechin + catechin) 0-8 hour AUC rellative to
consumption of the cocoa beverage only. Table sugar and bread also
increased the Cmax. Augmented plasma epicatechin Cmax and AUC following

consumption of a dark chocolate bar containing sucrose compared with an
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equivalent bar containing maltitol has also been reported (Rodriguez-Mateos
et al. 2012). However the authors noted that the perceived enhancement
induced by sucrose may be a consequence of reduced epicatechin
absorption brought about by the presence of maltitol. A sugar-free fiavanol
equivalent control would be required to cénﬁrm the result. |

Neilson et al (2009) speculated that the presence 6f sucrose may enhance
epicatechin bioavailability. This was based on the highest Cnax following
consumption of a high-sucrose confectionary bar compared with a low-
sucrose equivalent, and a sucrose-containing beverage compared with
| sucrose-free beverage. However néith'er of these results was significant.
Furthermore non-significant results were reported using a rat model to
compare the effect of sucrose and milk-protein compared with a reference.
dark chocolate on epicatechin pharmacokinetics (Neilson et al. 2010).

These studies focus on the effect of sucrose on intestinal absorptioﬁ of free
epicatechin however it has been reported that following consumption of dark
chocolate epicatechin in its free form is not detected in the plasma of human
subjects (Actis-Goretta et al. 2012). The presence of free epicatechin in the
plasma of human subjects following cocoa intake is controversfél. In addition
to the intervention studies.diécussed here othgrs, including those ba'sed on
animal ‘models, have quantified free epicatechin élong with methylated and
non-methylated conjugates in the plasma of subjects (Baba et al. 2000b,
Baba et al. 2000a, Baba et al. 2001a). Epicatechin and its metabolite
concentrations in the plasma and urine of rats was examined following
ﬂingestion of increasing doses of pure epicatechin. The results were
compared with concentrations following almost identicai doses of

epicatechin administered in a cocoa powder "(Baba et al. 2001é). The

e
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authors reported significantly lower plasma concentrations of methylated and
non-methylated epicatechin conjugates post-ingestion of the cocoa powder
compared with the pure compound. Conversely, free epicatechin
concentration in plasma was significantly higher following cocoa powder
treatment compared with the pure compound. Analysis of free epicatechin
and its metabolite concentrations in urine revealed no significant differences
between the two treatments suggesting an attenuated rate of epicatechin
absorption from the gut lumen and/or metabolism within the intestinal
epithelial cells.

The observation that free epicatechin concentration is higher and metabolite
bioavailability is lower from cocoa than from the pure compound may be
explained by the presence of higher molecular weight flavanols in the cocoa.
Perfusion studies of rat small intestine with mixtures of flavanol oligomers
have resulted in the detection of low levels of tﬁé B2 dimer when co-
incubated with either a procyanidin tetramer or BS dimer (Spencer et al.
2001, Appeldoorn et al. 2009b). Methylated dimer has also been detected
along with free epicatechin following incubation of rat small intestine with a
mix of B2 and B5 dimers (Spencer et al. 2001); although the détection of
free epicatechin following incubation of flavanol oligomers has been
contested (Donovan et al. 2002, Ottaviani et al. 2012).

Detéction of methylated dimer but not methylated epicatechin suggested
inhibition of the enzyme catechol-O-methyitransferase (COMT) within the
cells. Dose-dependent reduction of COMT activity with epicatechih as the
substrate, in the presence of increasing concentration of dimers was
observed. Concurrently dose-dependent formation of O-methylated B2 and

BS5 dimers was noted at concentrations up to 300 pM of dimers. Above this



74

concentration methylation of both dimers decreased indicatihg that inhibition
of COMT activity <300 uM is competitive whereas >300 uM inhibition
becomes non-competitive. Epicatechin and quercetin have been reported to
inhibit the activity of human liver cytosolic COMT using 4-hydroxyestradiol as
substrate, both flavonoids demons)trated a mixed mechanism of inhibition
with non-competitive inhibition occurring at high 'concentrations of each
(Nagai et al. 2004). The authors hypothesised that non-competitive inhibition
is in part due to the presence of many COMT substrates that increases the
formation of S-adenosyl-L-homocysteine (SAH) from S-adenosyl-L-
methionine (SAM), SAH itself being a n‘on-competitive inhibitor of COMT. In
addition increased utilisation of SAM would reduce its availability as a methyl
group donor.

Based on in vivo observations the objective of the investigation described in
this chapter was to determine whether incubation of a ﬂavanol-riwch dark
chocolate extract and the saccharides sucrose, glucbse and fructose were
able to modify in vitro epicatechin absorption and methylation using Caco-2

cells as a model of the human small intestine.

Lid
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3.3 Reslults

3.3.1 HPLC-DAD-MS? Validation

3.3.1.1 Linearity, precision and limit of detection and quantification

Epicatechin calibration solutions in the range 0-50 pM we'relanalysed in
triplicate and the mean peak area + standard error of the mean (SEM) plot
against concentration (Figure 3.1). Triplicate zero concentration epicatechin
solutions generated small ion counts of which the peak areas were
integrated. The signal to noise ratio of these peaks was calculated to be less
than 10; subsequently the values were substituted for zero and for linear
regression analysis the y-axis intercept was set to zero. An adjusted R-
square value of 1.0 was calculated suggesting good proportionality of
concentration with peak area.

The relative standard deviation was calculated for each of the five
concentrations ranging from 1-50 pM; because the zero concentration peak
areas had been corrected to zero the mean and staﬁdard deviation was
calculated as zero. For all other concentrations relative standard deviation
ranged from 10-20 %, becoming smaller with increasing cor;centration;
precision of the prdtocol was considered acceptable.

The limit of detection was defined as the smallest peak area that was
sigﬁiﬁcantly different from the mean peak area of replicate zero
concentration solutions (p<0.05). This equated to a concentration of 113 nM.
The Iimit of quantification was calculated as the concentration at which the
peak area was 10x that of the mean peak area of replicate zero

concentration solutions. This equated to 188 nM.
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Concentration of epicatechin and methylated metabolites were calculated by

rearrangement (Equation 3.2) of the linear regression equation obtained

from the epicatechin calibration curve (Equation 3.1). The concentrations of

methylated metabolites were “calculated as epicatechin equivalents

assuming a relative response factor of 1.0.

y=mx+c Equation 3.1

(y =0¢) Equation 3.2
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Figure 3.1 Epicatechin calibration curve. Mean + SEM (n=3); gradient =
1475, adjusted R-square = 1.0. )
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3.3.2 Epicatechin transport study

* 3.3.2.1 Caco-2 cell monolayer validation

Monolayer permeability is of importance when investigating the transport of
a compound across the cell membrane. Blank corrected TEER values bé;low
300 ohms may be demonstrative of less well formed tight junctions between
the cells. Only cells with TEER values 2300 ohms were used in the
investigation presented here (Table 3.1).

For each cell culture assay performed the TEER values were compared to
determine whether a significant difference existed between the conditions
investigated. In the assay that investigated the effect of a flavanol-rich dark
chocolate extract there was no significant difference in TEER values
between the two groups consequently it was considered that any significant
differences in basolateral epicatechin concentration could be reasonably
considered a result of the condition being tested. In the experiment to test
the effect of sucrose, glucose and fructose on epicatechin transport and
methylation the mean TEER of control cells (250 uM epicatechin) was
significantly lower (p<0.05) than the mean TEER of célls used in the test
conditions of sucrose, glucose and fructose. Partial correlation analysis
controlling for condition showed no significant correlation between
basolateral epicatechin concentration and TEER value (Eigure 3.2). To avoid
this problem replicates should ._have been distributed throughout the

Transwell® plates rather than allocating one plate per condition.
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Condition TEER (Ohms)
250 uM Epicatechin 416 £ 12
Dark chocolate extract containing 241 pM epicatechin 455 + 21
250 uM Epicatechin 291+ 12°
250 pM Epicatechin + 100 mM sucrose 333 8°
250 uM Epicatechin + 100 mM glucose 342+ 10°

326 £ 6°

250 pM Epicatechin + 100 mM fructose .

Table 3.1 Blank corrected trans-epithelial electrical resistance (TEER)
measured before commencement of each assay. Mean + SEM (n=6) for
each condition. Different superscript letters represent a significant difference,

p<0.05. '
]
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Figure 3.2 Basolateral concentration of epicatechin after the 60 minute
incubation, in the absence and presence of 100 mM sucrose, glucose or
fructose, as a function of mean £ SEM (n=3) trans-epithelial electrical
‘resistance per Transwell® insert measured before commencement of the

assay.
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3.3.2.2 Epicatechin transport and methylation
3.3.2.2.1 Effect of dark chocolate extract

Transport of epicatechin through a Caco-2 cell monolayer was assessed in
the absence and presence of a flavanol-rich dark chocolate extract. lé_lﬂ_e
3.2 shows the flavanol content of Nestlé NOIR Intense 70% cocoa solids
and the extract used in the cell culture assay. A HPLC-FLD chromatogram
represehtative of dark chocolate extract containing flavanol monomers to
decamer is presented in Figure 3.3. Caco-2 cells were incubated for 60 min
with either a flavanol-rich cocoa extract containing 241 yM epicatechin or
250 pM epicatechin standard referred to as the control. TEER values
measured after the 60 minute incubation revealed a significant reduction
compared with the resistance measured before commencement of the assay
(Figure 3.4A). The mean TEER of cells incubated with the flavanol-rich dark
chocolate extract were also significantly lower than the mean control cell
resistance post-incubatioh. The mean TEER did not fall below 300 Ohms in
either condition investigated indicating that the monolayer maintained an
acceptable level of integrity. The concentration of epicatechin in the
basolateral compartment and 3'- and 4’-O-methylated epicatechin in the
apical and basolateral compartments was caiculated from the epicatechin
calibration curve and corrected to account for the limit of quantification
(LOQ). Concentrations below the LOQ were considered to be zero.
Following incubation with the flavanol-rich dark chocolate extract epicatechin
concentration in the basolateral compartment was not significantly different
from the control (Figure 3.4B) however the total concentration of 3'-O-

methylated epicatechin (sum of apical and basolateral concentrations) was
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significantly lower than the control (Figure 3.5A). Basolateral concentration
of 3'-O-methyl epicatechin was not significantly different from the control and

neither was the total or basolateral concentration of 4'-O-methyl epicatechin

(Figure 3.5B).

”w
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Degree of Polymerisation

Content

mg 100 g FW Dark

pg mL" Dark

Chocolate Chocolate Extract

Monomer 68.7 116.7
Dimer 43.2 73.5
Trimer 11.0 18.6
Tetramer 6.8 11.7
Pentamer 2.6 46
Hexamer 1.2 2.1
Heptamer 0.6 1.3
Octamer 0.3 0.6
Nonamer 0.2 0.4
Decamer 0.2 02

Table 3.2 Flavanol content of the dark chocolate extract used to investigate
epicatechin transport and methylation by Caco-2 cells. Values represent the
mean of two replicates and are expressed as the quantity (mg) per 100 g
fresh weight (FW) of Nestlé NOIR Intense 70% cocoa solids dark chocolate
and the amount present in the extract that was incubated with cells.
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Figure 3.3 HPLC-FLD chromatogram of dark chocolate extract containing
64.3 mg of flavanol monomers 100 g™* fresh weight of dark chocolate. Peak
numbering equates to the degree of polymerisation with 1 = monomer, 2 =

dimer etc.
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250 pM Epicatechin DC Extract 241 pM EC

Figure 3.4 A) Blank corrected trans-epithelial electrical resistance (TEER) of
Caco-2 monolayers measured before and after the 60 min incubation. Mean
+ SEM (n=e6). Different letters represent significant differences, p<0.05. B)
Epicatechin concentration in the basolateral compartment of Transwell®
plates post-incubation with 250 pM standard epicatechin (EC) or a flavanol-
rich dark chocolate (DC) extract containing 241 pM EC. Mean = SEM (n=s).
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0O Apical

| Apical

Figure 3.5 A) Concentration of 3’-0-methyl epicatechin, and B) 4'-C>-methyl
epicatechin in the apical and basolateral compartments of Transwell® plates
after the 60 min incubation with 250 pM standard epicatechin (EC) or a
flavanol-rich dark chocolate (DC) extract containing 241 pM EC. Mean *
SEM (n=6). Asterisk denotes a significant difference in the total
concentration (sum of apical and basolateral concentrations) compared with
250 pM epicatechin, **p<0.01.
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3.3.2.2.2 Effect of sucrose, glucose and fructose

Epicatechin transport through the Caco-2 cell monolayer and methylation by
cells was assessed in the absence (control) and presence of 100 mM
sucrose, glucose, and fructose. TEER of the cell monolayer following
incubation with 100 mM sucrose, glucose or fructose signiﬁcantly diminished
compared with the mrresponding measurements taken before
commencement of the 60 minute incubation (Figure 3.6A). The TEER of the
control cells did not significantly change and the post-incubation TEER of
cells incubated in the presence of 100 mM glucose or fructose was not
significantly different from the post-incubation control cells TEER. Incubation
of cells with 100 mM sucrose did significantly lower the TEER compared with
post-incubation TEER of the control cells. A significant correlation was
established between basolateral epicatechin concéhtration and TEER
measurements taken post-incubation (Eigure 3.7).

The concentration of epicatechin in the basolateral compartment was
significantly higher in the presence of 100 mM sucrose compared with the
control (Eigure 3.6B). Glucose and fructose did not significantly affect the
basolateral epicatechin concentration.

Analysis of both apical and basolateral solutions revealed that only in control
- cells was 3-O-methylated epicatéchin metabolites effluxed across the
basolateral membrane; 4'-O-methylated epicatechin metabolites were only
effluxed across the iapical membrane in control and sucrose-incubated cells

(Figure 3.8A and B). Co-incubation with glucose or fructose significantly

reduced the total and apical concentration of 3'-O-methyl epicatechin, but

not the basolateral concentration, compared with the control; sucrose did not
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elicit a significant effect. There was no significant change in 4'-O-methylation

of epicatechin across any of the conditions tested.
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Figure 3.6 A) Blank corrected trans-epithelial electrical resistance of Caco-2
monolayers measured before and after the 60 min incubation in the absence
(control) and presence of 100 mM sucrose, glucose or fructose. Mean #
SEM (n=6). Different letters represent significant differences, p<0.05. B)
Epicatechin concentration in the basolateral compartment of Transwell®
plates post-incubation. Mean + SEM (n=6). Asterisk denotes a significant
difference from the control, *p<0.05.
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Figure 3.7 Basolateral concentration of epicatechin after the 60 minute
incubation as a function of mean = SEM (n=3) trans-epithelial electrical
resistance per Transwell® insert measured post-incubation. Partial
correlation analysis controlling for condition revealed a significant correlation
between basolateral epicatechin concentration and TEER, p<0.001.
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Figure 3.8 A) Concentration of 3’-O-methyl epicatechin, and B) 4’-0-methyl
epicatechin in the apical and basolateral compartments of Transwell® plates
after the 60 min incubation in the absence (control) and presence of 100 mM
sucrose, glucose or fructose. Mean * SEM (n=6). Asterisk denotes a
significant difference in the total concentration (sum of apical and basolateral
concentrations) compared with the control, **p<0.01.
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3.4 Discussion

3.4.1 Effect of dark chocolate extract

The trans-epithelial electrical resistance of cells post-incubation was
significantly lower than before commencement of the assay. Whilst there
was no significant difference in pre-incubation TEER between the conditions
investigated, the post-inc;Jbation TEER{ was significantly different but
remained 2300 Ohms. The cell monolayer was considered to be sufficiently
intact that paracellular pefmeability was not affected. Incubation of Caco-2
cells with the flavanol-rich dark .chocolate extract containing 241 uM
epicatechin did not significantly affect epicatechin transport compared With
transport of 250 uM standard epicatechin. Formation of 3'-O-methylated
epicétechin metabolites was significantly diminished in the presence of dark
chocolate extract relative to standard epicatechin; this is in agreement with a
study of rats ih which total 3'-O-methylated ebicatechin metabolites were
significantly lower post-consumption of cocoa Fpowder compared with
ingestion of standard epicatechin (Baba et al. 2001a).

The predominant flavanol in the dark chocolate extract was epicatechin
however a substantial qt;antity of dimers fnd trimer§ was also present.
Tetrameric flavanols have been shown to enhance the cellulal; absorption of
dimers (Apppldoorn et al. 2009b) which are reported to competitively inhibit
the activity of catechol-O-methyltransferase reducing the formation of
1fnethy|ated epicaterchin metabqlites at concentrations relevant to this study
~ (Spencer et al. 2001). It is postulated that the attenuation of 3'-O-methylated ’,

epicatechin observed in the present investigation may be a consequence of

e
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cellular uptake of dimeric flavanols that compete with epicatechin for

methylation by COMT.
3.4.2 Effect of sucrose, glucose and fructose

Incubation of cells with 100 mM sucrose, glucose or fructose signiﬁcéntly
reduced the post-incubation TEER of the monolayer relative to pre-
incubation TEER. Co-incubation with sucrose, but not.glucose or fructose,
significantly reduced the TEER relative to the control. In each test condition
the value fell below 300 Ohms which indicates loss of monolayer integrity
and potential for increased paracellular transport of solutes. The paracellular
route has a net negative charge which results in a differential rate of solute
permeability in the order from fastest to lowest cationic > neutral > anionic
(Amidon et al. 1999). In addition to this principle the rate of permeability is
also regulated by the molecular weight and radius of the solute, such that
smaller molecules permeate faster than larger ones. The authors
demonstrated that disruption of the cell monolayer of Madin-Darby canine-
kidney (MDCK) cells increased paracellular transport of sucrose and
mannitol with sucrose permeability being more gréatly affected than
marnnitol. The pore radius_of an integral MDCK monolayer was calculated as
6.1 A; by comparison the radius of mannitol and sucrose is 4.1 and 5.6 A,
respectively. The disrupted monolayer, pore size 11.0 }A, was considered to
become relatively less inhibiting to the larger molecule. The pore radius of
Caco-2 cells is almost double that of MDCK cells however the permeability
coefficient of mannitol is not significantly different between the two cell

models. This is considered to be a function of other physical characteristics



20

of the cells including cell height and width, length of tight junctions and width
of lateral space.

Incubation of Caco-2 cells with 100 mM sucrose, but not glucose or fructose,
significantly increased the apical to basolateral transport of epicatechin.
Cuncomitantly the TEER of cells incﬁbated in the presence of sucrose
significantly diminished compared with the control. It is probable that
increased basolateral epicatechin concentration was a result of a
significantly disrupted ce!l monolayer which allowed greater paracellular
permeation. The absence of a significant change in basolateral epicatechin
concentratioﬁn following incubation with glucoée or fructose, even though the
monolayer resistance diminished below 300 Ohms, is believed tobe a re’sult
of there being no significant difference between the post-incubation TEER of
celle incubated with glucose and fructose compared with control cells.

In Caco-2 cells activation of the sodium-ﬂependent glucose transporter,
SGLT1, has been reported to increase tight junction permeability (Turner
end Black 2000). The presence of sucrose in the diet of mice significantly
increased SGLT1 activity compared with a carbohydrateéfree‘ diet or diet
eontaining maltose (Weiss et al. 1998, Lam et al. 2002). Weiiss et al (1998)
also demonstrated tbat sucrose a-glucosidase activity increased parallel with
SGLT1 activity. Whilst it WOuld be ekpected that the presence of glucose
would‘induce activation .of’SGLT1, it has been reported that’ sucrose and
_fructose, but not glucose, enhances the activity of sucrose a-glucosidase
(EC 3.2.1.48)“ in rats (Kishi et al. 1999). It could be postulated that incubation
| of Caco-2 cells with sucrose, but not glucose or fructose, induces SGLT1"

activity that leads to increased tight junction pore size as determined by
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reduced electrical resistance of the cell monolayer, and therefore increased
paracellular permeability of epicatechin.

The presence of glucose or fructose, but not sucrose, elicited a significant
reduction in 3'-O-methylation of epicatechin. The methylation of epicatechin
is an enzyme catalysed reaction in which a methyl group is transferred from
S-adenosyl-methionine to the substrate. It is a requirement of the enzyme
activity for the presence of a divalent metal cation; this is usually magnesium
(). The metal cation ensures that the substrate binds to the enzyme-
cofactor complex in the correct orientation to permit methyl group transfer;
changing the metal ion affects the enzyme activity. In the present cell culture
study magnesium is not present in the transport solution; the only divalent
cation present is calcium (I1). It has been reported that substituting calcium
(1) for magnesium (ll) produces a significant inhibition of the enzyme.
Because the calcium (Il) ion is larger than the hagnesium () ion this
prohibits the correct cofactor-substrate alignment within the enzymes active
site (Sparta and Alexandrova 2012). The control transport solution is
formulated using the same protocol therefore is it likely that magnesium (l1)
stored within the cells permits continued COMT activity. The inhibition of
enzyme activity in the presence of glucose or fructose may be due to
competition for magnesium (l1) from other enzymes within the cell. Glucose
is the primary substrate in the glycolytic pathway, it is initially phosphorylated
by hexokinase (EC 2.7.1.1), an enzyme requiring magnesium (llI) for its
activity, to produce glucose-6-phosphate. The pathway continues with
conversion to fructose-6-phosphate catalysed by glucose-6-phosphate
isomerase (EC 5.3.1.9) and further phosphorylétion to form fructose-1, 6-

bisphosphate by 6-phosphofructokinase (EC 2.7.1.11), an enzyme that also
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requires magnesium (Il). It is probable that sucrose does not elicit a similar
reduction of epicatechin methylation due to the relatively low levels of
glucose and fructose liberated from enzymatic sucrose hydrolysis; the
concentration of each monosaccharide produced may remain toé low to
exhibit an inhibitory effect of COMT. |

Schramm et al (2003) demonstrated a pdsiﬁve association between
carbohydrate content of a meal and plasma epicatechin area under the
curve, Other studies haye proposed similar associations but with less
convincing results (Neilsbn et al. 2009, Rodriguez-Mateos et al. 2012). It
may be that other components of the formulations are responsible for the
effects observed or that lack pf significant differences is due to the dose
administered. The doses administered to subjects in the human studies
desbribed previously to determine the effect of food components on
epicatechin bioavailability are shown in Table 3.3. In the Caco-2 étudy
presented here the concentration of epicatechin and sucrose applied to cells
was 250 uM and 100 mM, respectively. Assuming 500 mL of gastric fluid this
would be the equivalent to a serving of approximately 63 g and 71 g of
Nestlé NOIR Intense dark chocolate containing 70% cocoa Sc;lids to achieve

the same epicatechin and sucrose concentrations.
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Reference Sucrose Flavanol monomer
(9) (mM) (mg) (UM)
Schramm et al (2003) 35 204 100 689
Neilson et al (2009) 15 88 36 248
Rodriguez-Mateos et al (2012)' 10 58 75 517

Table 3.3 Sucrose and flavanol monomer content per serving based on 65
kg body weight and equivalent concentration assuming 500 mL gastric fluid
given to human subjects to investigate the effect of sucrose on epicatechin
bioavailability.

3.5 Conclusion

In the Caco-2 cell model the apical to basolateral transport of epicatechin is
not affected by the presence of higher molecular weight flavanols in a dark
chocolate extract or monosaccharides glucose and fructose. Sucrose does
significantly enhance epicatechin transport, possibly via its potential to
increase paracellular permeability through stimulation of SGLT1 activity. The
formation of 3'-O-methylated epicatechin is significantly attenuated in the
presence of a dark chocolate extract and ‘glucose or fructose. It is
hypothesised that the effect of dark chocolate extract is attributable to the
presence of dimeric flavanols in the dark chocolate extract whi;:h compete
with epicatechin for methylation. The effect of glucose and fructose is
proposed to be a consequence of glycolysis enzymes competing with COMT
for magnesium (ll) cations that are necessary for activity. Prospective
studies in which the effect of sucrose on SGLT1 activity and TEER of Caco-
2 cells are required to confirm the hypothesis presented here. Co-incubation
of ebicatechin wiih commercially available dimeric flavanol standards should
be performed in Caco-2 cells to confirm whether epicatechin transport and

COMT activity is significantly affected by the presence of dimeric flavanols.
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Chapter 4 Dark chocolate extract inhibits sucrose hydrolysis

in the Caco-2 cell model

4.1 Abstract

The rate of sucrose hydrolysis in Céco-2 cells was investigated in the
presence of flavanol-rich dark chocolate and individual flavanol constituents
of dark chocolate. Enantiomers of each catechin stereocisomer and
acarbose, used as a positive control, were also assessed. Acarbose dose-
dependently reduced the rate of hydrolysis. Dark chocoléte extract
containing 322 pM flavanol ménqmers and 500 pM (-)-epicatechin
significantly decreased the rate of hydrolysis by §9% and 31% respectively.
This suggests that the epicatechin content of dark chocolate is bartly
responsible with potential synergistic effects from other flavanol components
contributing to the difference. All individual flavanol monomers ’aund dimer
investigated significantly enhanced the rate of sucrose hydrolysis at a
concentration of 50 uM. With the exception of (+)-epicatechin, all other
concentrations investigated did not affect the rate of sucrose hydrolysis. It is
hypothesised that sucrase-flavanol binding may occur ait two distinct
locations; one that is not tHe active site, could alter the tertiary structure of
the enzyme exposing more catarl)'/tic residues, thereby enhancing sucrose
hydrolysis at moderate concentratioris;‘and two at the more accessible
. active site, flavanol binding would elicit an inhibitbry effect that becomes

more prominent with increasing concentration of inhibitor.

B2



4.2 Introduction

The effects of plant extracts and the individual phenolic components on
carbohydrate metabolising enzymes present in the small intestine have been
extensively investigated during the last decade (Kim et al. 2000, HansaWasdi
et al. 2001, Matsui et al. 2001, Matsui et al. 2002, Ramachandra et al. 2005,
McDougall et al. 2005, Barrenetxe et al. 2006, lwai et al. 2006, He et a'l.
2007, Gupta et al. 2007, Ani and Naidu 2008, Kumarappan and Mandaol
2008, Adisakwattana and Chanathong 2011, Pereira et al. 2011.' El-
Beshbishy and Bahashwan 2012). Primarily these studies have focused on
inhibition of enzymes belonging to the hydrolase family ~ a-amylase (EC
3.2.1.1), a-glucosidase (maltase) (EC 3.2.1.20), and sucrose a-glucosidase
(Sucrése) (EC 3.2.1.48). Common features of these enzymes are the
catalytic residues of aspartic and glutamic acid that each contains an acidic
side chain (Nichols et al. 2003, Lo Piparo et al. 2008). At physiological pH
the ionised a-carboxyl group of each amino acid is able to participate in
hydrogen bond formation with the hydroxyl groups of phenolic cdmpounds.
Many investigations have observed that more hydroxyl groups present in the
molecule generally equates to stronger inhibition of the enzyme compared
with similar structures ’containing fewer hydroxyl groups. This was
demonstrated by a study of monomeric flavanols and condensed tannins
typically presenf in tea. The most effective inhibition of maltase and sucrase
was performed by those com.plounds esterified to gallicv acid, - such as
theaflavin-3-O-gallate, epigallocatechin gallate and epicatechin gallaté

(Matsui et al. 2007, Kamiyama et al. 2010). A summary of the concentrations
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required to reduce activity of the enzymes by 5\0% (1Cso) reported by Matsui
et al (2007) is shown in Table 4.1.

The stereochemical configuration of hydroxyl groups was also found to be of
importance to the efficacy of inhibition. The 3’ hydroxyl group of theaﬂavin-3-
O gallate rotated in the ‘R’ conﬂguratioh inhibits maltase more potently than
the 'S’ configuration. Similarly the ‘A configuraﬁbn of the C-ring hydroxyl
group of both catechin and epicatechin inhibited maltase more than the ‘'S’
isomer (Matsui et al. 2007). :

The number of hydroxyl groups present on the B-ring of flavonols affects the
inhibitory capacity towards sucrase, maltase and a-amylase. The order of
inhibition from strongest to weakest was reported to match the number of
hydroxyl groups from most to fewest in a study of guava leaf constituents,
with‘ myricetin > quercetin > kaempferol (Wang et a. v2010). Apigenin, a
flavone containing one B-ring hydroxyl group but no C-ring 'hydroxyl,
exhibited only slight inhibition (ICso >30 mM), suggesting that hydroxylation
‘tiaf the C-ring is also important.

A double bond between carbon-2 and carbon-3 of the C-ring.forms a
conjugated system with delocalised electrons throughout the A- and C-rings,
the presence of which has also been implicated in the ability of a flavonoid to
inhibit glucohydrolase enzymes. Lo Piparo et al (2008) assessed the
interaétion between a variéty of flavoncids and amind acid residues at the
éctive site of human salivary a-amylase. They found the conjugated system
was able to férm - bonds with the aromatic side chains of fryptophan and
| tyrosine. Luteolin and quercetin, a flavone and flavonol containing the
conjugated AC ring system and presenting identical structures'except for the
presence of a carbon-3 hydroxyl group in qdercetir;. exhibit similar 1Cs

AL
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values, 18.4 uyM and 21.4 pM respectively. Catechin and epicatechin,
flavanols that do not possess the conjugated system were unable to achieve
50% inhibition of a-amylase at concentrations up to 100 pM.

The flavanols catechin ahd epicatechin are also only weak inhibitors of
sucrase and maltase, refer to Table 4.1, and supported by the observations
of Kamiyama et al (2010). Concentrations required to reduce enzyme activity
to 50% are not physiologically easy to achieve. For example, one of the
best sources of (-)-epicatechin is dark chocolate that contains approximately
70 mg 100 g™ fresh weight (Neveu et al. 2010). Assuming 500 mL of gastric
liquid this equates to approximately 480 pM. Any benefits arising frorh
inhibition of carbohydrate hydrolysis would likely be offset by the high sugar
and fat intake from consuming 200 g of dark chocolate. As previously
discussed the gallated flavanols seem to be more effective inhibitors of a-
glucosidase enzymes at physiologically relevant cdncentrations, which may
explain the medicinal use of green tea as an anti-diabetic treatment in some

cultures.
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Maltase 1Csq Sucrase ICs

(UM) (M)
(-)-Epicatechin (2R, 3R) 770 1080
(+)-Epicatechin (25, 35) 1320 Not measured "
(-)-Catechin (25, 3R) 1890 Not measured
(+)-Catechin (2R, 35) 4320 Not measured
Epigallocatechin 1260‘ 921
Epicatechin gallate 53 172
Epigallocatechin gallate 40 169
Theaflavin 500 >10,000
Theaflavin-3-O-gallate (¥R) 10 - 1024
Theaflavin-3-C-gallate (3'S) 83 Not measured

Table 4.1 Concentration of flavanols required to inhibit the activity of maltase
(EC 3.2.1.20) and sucrase (EC 3.2.1.48) by 50% (1C50) taken from Matsui et

al (2007).

Plant extracts"containing relatively high concentrations of pbiymerised
flavanols such as grape seed extract have been assayed to determine the
efficacy of a-glucosidase inhibition and protein binding. Sucrase activity in
the Caco-2 cell model was reduced by 61% in the presence of 0.3 g L™! pre-
digested grape seed extract containing approximately 54% flavanols with a
degree of polymerisation greater than dimer (Laurent et al. 2007). The
protein binding capacity of flavanols, ranging from monomer to hexamer
extradted from grape seed, was assecsed by fluorescence quenching of
~ tryptophan residues in bovine serum albumin and a-amylase (Soares et al.
2007). Flavanols with a higher molecular weight (MW) éxerted greater
V quenching capacity of a-amylase tryptophan residues than the smaller

molecules, and flavanols with a gallate moiety were more effective than non-
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gallated compounds. Tannic acid, a large phenolic compound with MW
1701.2, exerted the strongest fluorescence quenching capacity.

Tannic acid has been described to inhibit human salivary a-amylase by a
mixed mode (Kandra et é(. 2004) and similarly inhibits sucrase by mixed-
type at physiological pH 7.2 (Gupta et al. 2010). The authors reported that
binding of the phenolic compound altered the tertiary structure of the
enzyme such that tryptophan residues in the active site became more
exposed to the hydrophilic environment.

Synergistic effects between individual compounds and extracts have also
been reported. Mulberry extract combined with either roselle,
chrysanthemum or butterfly pea extract enhanced maltase inhibition
compared with mulberry extract alone. Similarly, roselle extract combined
with either chrysanthemum, mulberry, bael or butterfly pea extract increased
a-amylase inhibition compared with roselle extract alone (Adisakwattana et
al. 2012). The combined pure compounds quercetin and myricetin, hyperin
and avicularin, kaempferol and quercetin increésed sucrase and maltase
inhibition compared with the compounds assayed individually; a-amylase
was not affected (Wang et al. 2010). ‘

The aim of this investigation was to determine whether flavanol-rich dark
chocolate extract and individual flavanol components were able to inhibit the

hydrolysis of sucrose in the Caco-2 cell model.
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4.3 Results

4.3.1 Analytical protocol validation
4.3.1.1 Linearity, precision, limit ot detection and limit of quantification
4.3.1.1.1 Glucose oxidase/peroxidase assay

Calibration solutions in the range ‘0-80 Mg mL" were assayed using the
glucose oxidase/peroxidase method and a calibration curve of absorbance
at 540 nm as a function of glucose concentration prepared. The linear
regression equation wés obtained, with the y-intercept fixed at zero the
gradient = 0.014 and the adjusted R-square = 0.99, suggesting good
proportionality of absorbance and céncentration |

Figure 4.1). The relative stanrdard deviation of absorbance was calculated ’for
eabh concentration of glucose, and ranged from 2.2 to 12.7% indicating that
precision of the method was acceptablef The limit of detéction was

calculated as 1.9 pg mL™ and the limit of quantification as 5.7 g mL™".

Absorbance at 540 nm {(AU's)

v ¥ v L T i SR Li T L) v
0 10 .20 30 40 50 60 70 80
[Glucose) pg mL™

Figure 4.1 Glucose oxidase/peroxidase assay calibration curve; gradient =
0.014, adjusted R-square = 0.99. Mean % standard error of the mean (n=3).
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The rate of sucrose hydrolysis in Caco-2 cells co-incubated with a cocoa
powder extract provided by Nestlé, was investigated using the glucose
oxidase/peroxidase method to determine glucose concentration in the
sample. At this point it waé observed that the cocoa powder extract inhibited
the activity of enzymes in the glucose/oxidase assay; To overcome
interference a solid phase extraction procedure, using hydrophilic-lipophilic
balanced cartridges, was trialled to assess whether the interfering
compounds could be removed from the sample. Whilst the extraction
improved glucose measurement in the presence of cocoa powder, some
glucose was retained by the adsorbent (Figure 4.2). In addition this process
was labour intensive and time-consuming such that alternative methods of

glucose analysis were investigated.
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Figure 4.2 Absorbance of glucose calibration solutions, determined using the
glucose oxidase/peroxidase method, following incubation in the absence and
presence of a cocoa powder extract, with (+ SPE) and without (No SPE)
solid phase extraction. Mean £ SEM (n=3).
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4.3.1.1.2 HPLC-IPAD

Data analysis was performed over a 15 month period with a 3 month break
between December 2010 and March 2011. At the beginning ‘of each
analytical period calibration solutions in the range 0-500 uM were analysed
tu® ensure accurate data analysis vand compare equipment function.
Calibration curves of pe“ak area as a functioﬁ of glucose or fructose

concentration were prepared (Figure 4.3A and B). The linear regression

equation was obtained with the y-intercept fixed at zero the gradient for
glucose and fructose were calculated as 0.19 and 0.16, respectively, and fhe
adjusted R-square was 1.0 for each, suggesting good proportionality of peak

area and concentration (Figure 4.3A and B). The relative standard deviation

(RSD) of peak area was calculated for each concentration of glucose and
fructose, and ranged from 0.7 to 11.2% and 0.8 to 8.7%, respectively. The
limit of detection and limit of quantification were calculated as 0.02 UM and
0.06 uM for glucose and 0.01 uM and 0.04 pM for fructose.

Precision of the analytical method at the beginning of the second analytical
period, determined by calculation of RSD, remaihed acceptable although
there was a loss of sensitivity reflected in lower gradients andfhigher limits of
detection (LOD) and quantiﬁcation (LOQ). Glucose: gradient = 0.14, LOD =
0.44 uM, and LOQ = 1.32 pM; frﬁctose: gradient = 0.12, LOD = 0.05 uM,
and LOQ = 0.14 uM. | |

. Figure 4.4 represents a typical chromatogram of 200 uM calibration solution
containing fucose, glucose, fructose and sucrose. Fucose was used a‘sman
internal stan&ard. Figure 4.5 demonstfates the presence of sucrose in ‘a‘

basolateral cell culture sample.

BLad
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Figure 4.3 A) Glucose, and B) fructose HPLC-IPAD calibration curves. A)
Gradient = 0.19, adjusted R-square = 1.0. B) Gradient = 0.16, adjusted R-
square = 1.0. Mean % standard error of the mean (n=3).
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Figure 4.5 HPLC-IPAD chromatogram demonstrating the presence of
sucrose in a basolateral cell culture sample. Fucose was added as the
internal standard.
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4.3.2 Cell culture

4.3.2.1 Validation of cell membrane integrity

Trans-epithelial electrical resistance (TEER) was measured before the 20
min incubation and corrected to account for resistance of the polycarbdnate
membrane to provide a measure of the cell monolayer resistance. Mean
TEER varied from 130 to 464 (Table 4.2). The rate of sucrose hydrolysis
significantly correlated with TEER even when the assay condition was
controlled for, p<0.01 (Figure 4.6). An association between TEER and cell
passage number was considered but no significant correlation existed,
whereas the rate of sucrose hydrolysis and passage number did correlate
significantly, p<0.001 (Eigure 4.7). However, controlling for the condition and
passage number did not alleviate the significant correlation between TEER
and rate of sucrose hydrolysis, p<0.01. During 2010, after the first period of
cell culture assays whilst a new batch of cells was being prepared for the
second period of cell culture assays, cell clumping was observed in culture
flasks. It was proposed that high glucose concentration in the media may be
a contributing factor to cells forming clumps in which rather than remaining
as a monolayer they began to stack on top of one another. The
concentration of glucose in the culture media was reduced from 25 mM to 5
~mM which resulted in a general lowering of TEER of the cell monolayer.

TEER and rate of sucrose hydrolysis significantly correlated with media

glucose concentration, p<0.001 (Eiqure 4.8A and B). Controlling for the
assay condition, passage number and media glucose concentration
removed any significant correlation between the rate of sucrose hydrolysis

and TEER. In assays where the TEER of the test condition differed
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significantly from the control condition partial correlation analysis, controlling
for the condition, was performed and confirmed there was no association

between TEER and the rate of hydrolysis, p>0.05.

e
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Condition TEER (Ohms)
Control Test
200 uM Acarbose 195 236**
100 pM Acarbose 209 310**
50 uM Acarbose 319 385***
DC? extract 322 uM epicatechin 213 254**
DC extract 141 uM epicatechin 443 403
DC extract ethyl acetate fraction 65 pM epicatechin 443 463 ‘
DC extract ethyl acetate fraction <1 pM epicatechin 443 437
500 uM (-)-Epicatechin 334 332
200 puM (-)-Epicatechin 195 285**
200 M (-)-Epicatechin 130 177
200 pM (-)-Epicatechin 392 423"
100 pM (-)-Epicatechin 160 187
100 pM (-)-Epicatechin 209 424>
50 uM (-)-Epicatechin 319 415**
20 uM (-)-Epicatechin 392 434*
200 uM (+)-Epicatechin 195 289"
200 pM (+)-Epicatechin 392 417
100 pM (+)-Epicatechin 209 405***
50 pM (+)-Epicatechin 319 402**
20 (+)-Epicatechin 392 424"
200 pM (+)-Catechin 337 447
100 pM (+)-Catechin 209 363"
50 uM (+)-Catechin 319 403***
20 pM (+)-Catechin 337 464***
200 pM (-)-Catechin 337 409"

100 pM (-)-Catechin

209

367**
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Condition TEER (Ohms)

Control Test

50 pM (-)-Catechin 319 405**
20 pM (-)-Catechin 337 447
100 uM Procyanidin B2 ‘ : - 209 | 319**
50*|JM Procyanidin B2 - 319 401*

Table 4.2 Blank-corrected Caco-2 cell monolayer trans-epithelial electrical
resistance (TEER) for each assay condition investigated. Mean + SEM.
8Abbreviation: DC, dark chocolate. Asterisk denotes a significant difference
from the control, *p<0.05, **p<0.01 and ***p<0.001.
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4.3.3 Sucrose hydrolysis study
4.3.3.1 Kinetic investigation

The kinetic properties of sucrose hydrolysis were determined using the_
glucose oxidase/peroxidase assay to measure glucose conéentration”. To
establish the most appropriate sucrose concentration the kinetic properties
were assessed using the Michaelis-Menten model. Assays of 1-120 mM
sucrose revealed a typical hyperbolic growth curve when rate of hydrolysis
was plotted against sucrose concentration (Figure 4.9). The maximum rate
of hydrolysis (Vmax) = 20.5 nmol min™!, and Michaelis constant (Km) = 19.3
mM, was calculated from nonlinear regression analysis using the Michaelis-
Menten function and rearrangement of the Michaelis-Menten equation.
Subsequent assays were performed using 20 mM sucrose as this was within

the linear range of the curve signifying that the enzyme was not saturated.
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Figure 4.9 Plot of rate of hydrolysis against sucrose concentration with
Michaelis-Menten nonlinear regression analysis. Mean £ SEM (n=3).
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4.3.3.2 Inhibition investigation

The effect of dark chocolate extract and flavanol monomers and dimers on
sucrose hydrolysis was investigated With the rate of sucrose hydrolysis
calculated based on the concentration of mean glucose and fructose
concentrations in the samples. ACarboée, an anti—diabetié prescription drug
which inhibits the activity of carbohydrate hydrolysiﬁg enzymes, was used as
a positive control. The total flavanol profile of monomers to decamers for the
dark chocolate extracts and ethyl acetate fractions used in this investigation
are displayed in Table 4.3. The mean concentration of glucose and fructose
in each dark chocolate extract and éthy! acetate fraction is also presented.

Acarbose dose-dependently inhibited the rate of sucrose hydrolysis up to
93%: p<0.001 (Table 4.4). Dark chocolate extract containing 322 pM
ﬂavénol monomers significantly reduced the rate of sucrose hydrolysis by
59% (p<0.01). Dark chocolate extract containing 141 pyM flavanol m-lonomerAs
and ethyl acetate fractions containing <65 pM flavanol monomers had no
significant effect (Figure 4.10). Inhibition of sucrose hydrolysis in the
presence of (-)-epicatechin was only significant at the highest concentration
investigated (500 pyM) = 31% inhibition, p<0.001 (Eigure 4.h11). A 10-fold
lower concentration of (-j-epicatechin (50 M) signiﬁcantly enhanced
| sucrose hydrolysis by 56%, p<0.01. All other concentrations of (+)-
epicatechin investigated did not elicit a significant effect. The (¥)-epicatechin
‘enantiomer also significantly enhanced sucrose hydrolysis, by 60%, at
| concen;rationé of 50 and 100 pM, p<0.05 and p<0.01 respectively (E_ig@
» 4.13A). Other concentrations of (+)-epicatechin investigated, 20 and 200 uM, ’
did not significantly affect the rate of sucrose hydrolysis. Thé (+) and (-)-
catechin enantiomers demonstrated significanf enhancement of éucrose

R
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hydrolysis at a concentration of 50 pM, increasing it by 61% (p<0.05) and

64% (p<0.01), respectively (Figure 4.12A and B). Similarly, procyanidin B2

significantly enhanced sucrose hydrolysis by 26% at a concentration of 50
HM, p<0.05. All other concentration of (+)-catechin, (-)-catechin and
procyanidin B2 did not produce a significant moderation of sucrose

hydrolysis in Caco-2 cells.
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Total flavanol content of dark chocolate extract3 and ethyl
acetate fractionsO(mg) / Monosaccharide concentration (pM)

Degree of
polymerisation Flavanol monomers §jM)

322s 141a 65* <1b
Monomer 3.09 1.36 0.63 0.01
Dimer 1.95 0.14 0.06 0.03
Trimer 0.49 0.04 0.02 0.01
Tetramer 0.31 0.02 0.01 0.0
Pentamer 0.12 0.01 0 0
Hexamer 0.05 0 0 0
Heptamer 0.03 0 0 0
Octamer 0.02 0 0 0
Nonamer 0.01 0 0 0
Decamer 0.01 0 0 0
Monosaccharide 377 120 4 0

Table 4.3 Total flavanol content (mg) and monosaccharide concentration
(pM) of dark chocolate extract3 and ethyl acetate fractions'3 used to
investigate the effect on sucrose hydrolysis in Caco-2 cells.

Condition Rate of hydrolysis A% Statistical

(nmol min') analysis

Control Test

Acarbose (pM)

50 3.42 1.19 ¢ 65 p<0.001
100 8.13 0.60 ¢93 p<0.001
200 3.32 0.24 ¢93 p<0.001

Table 4.4 Rate of hydrolysis for each concentration of acarbose investigated
along with the corresponding control value, and percentage change relative
to the control. Mean (n£3).
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Figure 4.10 Rate of sucrose hydrolysis as a percentage of control following
incubation of Caco-2 cells with dark chocolate extract and ethyl acetate
fractions containing 322, 141, 65 and <1 pM flavanol monomers. Horizontal
line at 100% represents the control. Mean + SEM (n=6). Asterisk denotes a

significant difference from the control **p<0.01.

Figure 4.11 Rate of sucrose hydrolysis as a percentage of control following
incubation of Caco-2 cells (-)-epicatechin ranging from 20-500 pM.
Horizontal line at 100% represents the control. Mean £+ SEM (n"3). Asterisk
denotes a significant difference from the control; **p<0.01, ***p<0.001.
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Figure 4.12 Rate of sucrose hydrolysis as a percentage of control following
incubation of Caco-2 cells with A) (+)-catechin and B) (-)-catechin. Horizontal
line at 100% represents the control. Mean = SEM (n>3). Asterisk denotes a
rate of hydrolysis that is significantly different from the control; *p<0.05,

**p<0.01.
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Figure 4.13 Rate of sucrose hydrolysis as a percentage of control following
incubation of Caco-2 cells with A) (+)-epicatechin and B) procyanidin B2.
Horizontal line at 100% represents the control. Mean + SEM (n£3). Asterisk
denotes a rate of hydrolysis that is significantly different from the control,
*p<0.05, **p<0.01.
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4.4 Discussion

4.4.1 Cell culture validation

Validation of Caco-2 cell monolayer integrity highlighted the importance of
establishing and maintaining a rugged cell culture protocol. Changes in
glucose concentration, and potentially other nutrients, of thé culture media
significantly affected transiepithelia| electrical resistance (TEER) and the
rate of sucrose hydrolysis. Overall diminishing rate of sucrose hydrolysis
was associated with incréasing cell passage number, which indicates that
conducting experiments within a range that is as narrow as possible is
essential for eliminating sources of error in the results. TEER has been
reported to increase significarntly with increasing cell passage number

(BriskeAnderson et al. 1997), however in the investigaﬁon presented here

this was not observed.
4.4.2 Analytical protocol validation

Interference of the glucose oxidase/peroxidase assay by polyphenols has
been reported (Nishioka et al. 1998, Shaukat and Waqar 2011, Xu et al.
2012). Reduced glucose determination was associated with prevention of
chromophore formation and hydrogen peroxide scavenging resulting in
- oxidation of the active componeni, epigallocatechin gallate (Shaukat and
Wagar 2011). Investigations whereb;l "glucose‘ concentration has been
quantified Qsing thé glucose oxidase/peroxidase assay in the presence ‘of
polyphen'ols require validation to confirm that the assay is not hindered by

. the presence of the polyphenolic component. In the event that this does

A
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“occur, a suitable extraction procedure should be incorporated or an

alternative method of glucose measurement developed.
4.4.3 Inhibition of sucrose hydrolysis

The greatest reduction of sucrose hydrolysis in Caco-2 cells Was measured
following incubation with 100 and 200 uM acarbose. Dark chocolate extract
containing 322 pM flavanol monomers also significantly reduced the rate of
sucrose hydrolysis. In order to determine whether the reduction was
attributable to one specific flavanol monomer or dimer constituent of the
extract the rate of sucrose hydrolysis was measured in the presence of (-)-
epicatechin, (+)-catechin and procyanidin B2. Inhibition of sucrose hydrolysis
was observed in the presence of 500 uM (-)-epicatechin, neither (+)-catechin
or procyanidin B2 elicited a significant reduction. This supports the findings
of Matsui et al (2007) and Kamiyama ‘et al (2010) that report the necessity
for a high concentration to achieve 50% inhibition of activity. These results
suggest that inhibition of sucrose hydiolysis in the presence of dark
chocolate extract containing 322 pM flavanol monomers may be partly
attributable to the (-)-epicatechiﬁ component. It may be that a synergistic
efféct occurs between the different flavanol monomers, oligomers and
polymers similar to the synergistic inhibition of sucrase reported for flavonols
and flavonol glycosides (Wang et al. 2010).

Each of the flé\)anol monomers and B2 dimer enhanced the rate of sucrose
hydrolysis at concentrations of‘£‘30 UM. Gupta et al (2010) proposed fhat
binding of a phenolic compound such as tannic acid to a-amylase altered the
tertiary structure such that tryptophan residues in the active site became

more exposed to the hydrophilic environment. It may be that flavanol
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rﬁonomers and dimers are able to’ bind sucraée in two locations, one that
induces a change in the structure of the enzyme exposing more of the
catalytic residues subsequently enhancing activity, and the second at the
active site causing inhibition of activity. This could explain how mbderate
concentrations appear to enhance enzyme activity and higher
concentrations are inhibitory. At concentrations between, there is no
apparent significant chan~ge due to the enhancement and inhibition
counteracting one another. This supports previous evidence which shows
that relatively high conceﬁtrations of non-gallated flavanol monomers are
necessary to achieve 50% inhibition of enzyme activity (Matsui et al. 2007,
Lb Piparo et al. 2008, Kamiyama et alz.“2010). In order to determine whether
stereochemical configuration of. the flavanol monomer affects the inhibitory
capaé:ity. higher concehtrations of each enantiomer must be investigated.
Enhancement of sucrase activity by each of the flavanol monomers and B2
dimer does nvot significantly differ between the, gréups indicating that
stereochemical configuratioh of the B-ring and of ;the C-ring hydroxyl group
is not a contributing factor. Superficially the degree of polymerisation also
appears to be inconsequential although fuﬁher investigations using more
polymerised flavanols are required to confirm this proposal. |

Suétained augmentation of sucrase activity méasured fo"owing incubation
with 100 pM (+)-epicatechin may suggest that the 28, 3S configuration
restricts effective §inding at the active site, thereby preventjng a relative
reduction »of sucrose hydrolysis, as observed with the other flavanol
“monomers at this concentration. |

| Previous studies that have investigated the effect of phenolic compounds on

a-glucosidase activity have suggested that the numbef of hydroxyl groups,

N id
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stereochemical configuration of the C-ring hydroxyl and conjugation of the
AC-ring system is of importance to the inhibition of sucrase, maltase and a-
amylase (Matsui et al, 2007, Wang et al, 2010(Lo Piparo et al. 2008). Based
on the results of the investigation presented here it would be necessary to
compare the inhibitory proﬁie of flavanols with compounds thét contain the
conjugated AC-ring system and the same number of hydroxyl groups, for
example epicatechin and quercetin. It would also be beneficial to compare
the inhibitory capacity of epicatechin with epigallocatechin and epicatechin-
3-O-gallate to investigate whether the addition of hydroxyl groups affect
sucrase inhibition in the Caco-2 model.

Analysis of the kinetic properties of sucrase in the absence and presence of
flavanols would suggest a method by which inhibition occurs. Further
analysis of the protein structure-activity association may be confirmed using
fluorescence quenching techniques or compufational ligand docking

software.

4.5 Conclusion

Sucrose hydrolysis in the Caco-2 cell model was reduced as a consequence
of incubation with a flavanol-rich dark chocolate extract. The (-)-epicatechin
content of the dark chocolate extract is considered to be partly responsible
and a synergistic effect with other flavanol components is proposed to
account for the difference of inhibitory capacity between the dark chocolate
extract and individual compound. Multiple binding sites on the enzyme are
hypothesised to be the reason for elevated sucrose hydrolysis at moderate
concentrations of each flavanol monomer and dimer investigated.

Prospective studies should include investigation of stereochemical
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configuration effects. Synergy between the flavanol components requires
attention along with considering whether degree of polymerisation
contributes to the overall effebt. Kinetic analysis of sucrose hydrolysis in the
Caco-2 cell model along with other structure-activity analytical methods may
provide insight to the mechanism and binding properties of dark chocolate

flavanols in relation to sucrase.
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Chapter 5 Glucose transport inhibition by a flavanol-rich

dark chocolate extract

5.1 Abstract

Glucose transport across the Caco-2 cell monolayer Was significantly
reduced in the presence of a flavanol-rich dark chocolate extract containing
35, 71, 142 and 322 uM epicatechin. Kinetic analysis revealed that the
maximum rate of cellular uptaké and apical to basolateral transport was
significantly attenuated; this was dose-dependent for apical to basolateral
ltransport. The concentration of glucose required to achieve half the
maximum rate of apical to basolateral transport (Km) was significantly
increased, independent of the dose investigated. Overall inhibition was of
the mixed-type, with non-competitive inhibition being tentatively attributed to
the apical sodium-dependent glucose transporter 'SGLT1 and cdmpetit!ve
inhibition attributed to the basolateral glucose transporter GLUT2. Inhibition
was not shown to be the result of individual flavanol monomer or B2 dimer
components of the dark chocolate extract but is hypothesisgd to be a
consequence of higher molecular weight flavanols or a synergistic effect
between mondmefs and dimers. Caffeine, theobromine, procyanidin B2 and
(+)-epicatechin increased the rate of cellular uptake but not apical to
basolateral transport. The role of caffeine and theobromine as inhibitors of
cyclic 3, §'-nucleotide phosphodiesterase and the potential for enhanced
SGLT1 activity js considered and discussed in relation to the results

presented here.
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5.2 Introduction

Cellular uptake of glucose is primarily a secondary active process performed
by the high-affinity sodium-dependent transporter SGLT1, Ky = 0.8 mM
(Hediger and Rhoads 1994), that ~can transport glucose against its
concentration gradient permittiné uptake even when the concentration of |
glucose in the lumen is low. By contrast during post-prandial periods when
the concentration of glucose in the lumen is high, glucose uptake is assisted
by the sodiurh-independent hexose transport GLUT2 (Kellett and Brot-
Laroche 2005). GLUT?2 facilitates diffusion of glucose along its concentrafion
gradient and although it has less affinity for glucose than its sodium-
dependent countérpart, Ku = 17 mM (Thorens 1996), it possesses a high
capgcity for glucose transport.

A n;meer of in vitro and ex vivo studies have investigéted the interaction of
flavonoids with intestinal glucose transporters. The majority of these focds
oh the effects of flavonols, in particular quercetin and its glycosides. I't‘ is now
widely accepted that flavonoid glycosides are either deglycosylated by
lactase phloridzin hydrolase (LPH) located at the epitheliai brush border
allowing the aglycdne to diffuse into the cell, or alternatively the glycoside is
transported into the cell Qia the sodium-dependent glucose transporter
SGLT1, before being deglycosyl‘a'ted by cytosélic B-glucosidase. Ehtry of
both the aglycone and glycoside has Been established through detection of
. phase Il metabolites of the aglycone.

Whilst q‘uercetin-3-0-glucoside and 4’-0-glucoside have been observedl to
| competitively inhibit the sodium-dependent uptake of glucose (Ader et al.‘

2001, Cermak et al. 2004), few studies report the ability of flavonoid

L
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aglycones to reduce SGLT1 activity. Of three investigations to report
significant reduction in sodium-dependent glucose uptake by non-
glycosylated flavonoids, only one reported inhibition with physiologically
realistic concentrations. Significant reduction of sodium-dependent glucose
uptake was observed in ‘Caco-2 cells with 100 pM (+)—batechin. (-)-
epicatechin, epigallocatechin, epicatechin gallate and epigallocatechin
gallate (Johnston et al. 2005). Studies prior to this also demonstrated

inhibition of sodium-dependent glucose transport by epicatechin gallate and

epigallocatechin gallate although the concentrations required to elicit a -

similar reduction were much greater, up to 1 mM (Kobayashi et al. 2000,
Hossain et al. 2002). Hossain et al (2002) also reported inhibition of sodium-
dependent glucose transport by catechin, however the inhibition constant
(Ki) was approximately 2.3 mM. The type of inhibition reported in these
studies was contradictory; Kobayashi et al (2000) suggested competitive
inhibition whereas Hossain et al (2002) proposed non-competitive.

Reports of sodium-independent glucose transport inhibiton by non-
glycosylated flavonoids are more prominent. In Caco-2 cells and Xenopus
Oocytes, quercetin was reported to attenuate glucose .uptake at
physiologically relevant concentrations (Johnston et al. 2005, Kwon et al.
2007); the latter suggesting a non-competitive mode of inhibition.
Epicatechin gallate and quercetin-3-O-glucoside were also reported to
competitively  inhibit sodium-independent glucose transport at a
concentration of 100 uM each (Chen et al. 2007). |

A more recent investigation of glucose uptake and transport across a Caco-2
cell monolayer reported the dose-dependent inhibition of both sodium-

dependent and independent transport in the presence of strawberry or apple
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‘extract; sodium independent inhibition was more potent as determined by
the lower concentration required to achieve 50% inhibition (ICsg). Kinetic
evaluation of the mechanism for transport inhibition indicated mixed-type for
| apical cellular uptake and non-competitive for transport across the
basolateral membrane. individual pure compounds were screened for
inhibitory capacity, and quercetin-3-O-rhamnoside displayed the lowest ICs
for inhibition of apical '.;md basolaferal transport of those tested. (-)-
Epicatechin elicited less than 50% inhibition at a concentration exceeding
500 M (Manzano and Williamson 2010).

The objective of the investigation presented here was to determine whether
a flavanol-rich dark chocolate extract,"and biologically active components of

dark chocolate, were able to inhibit glucose uptake into Caco-2 cells and

transport across the basolateral membrane.

4l
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5.3 Results

5.3.1 Liquid Scintillation Counting
5.3.1.1 Validation
5.3.1.1.1 Linearity, precision and limit of quantification

A calibration curve of radioactivity as a function of [U-"*C]-glucose quantity
was prepared and the linear regression equation obtained. With the y-
intercept fixed at zero the gradient was calculated as 2441 and the adjusted
R-square equal to 1.0, suggesting good proportionality of radioactivity and
molar quantity (Figure 5.1). The relative standard deviation of radioactivity

was calculated for each concentration of radiolabelled glucose, and ranged
from 0.03 to 0.81% indicating that counting precision of the equipment was

good. The limit of quantification was calculated as 0.02 pmol.
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Figure 5.1 [U-"*C]-Glucose calibration curve. Mean + SEM (n=3); gradient =
2441, adjusted R-square = 1.0.
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5.3.2 Cell culture
5.3.2.1 Validation of cell membrane integrity

Trans-epithelial electrical resistance (TEER) was measured before and after
the 30 min incubation and corrected to account for resistance of the
pdlycarbonate membrane to prbvide a measure of the cell monolayer
resistance (Table 5.1). lnter-assayi Hwean TEER measurements taken before
commencement of the assay showed a 'large variation ranging from 160 to
509 Ohms. Parti‘al correlation analysis controlling for the assay vcondition
confirmed that basolateral glucose concentration did not correlate with TEER
measured pre- or post-incubationL(Figure 5.2). Pre-incubation TEER value

was significantly correlated with cell passage number (p<0.001) (Figure 5.3).

Condition TEER (Ohms)
Before - After
1 mM Glucose 423+ 14 326 £ 9™
Dark chocolate extract 35 uM epicatechin 408 +7 345 £ 10**
0.25 mM Glucose 282 £ 11 | 2599
Dark chocolate extract 71 uM epicatechin 29919 . “ 289+ 14
0.5 mM Glucose ' .. 322%12 290 ¢ 12
Dark chocolate extract 71 uM epicatechin | 303t6 333+ 10"
1 mM Glucose o 31015 279+ 10
Dark chocolate extract 71 uM epicatechin 3475 35647
'2mMGlucose 260+6 ~  254+6

& Dark chocolate extract 71 pM epic.atechin 282+5 295+ 9

4 mMGlucose 326+8 28317

Dark chocolate extract 71 uM epicatechin 32115 345+ 11**

il
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Condition TEER (Ohms)

Before After
7 mM Glucose 402 £ 12 353 ¢ 14*
Dark chocolate extract 71 pM epicatechin 423+ 15 423t 8
0.25 mM Glucose | 44322 268 + 19"+
Dark chocolate extract 142 pM epicatechin 462 £ 17 331 £ 13***
0.5 mM Glucose 451 + 22 31t e17
Dark chocolate extract 142 pM epicatechin 497 + 16 416 £ 17™
1 mM Glucose 409+ 3 305 + 10**
Dark chocolate extract 142 uM epicatechin 398 + 12 4005
2 mM Glucose 386+ 14 384 £ 12
Dark chocolate extract 142 pM epicatechin 444+ 10 404 £ 13
4 mM Glucose 425+ 15 393 £ 20
Dark chocolate extract 142 uM epicatechin 424+ 6 450 £ 14
7 mM Glucose 509+ 8 322+ 14
Dark chocolate extract 142 pM epicatechin 475+ 20 337 £ 12
1 mM Glucose 272+ 11 259 + 12
Dark chocolate extract 322 pM epicatechin 254 + 11 272t 4
1 mM Glucose 160+ 7 184+ 8
200 pM (-)-Epicatechin 175+ 15 187 +5
200 pM (+)-Epicatechin 252+ 16 246 1 11
200 pM (-)-Catechin 276+ 8 2659
1 mM Glucose 236+ 10 232+ 11
200 pM (+)-Catechin 257 +7 2376
200 pM Procyanidin B2 313122 27314
1 mM (-)-Epicatechin 346t 5 278 £ 6™
1 mM Glucose 32317 275 + 9**
250 uM Caffeine 3666 321 £ 8"
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Condition TEER (Ohms)
Before After
1.68 mM Theobromine 355+ 10 285 + 8**

Table 5.1 Blank-corrected trans-epithelial electrical resistance (TEER)
measured before and after each assay. Mean + SEM (n=6) for each
condition. Asterisk denotes significant difference from the corresponding pre-
incubation measurement, *p<0.05, **p<0.01 and ***p<0.001.

BAd
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Figure 5.2 Basolateral concentration of glucose after the 30 min incubation
in each assay replicate, as a function of mean + SEM (n=3) trans-epithelial
electrical resistance per Transwell® insert cell monolayer measured before
commencement of the assay.
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Figure 5.3 Pre-incubation trans-epithelial electrical resistance per
Transwell® insert monolayer, mean + SEM (n=3), as a function of cell
passage number.
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5.3.2.2 [U-'*C]-Glucose transport study

The effect of a flavanol-rich dark chocolate extract, ¢ontaining between 35 to
322 yM flavanol monomers (Table 5.2), on apical to basolateral transport
and cellular uptake of glucose was investigated. Biologically active
components of dark chocolate were also individually assayed to explore the
possibility that they were a}ble to moderate gluéosé uptake and transport at
concentrations relevant to the dark chocolate extract.

Co-incubation of 1 mM glucose with dark chocolate extract dose-
dependently attenuated the apical to basolateral transport and cellular
uptake of glﬁcose up to 75% and 68% respeétiVely. Eéch preparation of dark
chocolate extract significantly reduc;d the concentration of basolateral
glucose, p<0.001 (Figure 5.4A). Dark chocolate extract containing 142 and
322 HM epicatechin also significantly reduced the cellular concentration of
glucose, p<O.QO1 (Eigure 5.4B). Of the flavanol monomers and' BZ dimer
tested, none significantly affected the concentration of glucose measured in
'the basolateral compartment (Figure 5.5A); 200 uM of each (+)-epicatechin
or procyanidin B2 significantly increased cellular glucose concentration by
20% and 26% respectively (p<0.01) (Eigure 5.58). Caffeinei(250 HM) and
theobromine (1.68 mM) did not significantly affect the basolateral
concentration of glucose (Figure 5.6A). By contrast the cellular concentration
of gluciose was significantly increased by 25% and 9% in the presence of
_caffeine (p<0.05) and theobromine (p<0.01) (Figure 5.6B).

The kinetic prbperties of glucoée transport in the absence ahd presencevof
dark chocolate extract containing 71 pM and 142 pM epicatechin were
investigated. Basolateral and cellular concentration of glucbse following

incubation with initial glucose concentrations ranging from 0.25 to 7 mM are

¥
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displayed in Figure 5.7A and B. Both dark chocolate extract preparations

significantly reduced the basolateral concentration of glucose at each
substrate concentration investigated (p<0.01 or p<0.001). Cellular glucose
concentration was significantly reduced at each substrate concentration
investigated in the presenée of dark chocolate extract containing 142 yM
epicatechin (p<0.05 and p<0.001) and by dark chocolate extract containing
71 UM epicatechin at substrate concentrations of 0.25, 4 and 7 mM (p<0.05
and p<0.001). Graphical representation of apical to basolateral rate of
transport and cellular uptake as a function of substrale concentration
demonstrates typical Michaelis-Menten hyperbolic saturation curves in the

absence and presence of dark chocolate extract (Fiqure 5.8A and B).

Nonlinear regression analysis using the Michaelis-Menten equation
performed on each data set revealed the maximum rate (Vmax) and Michaelis
constant (Ky) of apical to basolateral transport and cellular uptake of cells
incubated in the presence of substrate only, and when co-incubated with
each preparation of dark chocolate extract (Table 5.3). The rate of apical to
basolateral glucose transport was significantly attenuated dose-dependently
in the presence of dark chocolate extract (p<0.01), this is indicétive of non-
competitive inhibition. The Michaelis-constant was significantly augmented in
the presence of dark chocolate extract (p<0.05 and p<0.01), independent of
dose, indicating that transporter affinity for the substrate was reduced due to
competitive-type inhibition. Together these kinetic parameters suggest that
dark chocolate extract exerts a mixed-type inhibition of apical to bésolateral
glucdse transpdrf.

The rate of cellular glucose uptake was also significantly lower in the

presence of dark chocolate extract (p<0.01), dose-independent, suggesting
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non-competitive inhibition of cellular glucose uptake. The Michaelis constant
significantly diminished in the presence of dark chocolate extract containing
71 pM epicatechin implying that transporter affinity for the substrate was
enhanced. Dark chocolate extract containing 142 pM epicatechin did not
significantly affect the Michaelis constant relative to the control however in
comparison to the dark chocolate extract containing 71 pM epicatechin it
was significantly greater (p<0.01). Cellular glucose uptake appeared only to

be inhibited in a non-competitive manner.

Defatted Dark Chocolate (g)

0.5 1 2 4.5
Total flavanol content (mg g-1 FW)a 0.7 14 2.7 6.1
Transport solution concentration
Flavanol monomers (pM)a 35 71 142 322
Flavanol dimers (pM)a u 22 45 102
Caffeine (pM)b 62 124 248 563
Theobromine (mM)b 0.7 13 2.7 6.1

Table 5.2 Total flavanol content (monomer to decamer) per gram of dark
chocolate, fresh weight (FW), and concentration of flavanol monomers and
dimers, caffeine and theobromine in the transport solution prepared using
defatted dark chocolate. aBased on empirical measurement of flavanol
content of an extract prepared using 1 g of defatted dark chocolate.
Calculated from values reported in the USDA Nutrient Database (U.S.

Department of Agriculture 2011).
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Figure 5.4 (A) Apical and basolateral, and (B) cellular concentration of
glucose following a 30 min incubation of Caco-2 cells with 1 mM glucose in
the absence (control) and presence of dark chocolate (DC) extract
containing 35, 71, 142 or 322 pM epicatechin (EC). Control concentration
equates to rate of apical to basolateral transport 5.9 £ 0.2 pM min'land rate
of cellular uptake 0.41 + 0.02 pM min'L Mean + SEM (n=£6). Asterisk
denotes a significantly different basolateral or cellular concentration relative
to the control, ***p<0.001.
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Figure 5.5 (A) Apical and basolateral, and (B) cellular concentration of
glucose following a 30 min incubation of Caco-2 cells with 1 mM glucose in
the absence (control) and presence of flavanol monomers and B2 dimer.
Control concentration equates to rate of apical to basolateral transport 6.1 +
0.2 pM min'land rate of cellular uptake 0.36 + 0.03 pM min'L Mean + SEM
(n=£6). Asterisk denotes a significantly different cellular concentration
relative to the control, **p<0.01.
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Figure 5.6 (A) Apical and basolateral, and (B) cellular concentration of
glucose following a 30 min incubation of Caco-2 cells with 1 mM glucose in
the absence (control) and presence of caffeine and theobromine. Control
concentration equates to rate of apical to basolateral transport 6.0 +0.1 pM
min'land rate of cellular uptake 0.29 £ 0.00 pM min'l Mean = SEM (n=6).
Asterisk denotes a significantly different cellular concentration relative to the
control, *p<0.05 and **p<0.01.
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[Glucose] (mM)

Figure 5.7 (A) Basolateral and (B) cellular concentration of glucose following
a 30 min incubation of Caco-2 cells with 0.25-7 mM glucose in the absence
(no extract) and presence of dark chocolate (DC) extract containing 71 or
142 pM epicatechin (EC). Values are mean = SEM (n=26). Asterisk denotes
significant difference from the corresponding no extract value, *p<0.05,
**p<0.01, ***p<0.001.



+ No Extract

Figure 5.8 Rate of (A) apical to basolateral transport and (B) cellular uptake
of glucose following a 30 min incubation of Caco-2 cells with 0.25-7 mM
glucose in the absence (no extract) and presence of dark chocolate (DC)
extract containing 71 or 142 pM epicatechin (EC). Mean £ SEM (n=£6).
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Apical to Basolateral Cellular Uptake

Vmax KM Vmax KM

(M min-1) (mM) (M min-1) (mM)
No Extract 272109 3.54£0.3 1.3 (0.1) 12.2(0.2)
DC Extract 213+ 0.7 521%0.3" 0.9 (0.04)** 1.3(0.2)*
71 yMEC
DC Extract 11.2+03"™t 4.610.2* 1.0 (0.1)* 2.7 (0.3}t
142 M EC

Table 5.3 Michaelis-Menten kinetic properties of cellular uptake and apical to
basolateral transport of glucose in the absence (no extract) and presence of
dark chocolate (DC) extract containing 71 pM or 142 uM epicatechin (EC).
Values are mean + SEM (n26) per condition. Asterisk denotes significant
difference from the corresponding no extract value, *p<0.05 and **p<0.01
and t denotes significant difference from the corresponding DC extract

containing 71 uM EC (p<0.01).

5.3.3 Solid phase extraction of flavanol fractions

Separation of dark.chocolate extract fractions was achieved using a solid
phase extraction (SPE) procedure based on the HPLC-FLD method of
flavanol monomer to decamer quantification. Comparison of the whole
extract not subjected to SPE (Figure 5.9) with the total ﬂav;nols obtained
following SPE, calculated as the sum of each SPE step, displayed very
similar concentrations indicating that most 6f the flavanols monomer to

decamer were collected (Table 5.4). Monomers mainly eluted with the ‘initial’

_pass of sample (Figure 5.10A) and the water wash phases. Dimers eluted
equally across each phase eXcept the final organic solvent elution stép
i demonstrating no preference for aqueous or organic solvent. The larger
compounds with a greater degree of polymerisation appeared to be retained

by the sorbent material more strongly. Trimeric flavanals, in total, eluted

ed
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equally between the aqueous and organic solvents although a preference for
the organic solvent was observed with the majority of the compound eluting

with the first organic solvent elution step (Eigure 5.10B). A small amount of

tetramer and pentamer were collected in the aqueous wash phases howgver»
the majority of each was colllected following the first organic solvent elution.
The remaining compounds, hexamer to decamer, were eluted in the organic
solvent elution only.

It was intended that the aqueous fractions combined, rich in flavanols
monomer and dimer, and the fractions eluted with organic solvent,
containing relatively few flavanol monomers and dimers but rich in trimers to
decamers, would be used in the assay of glucose transport to determine
whether either fraction replicated the effect of the whole dark chocolate. This
would help to elucidate the main compounds responsible for inhibition of
glucose transport. Due to lack of time remaining this assay was not
performed but is recommended for future work in order to contribute to the

understanding of glucose transport inhibition by dark chocolate extract.
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, Concentration (ug mL™)

Degree o

Polymerisation A B c D E F G
Monomer 2755 2747 1715 208 3.9 7465 7719
Dimer 351 425 309 399 4.0 1526 1455
Trimer 5.7 115 154 288 21 635 548
Tetramer 05 24 4&2_ 148 .13 232 206
Pentamer 0.0 c3 0.8 97 1.2 12.0 11.2
Hexamer 0.0 0.0 00 46 0.9 5.4 7.1
Heptamer 0.0 0.0 0.0 19 0.5 24 25
Octamer 00 00 00 07 02 10 11
Nonamer 0.0 00 00 0.3 0.1 0.4 05 .
Decamer 0.0 0.0 00 02 0.1 0.2 0.2

Table 5.4 Flavanols monomer to decamer determined by HPLC-FLD in
fractions of dark chocolate extract separated by a solid phase extraction
(SPE) procedure. A = initial collection of aqueous sample following SPE, B =
first aqueous wash, C = second aqueous wash, D = first organic solvent
elution, E = second organic solvent elution, F = total of all SPE steps A to E,
and G = whole dark chocolate extract before SPE separation of fractions.
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Figure 5.9 HPLC-FLD chromatogram of whole dark chocolate “extract
flavanols monomer to decamer before solid phase extraction separation of

fractions. Peak numbers represent the degree of polymerisation; 1 =
monomer, 2 = dimer, etc.
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~ Figure 5.10 HPLC-FLD chromatogram of A) initial aqueous fraction collected
following solid phase extraction, and B) the first organic solvent wash of
sorbent retained compounds. Peak numbers represent the degree of
polymerisation; 1 = monomer, 2 = dimer, etc.
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5.4 Discussion

Preparations of flavanol-rich dark chocolate ext}ract‘ containing 35, 71, 142
and 322 pM epicatechin were shown to reduce basolateral glucose
concentration in a doseQdependent manner. Cellular concentration of'
glucose was also dose-dependently reduced but only in the presence of dark
chocolate extract containing 142 and 322 pM epicatechin. Glucose uptake
into epithelial cells is predominantly governed by the sodium-dependent
secondary active cotransporter SGLT1 and efflux from the basolateral
membrane is maintained entirely by passive diffusion facilitated by "th_e
sodium-independent GLUT2. Kinetic analysis of apical to basolateral
transport and rate of cellular uptake revealed that glucose transport and
uptake reached saturation as substrate concentration increased; this is
indicative of active transport. In the study presentqd here it is evident that
the predominant mechanism of glucose transport is via the sodium-
dependent cotransporter SGLT1.

The highest concentrations of epicatechin-containing dark chocolate extract,
142 and 322 pM, significantly reduced the concentration of celluiar glucose
which could be considered responsible for the observed reduction in
basolateral glt;léose concentration, however at the lowest concentrations of
epicatechin-containing dark chocolate extract, 35 and 71uM, the basolateral
glucose concentration was significantly reduced without a corresponding
reduction of cellular glucose concentration. If the cellular uptake of glucose
remained constant a reduction in basolateral glucose concentration would be
expected to create an accumUlation of glucose within the cell. The absence

of increased cellular glucose concentration may be a consequence of
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surplus glucose being either metabolised within the cell or effluxed from the
apical membrane. Alternatively the resuits may indicate that apical glucose
transport is also diminished but to a lesser extent than basolateral transport
thereby negating any accumulation of glucose within the cell. Reduced
cellular and basolateral concentration implies that apical uptake is affected
still more to the point where a significant difference is observed. Inhibition of ‘
basolateral transport sepé}ate from tﬁat of apical transport demonstrates the
ability of the inhibiting compound(s) to cross the apical cell membrane or
pefmeate the tight jundions between cells to reach the basolateral
membrane where the effect is elicited.

To assess whether inhibition of glucoée transport was attributable to specific
flavandl components of the dark chocolate extract, epicatechin was assayed
at a concentration relevant to that in the dark chocolate extract. In this
instance 200 uM, and 1 mM, (-)-epicatechin did not significantly affect
glucose concéntration in the cells or basblatefal compartment. For ease of
comparison the same concentration of (+)-cate§ﬁin and procyanidin B2, a
flavanol monomer and dimer ‘present in dark chocolate, were also
investigated. (+)-Catechin did not elicit a significant effect on glucose
transport. In contrast the‘ cellular concentrg;ion of glucose Was significantly
greater in the presence of procyanidih B2 relative to the control; basolateral
concentration was unaffected. The enantiomers (+)-epicatechin and (-)-
catechin were also investigated to determine whether the structural
conﬁguratioﬁ of thé flavanol monomer was able to exhibit a significant effect.
- 200uM (-)-Catechin did not significantly moderate glucose transport however
the same concentration of (+)-epicatechin significantly increased the cellular

uptake of glucose without affecting basolateral efflux. From these results it
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was apparent that individually flavanol monomers and B2 dimer were not
responsible for the inhibitory effect induced by the dark chocolate extract,
although a synergistic effect of flavanols in the dark chocolate extract could
be responsible.

The methylated xanthine Components of dark chocolate, caffeine and
theobromine were also assayed at concentrations relevant to those
expected in the dark chocolate extract. Both compounds significantly
increased the cellular concentration of glucose without affecting the
basolateral glucose concentration. Increased cellular uptake but not apical to
basolateral transport of glucose following incubation in the presence of (+)-
epicatechin, procyanidin B2, caffeine and theobromine is considered to be a
consequence of enhanced apical glucose transporter activity without any
significant change in the activity of basolateral glucose transport. It has been
reported that the presence of caffeine significantly enhances intestinal
glucose absorption in human subjects following ingestion of coffee (Johnston
et'al. 2003) and hypothesised that augmehted carbohydrate oxidation during
exercise is a consequence of a caffeine induced increase in glucose
absorption (Yeo et al. 2005). Both caffeine and theobromine are inhibitors of
the enzyme cyclic 3', 5'-nucleotide phosphodiesterase (EC 3.1.4.17) that
catalyses the hydrolysis of a phosphate ester on a 3', §'-cyclic nucleoside
monophosphate (Butcher and Sutherland 1962). Inhibition of this enzyme
results in the intra-cellular increase of a substrate such as cyclic adenosine
monophosphate (cCAMP), Which has been implicated in the stim‘ulation of
SGLT1 activity (Sharp and Debnam 1994). cAMP-dependent protein kinase
(EC 2.7.11.11) catalyses the phosphorylation of proteins, such as SGLT1, by

transferring a phosphate group from adenosine triphosphate (ATP). cAMP-



148

activated protein kinase has beeﬁ associated with enhancerhent of SGLT1
activity through additional trafficking of the transporter to the apical
bmembrane. The maximum rate of glucose transport was increased without
alteration of transporter affinity for the substrate (Wright et al. 1997).
Previous studies have reported flavonoid inhibition of phosphodiesterase
activity with cAMP as the substrate (Beretz et al. 1978, Ruckstuhl and
Landry 1981) and stimulaéion of cAMP-dependent protein kinase (Eid et al.
2010, Zygmunt et al. 2010). This offers a hypothesis for the observed
increase in cellular gluéose concentration in the presence of caffeine,
theobromine, procyanidin B2 and (+)-epicatechin.

Analysis of the kinetic effects of dark chocolate extract revealed that the
maximum rate of apical to basolateral transport was dose-dependently
reduced parallel with an increase in the Michaelis. constant, not dose-
dependent, that is overall indicative of a mixed-type inhibition. The maximum
rate of reactibn (Vmax) is representative of thé réte at which an enzyme-
substrate complex dissociates to form the product dependent on the
concentration of total enzyme present. Attenuation of the rate of reaction, or
in this instance the rate of transport, signifies non-competitive inhibition. The
Michaelis constant (Kwu) represents the rat:o of enzyme-substrate complex
dissociation, to enzyme and substrate or enzyme and product, relative to the
formation of the enzyme-substrate complex. Increased Ku is associated with
decreased afﬁnity_of the enzyme, or in this instance tkansporter, for the
§ubstrate which is indicative oflcompetitive inhibition.

~ Kinetic analysis of cellular glucose uptake demohstrated that dark chocolate -
extract significantly attenuated the maximurﬁ rate of transport, independent

of dose, implying non-competitive inhibition. Dar‘k chocolate extract
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containing 142 puM epicatechin did not significantly affect the Michaelis
constant however the extract containing 71 pM epicatechin was responsible
for a significant increase in the calculated Ky that suggests enhancement of
transporter affinity for the substrate.

Reduced Vmax of cellular upfake and apical to basolateral transport suggest
that apical SGLT1 and basolateral GLUT2 are inhibited non-competitively.
Increased Ky of apical to basolateral transport but not cellular uptake
suggests that competitive inhibition affects GLUT2 but not SGLT1. The
ability to competitively inhibit GLUT2 indicates that the inhibitor is able to
enter the cell and is therefore limited to the less polymerised flavanols.
Inhibition of SGLT1 could be a consequence of flavanol-transporter bond
formation at one of the extracellular or intracellular loops whictl: alters the
structural conformation of the protein. The lack of inhibition by the flavanol
monomers and B2 dimer investigated, imply that flavanols with a greater
degree of polymerisation are involved or that a synergistic effect occurs.
Protein-flavanol interacfions are more prolific with increasing molecular
weight (Soares et al. 2007) however the ability to enter_the cell and interact
with intracellular loops is expected to be limited to compounds with a degree
of polymerisation no larger than dimer (Spencer et al. 2001, Ottaviani et al.
2012). The capacity to permeate the tight junctions and elicit an extracellular
basolateral effect is probably limited to flavanols with a degree of
polymerisation no greater than hexamer (Zumdick et al. 2012).

The observed increase in Ky of cellular uptake is hypothesised to be a
consequence of enhanced SGLT1 trafficking to the apical membrane elicited
by the methyl xanthine content of the dark chocolate extract. Whilst it would

be expected to observe an increase in cellular glucose concentration and
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therefore rate of transport, this effect may be negated by the presence of
flavanols which non-competitively inhibited the activity of SGLT1. The
proposed methyl xanthine induced effect may not be dose-dependent
whereas dark chocolate extract induced reduction of cellular glucose
cgncentration was dose-dependent. Dark chocolate extract containing 71 uM
epicatechin may only inhibit cellular glucose uptake sufficiently to counteract -
the enhancement stimulated by caffeine »and/or theobromine therefore there
is no significant change in cellular glucose concentration. The addition of
| extra transporters that have the potential to increase glucose uptake are
non-competitively inhibited,‘ thus. a reduced Vmax and increased Ky is
calculated. In the presence of dark chocolate containing 142 pM epicatechin
SGLT1 is inhibited beyond the level of enhancement such that a significant
reduction in cellular glucose concentration is observed. The Vmax remains

attenuated whilst the Ky is returned to a level similar to that of the control

containing no dark chocolate extract.

5.5 Conclusion

Dark chocolate extract, but not individual flavanol monomers, B2 dimer and
methyl xanthines, inhibit the cellular uptake and apical to basolateral
transport of glucose. Non-competitive inhigftion of both apieal SGLT1 and
basolateral GLUT2 along‘ with competitive inhibition of GLUT2 is the
proposed method of inhibition. Specific inhibitor/s remain unknown but are
postulated to involve low molecular weight flavanols that are able to
‘permeate the apical cell membrane where they interact with the intracellular

active site of the protein carrier GLUT2. Inhibition of SGLT1 may involve low

molecular weight flavanols that either enter the cell and form bonds with
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intracellular regions of the protein or remain in the extracellular space where
they similarly can interact with luminal facing regions of the protein. Larger
molecular weight flavanols may also interact with the extracellular regions.
Caffeine and theobromine are hypothesised to enhance cellular glucose
concentration through inhibifion of cyclic 3', 5'-nucleotide phosphodiesterase
which may increase the cellular concentration of cyclicr adenosine
monophosphate ultimately leading to additional SGLT1 trafficking to the
apical membrane. This effect potentially conveys an enhancement of the
SGLT1 Michaelis dissociation constant (Ku) but is reversed by inhibition of
the transporter.

Future studies should initially investigate inhibition of GLUT2 separately from
SGLT1 as the kinetic properties of each transporter need to be determined
separately. The potential for methyl xanthine inhibition of cyclic 3', 5'-
nucleotide phosphodiesterase and whether this doés lead to enhancement
of SGLT1 membrane insertion and activity in the Caco-2 cell model requires
confirmation. The inhibitory effect of flavanols with a degree of
ponmerisatidn greater than dimer should also be investigated. Synergistic
effects between the flavanol components of dark chocolate and éntagonism
of methyl xanthine effects require further consideration. Where possible, the

flavanol binding sites of SGLT1 and GLUT2 should be elucidated.
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Chapter 6 Summary and future perspectives

6.1 Epicatechin transport

6.1.1 Effect of dark chocolate

Epicatechin present in dark chocolate extract was transported from the
apical to basolateral membrane of the Caco-2 monolayer to the same extent
as the individual compound. Transcellular transport of epicatechin was
confirmed by the detection of O-methylated epicatechin in both apical and
basolateral compartments following incubation of Caco-2 cells with standard
epicatechin; the predominant form being 3’-0-methylated epicatechin.
Incubation of cells with dark chocolate extract resulted in there being no O-
methylated epicatechin detected in either apical or basolateral samples.
Inhibition of epicatechin méthylation by flavanol dimers has been reported
using epicatechin as the substrate (Spencer et al. 2001). Reduced formation
of 3'-0-methyl epicatechin was linear at concentrations of dimer up to 300
pM and increased dimer méthylation was noted. The concentration of
flavanol dimers in the dark chocolate extract used in the investigation
presented here was 76 pM. The absorption of flavanol dimers remains
controversial, in vitro and animal models appear to more readily transport
these compounds whereas availability in humans is less likely. This
highlights the difficulty of extrapolating results obtained from animal and cell
culture studies to humans.

In the study of epicatechin transport across the Caco-2 cell monolayer
presented here, only free and methylated epicatechin were analysed,
detection of free flavanol dimers in the basolateral compartment and

methylated dimers along with conjugated metabolites of epicatechin would
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provide more insight as to the mechanisms that affected the metabolism of
epicatechin present in the dark chocolate extract. In the absence of such
analysis it is hypothesised that flavanol dimers present in the dark chocolate
extract were taken up by the cell where they competitively inhibited
méthylation of epicatechin. Studies of dimer absorption report very low
concentrations permeating the epithelial membrane, which may have little
significance in vivo. Similarly attenuating the rate at which epicatechin is
metabolised by intestinal, kidney or hepatic cells doesn't appear to affect
total elimination in urine, thereby potentially restricting the impact this may
have physiologically. Further investigations which address the bioactivity of
metabolised forms of flavanol monomers and dimers may elucidate a

physiological implication of these results.

Dark chocolate extract

Flavanol monomers

& dimers

iO-Methyl epicatechin
fO-Methyl dimer

SAM SAH

Figure 6.1 lllustration of proposed mechanism for dark chocolate extract
inhibition of epicatechin méthylation in Caco-2 cells.
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6.1.2 Effect of sucrose, glucose and fructose

Sucrose enhanced the absorption of epicatechin in the Caco-2 cell model,
which was attributed to stimulation of sodium-dependent glucose transporter
activity at the apical membrane leading to increased tight junction pore size,
determined by lower trans-epithelial electrical resistance; this resulted in
greater paracellular permeability of epicatechin. A small number of human
intervention studies have resulted in the speculation that sucrose may
augment epicatechin bioavailability. Many investigations have focused on
the bioactivity of epicatechin in its free form, with improvements in
biomarkers of cardiovascular disease being its primary potential benefit. The
mechanisms by which epicatechin may exert such influence include
increased endothelial nitric oxide levels through inhibition of reduced
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase which
produces the superoxide radical that is able to form a complex with nitric
oxide producing another radical, peroxynitrite. Endothelial nitric oxide may
also be elevated through epicatechin inhibition of arginase, which competes
with nitric oxide synthase for the substrate L-arginine. Stimulation of
endothelial nitric oxide synthase activity by epicatechin induced
phosphorylation of serine residues has also been proposed. Nitric oxide
stimulates endothelial vasodilation and may be responsible for increased
flow mediated dilation (FMD) observed in human intervention trials in which

consumption of cocoa has resulted in greater FMD being measured.

Epicatechin has also been reported to improve biomarkers of CVD risk

factors such as inflammation, oxidative stress and dyslipidemia. Reduction



of: C-reactive protein in diabetic mice supplemented with epicatechin,
malondialdehyde concentration in rats supplemented with cocoa fibre, and
total and LDL cholesterol levels of obese-diabetic rats supplemented with
cocoa, have been reported.

Increasing bioavailability of epicatechin with formulations including sucrose
may enhance such beneficial effects. However the impact of sucrose on
biomarkers of disease must also be taken into consideration.

Glucose and fructose reduced the production of methylated epicatechin in
the Caco-2 cell model although epicatechin transport was not affected. This
suggested the inhibition of COMT activity. COMT inhibition in the presence
of glucose or fructose is hypothesised to be a consequence of glycolytic
enzymes competing with COMT for the magnesium cation cofactor required
for activity in both pathways. Further investigations are required to determine
whether, in the presence of magnesium (Il) in the transport solution, glucose
and fructose are able to inhibit COMT activity. It is possible that the inhibition
observed in the epicatechin transport study presented here is unique to the
specific conditions under which the assay was conducted, i.e. a lack of
sufficient magnesium cations.

Sucrose Sucrose
Epicatechin

*

Epicatechin iEpicatechin

Figure 6.2 lllustration for the proposed mechanism by which sucrose may
enhance epicatechin absorption in Caco-2 cells.
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| O-Methyl epicatechin

Figure 6.3 lllustration of the proposed mechanism by which glucose and
fructose inhibit the production of methylated epicatechin in Caco-2 cells.

6.2 Sucrose hydrolysis

Dark chocolate extract containing 322 pM epicatechin reduced the rate of
sucrose hydrolysis in Caco-2 cells by 59%, this was partly attributable to the
(-)-epicatechin content. Standard (-)-epicatechin also reduced the rate of
sucrose hydrolysis but >500 pM would be required to achieve a 50%
reduction in hydrolysis. This is consistent with previous studies that report
ICH concentrations >1 mM for inhibition of sucrase activity. Flavanol-protein
interactions are greater as the molecular weight, and thus the degree of
polymerisation, increases. Combined with the results of the study presented

here, it is hypothesised that synergistic effects between flavanols in dark
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chocolate extract accounts for inhibition of sucrose hydrolysis in excess of
that measured for (-)-epicatechin alone. Further investigation using
commercially available standard compounds and/or those extracted by
separation of flavanol fractions would confirm or refute this concept.
a-Hydrolase enzymes operate in a similar way; product formation is a
function of acid hydrolysis of the substrate. The active site of sucrase shares
some homology with a-amylase; it has been proposed that flavanol inhibition
of the enzyme requires the presence of delocalised electrons in a
conjugated AC-ring and is dependent on the number of hydroxyl groups
across the molecule. Based on this evidence, it would not be expected that
flavanols, containing just two hydroxyl groups located on the B-ring and a
non-conjugated AC-ring system, would have a propensity for strong
inhibition of sucrase. The stereoisomerisation of hydroxyl groups has also
been implicated in the capacity to inhibit a-hydrolase enzymes. In order to
examine this hypothesis, greater concentrations of each flavanol monomer
enantiomer require investigation to allow comparison with the (-)-epicatechin
isomer.

Based on the evidence presented here, it appears that enhancement of
sucrase activity is independent of isomerisation. However, it is possible that
(+)-epicatechin, containing the 2S, 3S bond configuration, has less affinity
for binding sucrase at the site which causes inhibition of sucrose hydrolysis.
Enhancement of activity was sustained at a concentration in which the other
flavanol monomers, and dimer, displayed a relative reduction in activity,
compared to the enhanced activity. Analysis of the kinetic properties of
sucrose hydrolysis in the presence of dark chocolate extract and individual

flavanol compounds, would confirm the type of inhibition. Computational
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software could be used to predict the sites of interaction for ligands based on
protein structure. Enhanced sucrose hydrolysis in the presence of moderate
concentrations of flavanol monomers and dimer are proposed to be a
consequence of flavanol-protein binding at a site other than the active site of
sucrase. It has been suggested that such binding may stimulate a
conformational change in the tertiary structure of the enzyme permitting
more catalytic residues toiwbe exposed to the hydrophilic environment (Gupta
et al. 2010). In this instance the result may be enhanced hydrolysis of
sucrose at the active sfte leading to an increase in the rate of product
formation. |

Impaired hydrolysis of sucrose in the small intestine is associated with
congenital sucrase-isomaltase deficiency, a disease in which the patient
exp‘eriences abdominal pain, bloating and diarrhoea. As there is no cure for
the disease treatment involves elimination of sucrose, and other
carbohydrates that are hydrolysed to maltosé, from‘the diet or use of an
enzyme replacement therapy. Inhibition of a.-glucosidase enzymes by
acarbose is an approved treatment for type-2 diabetes, although side-effects
of flatulence and diarrhoea have been reported; the apility of dark chbcolate
extract and (-)-epicatechlzn to reduce sucrose hydrolysis could be considered
to lead to similar side-effects. However this would depend upon whether
sucrose hydrolysis was reduced sufficigntly for sucrose to pass through to
the colon where it would elicit negative side-effects, or whether hydrolysis
was merely slowéd down such that the peak in blood glucose concentration
was iessened. This is a more probable outcome as consumption of dark

- chocolate is not associated with negative intestinal effects.
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6.3 Glucose transport

Dark chocolate extract reduced cellular uptake and transport of glucose.
This was not attributed to commercially available individual flavanol
monomer or dimer components of dark chocolate cr to caffeine and
fheobromine. It is hypothesised that a synergistic effect of the flavanol
components is present. Individually caffeine and theobromine increased the
rate of cellular glucose uptake without any change in the rate of transport.
This supports previous reports that have observed greater glucose
concentration in the plasma of subjects foliowing ingestion of a caffeine
containing beverage compared with a similar decaffeinated drink (Johnston
et al. 2003). This is believed to be a result of increased sodium-dependent
glucose transporter trafficking to the apical membrane due to elevated
cellular concentrations of cAMP through inhibition of cyclic 3, 5’-nucleotide
phosphodiesterase activity. | |

Transport of glucose by Caco-2 cells, presented here, was not linear With
increasing concentration therefore it was considered that the primary route
of cellular uptake was via the sodium-dependent glucose transporter SGLT1.
Kinetic analysis of glucose transport in the presence of different
concentrations of dark chocolate extract revealed a dose-dependent
reduction in the rate of transport but not cellular uptake. The concentration of
gluéose required to achieve half the maximum rate of transport was
increased for apical to basolateral transport without any change in cellular
uptake, at the highest concentration of dark chocolate extract investigated. it
is proposed that glucose uptake by SGLT1 was non-competitively inhibited

whereas basolateral efflux of glucose by the hexose transporter GLUT2 was
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inhibited by mixed-type. Non-competitive inhibition of GLUT2 is believed to
be dose-dependent and responsible for the dose-dependent change in Vimex
Apparent enhancement of cellular glucose uptake in the presence of the
lowest concentration of dark chocolate extract investigated, determined by a
lower Km was believed to be a result of methyl xanthine induced stimulation
of SGLT1 trafficking to the apical membrane concurrent with non-competitive
inhibition of the transporter by the flavanol components.

Increased intestinal glucose concentration stimulates the insertion of GLUT2
into the apical membrane to assist with glucose absorption. In type-2
diabetic patients GLUT2 at the apical membrane remains elevated such that
high blood glucose concentration, due to impaired uptake by muscle and
adipose cells, is exacerbated. A capacity to reduce the activity of glucose
transporters may be of benefit to patients with diabetes or pre-diabetes. In
healthy subjects a general reduction in the glycaemic impact of a food/meal
is considered beneficial for health. The presence of sugars in the colon may
result in abdominal pain and diarrhoea, however similarly to the
consideration for sucrase inhibition, a reduction in the rate of transport that
lessens the post-prandial peak of blood glucose concentration without
affecting the total concentration absorbed, is less likely to have negative

side-effects.
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Figure 6.4 lllustration of the proposed mechanism for inhibition of glucose
uptake and transport through the Caco-2 cell monolayer, and enhancement
of glucose uptake by caffeine and/or theobromine.

6.4 Effect of dark chocolate on glucose uptake in healthy

human subjects

To date there have been many studies conducted to investigate the effect of
plant extracts and polyphenolic components on blood glucose levels.
Several in vivo animal studies have investigated the chronic effects of
dietary supplementation on biomarkers of metabolic disease and expression
of genes related to glucose metabolism (Bose et al. 2008, Oliveira et al.
2008, Hininger-Favier et al. 2009, Kannappan and Anuradha 2009, Jia et al.
2009, Chen et al. 2011, Sae-tan et al. 2011, Bnouham et al. 2012, Kobori et

al. 2012, Qin et al. 2012). Overall these studies reveal lowered blood
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glucose concentration and insulin concentration/sensitivity following
supplementation with the extract, in comparison to a non-supplemented
control. Acute administration of various plant extracts has been shown to
lower the rise in post-prandial blood glucose concentration in healthy and
diabetic-induced animals (Motilva et al. 1983, Koga et al. 2006, Ishikawa et
al. 2007, Ndong et al. 2007, Hogan et al. 2010, Abeywickrama et al. 2011,
Ali et al. 2011, lkarashi et al. 2011, Roy et al. 2011, Murase et al. 2012). The
use of glucose, sucrose or maltose in the oral tolerance test of these studies
‘has been useful to s_uggeét a mechanism by which the hypoglycemic effects
occur. For example 1 g kg-' polyphenolic extract of Acacia mearpsii
administered to rats along with glucose, sucrose or maltose significantly
reduced the 0-3 h area under the curve (AUC), 0.5 g kg'1 of extract also
reduced the 0-3 h AUC for maltose induced glycaemia. These results
suggest that further to inhibition of glucose transport, the activity of sucrase
and maltase énzymes may also be attenuated (ikarashi et al. 2011). An
extract of Nerium indicum leaves reduced thé rise in blood glucose
concentration in rats orally administered maltose or sucrose. Rise in blood
glucose was suppressed at 30, 60_and 90 min following sucrose ingestion,
and at 60 and 90 min follawing ingestion of maltose. Everted intestinal aacs
were exposed to 1 mM chlorogenic acid, a cbmponeht of the leaf extract,
along with rpaltose or glucase. In both instances glucose absorption was
significantly lower than the control (Ishikawa et al. 2007). Several ex vivo
Zand in vitro assaya have dAemonstrated the ability of plant extracts, and
individual polyphenolic compounds to reduce glucose transport and sugar
hydrolysis (Kobayashi et al. 2000, Song et al. 2002, Johnston et al. 2005,

Hanamura et al. 2006, Kottra and Daniel 2007, Kwon et al. 2007, Wang et

A
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al. 2008, Manzano and Williamson 2010, Adisakwattana and Chanathong
2011, Boath et al. 2012).

The results presented in Chapter 4 and Chapter 5 support the evidence that
cocoa extracts, rich in polyphenols, are able to reduce sucrose hydrolysis
and glucose transport in vitro.

A 50 g serving of dark chocolate, containing 31 g of carbohydrate, has a
reported glycaemic index (Gl) of around 42 compared with a 50 g portion of
glucose with a Gl of 100 (University of Sydney 1995-2007). The Gl is a
measure of the glycaemic response to a food or beverage during 120 min
post-ingestion; it is compared with the Gl of a standard reference food which
is commonly glucose in water or white bread. The Gl of the test food is
calculated as a percentage of the reference; the higher the Gl of a food, the
greater its impact on glycaemia. The relatively low Gl of dark chocolate may
be partly attributed to it containing mainly sucrose; a 50 g portion of sucrose
has a Gl of ~60 compared with glucose (Foster-Powell et al. 2002). The
glucose present in sucrose must first be liberated by the activity of intestinal
sﬁérase before absorption can occur therefore attenuating the rise in blood
glucose. Typically, post-prandial blopd glucose con.centratio‘n peaks at
around 30 min; following ingestion of 50 g of glucose in water, the 30 min
peak equates to a blood glucose concentration increase of approximately 2
mM above the pre-ingestion baseline concentration (Chlup et al. 2010). The
change induced by ingestion of dark chocolate containing 50 g of
carbohydrate was approxirhately 0.4 mM, at its maximum, however over the
120 min post-prandial period a distinct peak was not observed as the

change remained relatively constant throughout (Figure 6.5) (Chlup et al.
2010).
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Figure 6.5 Mean glycaemic change from the pre-meal value following
consumption of 50 g of carbohydrate in dark chocolate compared with
glucose (Chlup et al. 2010). :
The glycaemic index, determined in diabetic and non-diabetic sdbjects, of a
variety of different foods containing 50 g of carpghydrate significantly
correlated with polyphenol content (Thompson et al. 1984). Following
ingestion of apple juice, compared with a control that was matched fqr s’ugar ‘
content, the rise in blood glucose concentration was significantly lower at 15
and 30 min in healthy subjects. Blood glucose concentration over 3 h did not
differ significantly suggesting that absorption was delayed (Johns£on et al.
2002). Ingestion of an instant tea beverage containing 75 g of glucose did
not alter the 0-150 min AUC but did lower ;I:te blood glucose concentration
measured at 120 min suggésting that the return to baseline was more rapid
(Bryans et 'xal. 2007). Similar resuits w;;re observed in healthy subjects
’ folléwing consumptibn of a mixed berry purée, plus 250 mL water, con\t‘aining
B 535 g sucrose, 4.5 g glucose and 5.1 g fructose, compared with 250 mL water

containing the same sucrose, glucose and fructose content. There was no

significant difference in the 0-3 h AUC, however blood glucose concentration

)
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was significantly lower at 15 and 30 min. At 120 min post-ingestion, blood
glucose was significantly higher than the control indicating that the rate of
glucose absorption was reduced, not the overall concentration (Torronen et
al. 2010).

Based on the results of in vitro studies presented in chapters 3 and 4 and
the reported potential for plant extracts to attenuate the post-prandial peak of
blood glucose concentration, a human intervention study is proposed to
investigate whether consumption of dark chocolate in combination with 2
glucose-containing beverage could attenuate the post-prandial rise in blood
glucose concentration over a 120 min post-ingestion period compared with a
nutrient-matched control chocolate bar free from cocoa polyphenols.

Studies that investigate the post-prandial blood glucose concentration rely
on a standard blood glucose monitor to measure the concentration. In a
glycaemic index test this is adequate, however the human study proposed
here is intended to investigate glucose absorption. As dark chocolate
contains only sucrose, in a study such as this the use of a standard blood
gfucose monitor would measure blood glucose concentration resulting from
the uptake of glucose from the beverage and of glucoée liberated from the
hydrolysis of sucrose. Thus the results would not be specific to glucose
transport. The stable '*C-D-glucose isotope has been routinely used as a
metabolic tracer in human studies. Enrichment of the test food with this
compound would enable specific measurement of 3C.D-glucose and
calculation of the "C to '2C-D-glucose ratio; theoretically this should
increase as glucose is absorbed from the test food. In order to measure *C-
D-glucose in plasma a method for sensitive and precise measurement of

plasma enriched with ®C-D-glucose is described using HPLC separation
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and mass spectrometry detection of glucose. Compared with a standard
blood glucose monitoring method, use of the 1*C-D-glucose tracer provides a
method to specifically investigate glucose absorption in the presence of a

'complex food matrix.

6.4.1 HPLC-MS Protocol

6.4.1,1 Parameters

A Shimadzu LC 2010 HPLC system equibped with a Phenomenex Rezex™
RNM-carbohydrate ion exclusion column, 8% cross-linked with sodium
cations, 7.8 x 300 mm, was en]ployed for the liquid chromatographic
separation of glucose. The étationary phase was .fitted in a thermostaiied
column compartment maintained at 60 + 0.1°C. The mobile phase consisted
of 1: mM sodium formate (71539) in water. An isc?gratic gradient was
maintained at a flow rate of 0.4 mL min™ throughout the duration of the run.
Maximum pressure was set to 65 bar and minimum pressure was jO bar.
Mass spectrometric detection of glucose was performed using the Shimadzu
LCMS 2020 Single Quad Mass Spectrometer. Instrument parameters were .
as follows: gas temperature and flow 350°C, 15 L min"; nebuliserfgas flow
1.5 L min'; desolvation line temperature 250°C; heat block temperature
200°C. The analytical method run time was &vided into 2 segments; the first
being a window of 0 to 27.5 min during which gné!ytes were detected in
positive eleétrospray ionisation (+ESI) | mode. During the second time
‘segment, 27.5 to1 28 min, negative electrospray ionisation (-ESi) was
L fnerformed to eliminate analyté residue accumulation af the source which

may suppréss ionisation and reduce sensitivity of the mass spectrometer,
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The autosampler was set to 8°C and a needle rinse step incorporated into

the method before and after sample aspiration.
6.4.1 .2 Sample preparation for LCMS analysis

Blood samples were centrifuged at 2,000 x g for 3 minutes to separate’
cellular matter from the plasma. The plasma supernatant was collected into
centrifuge tubes and 50 pL diluted 10-fold with ice-cold ethanol. The ethanol-
plasma mix was vortexed and stored at -20°C for 1 h before being
centrifuged at 13,000 x g for 15 min and the supernatant syringe filtered
through a 17 mm, 0.2 ym PTFE membrane.(Chromacol, 17-SF-02(T)). The -
supernatant was evaporated to dry under vacuum and reconstituted in 50 pyL

water.
6.4.2 Pilot study
6.4.2.1 Ethical approval

Ethical approval was obtained from the University of Leeds Mathematics and
Physical Sciences (MaPS) and Engineering joint Faculty Research Ethics

Committee (MEEC FREC), reference MEEC 11-040.

6.4.2.2 Human study design

The design ig ;a single-blind cross-over with participants required to attend
t\(\{o sessions, each session no longer than 3 h. Attendance at both sessions
will qualify the volunteer to receive £5 to compensate for their time.

Volunteers will be asked to corhplete an informed consent form and pre-
study questionnaire to determine suitability for the study. Volunteers will be

excluded if they smoke, have been diagnosed with diabetes, pre-diabetes,
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digestivé disease, sugar intolerancé, food allergy or hypertension, are taking
prescribed medication, regular dietary supplements or pregnant/lactating.
Healthy, adult volunteers will be asked to maintain a normal, nutritionally
balanced diet containing >150 g of carbohydrate per day and refrain from
drinking alcohol and taking part in strenuous physical activity for 3 days pridr
to the study day. In addition the participants will be ésked not to‘consume
chocolate or cocoa during‘”the 3 day period. On the evening prior to the
study, subjects will be asked to consume é moderate meal then fast for 12
ﬁours before their alldcated start time on the study day.

On the day of the study partjcipants will arrive at the designated time gnd
rest for 10 minutes before providiné the first sample of blood (baseline, T=0).
The subject will then be asked to consume a 40 g bar of Nestlé NOIR
Intense dark chocolate containing 70% cocoa solids, or a 28 g bar of
macronutrient-matched chocolaté free from cocoa solids. Immediately
following ingeétion of the bar, subjects will be'asked ‘to drink an aqueous
beverage containing 25 g of D-glucose and 0.1 g of 13C-D-glucose. Blood
will be collected at 15, 30, 60, 90 énd 120 min post-consumption.
Micro-volumes of blood will be drawn from the finger tip using BD
Microtainer contact-acti\;ated lancets (MidMeds, 366594) designed
specifically fon; the single puncture collection of blood volunie» up to 500 pL.
Blood will be collected into BD Microtainer tubes containing sodium-
ethylenediahﬁinetetraacetic acid (EDTA) to prevent cell aggregatiqn and
'sodium fluoride to prevent ¢ellular glycolys‘is diminishing the glucose
 concentration (Fisher Scientific, SZV-110-130Y).

At the end on each session barticipants will be provided with a snack.
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Subject confidentiality will be ensured by allocation of identification codes to
each participant that will be kept securely in a restricted access area in a
locked filing cabinet. Participants will be free to withdraw from the study at

any point without providing a reason.
6.4.3 Qualification of D-glucose

2C.D-Glucose has a molecular weight of 180.16, in positive electrospray
ionisation mode the mass to charge ratio (m/z) for selective ion monitoring

(SIM) is 181.16. The Shimadzu LCMS 2020 Single Quad Mass

Spectrometer is not sensitive to detect intervals <1, therefore all selectiveion =~ .

monitoring was set to integer m/z only. For example ['?C-D-glucose + H*] =
m/z 181. During a scan (+ESI) of standard ?C-D-glucose m/z ratios of 203,

221, 383, 384 and 385 were detected; these were qualified as follows:

Mass/charge ratic Compound + adduct

203 - 2C-D-glucose + scdium

221 12C-D-glucose + sodium + water

383 12C-D-glucose + ?C-D-glucose + sodium
384 2C-D-glucose + *C-D-glucose + sodium |
385 3C-D-glucose + *C-D-glucose + sodium

Table 6.1 Mass/charge ratios detected during selective ion monitoring of ™C-
D-glucose.
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During a scan (+ESI) of standard 3C-D-glucose m/z ratios of 204 and 222

were detected and qualified as follows:

Mass/charge ratio Compound + adduct
204 $C-D-glucose + sodium
222 3C-D-glucose + sodium + water

Table 6.2 Mass/charge ratios detected during selective ion monitoring of '°C-
D-glucose.

In addition to the ratios shown above, selective ion monitoring of m/z ratios
181 and 182 was included in the method to detect ionised '?C-D-glucose
(181) and *C-D-glucose (182). 1ln the standards and plasma samples
analysed during method development, m/z 181 and 182 were not detected. -

Fiqure 6.6 and Figure 6.7 show the absolute intensity of signals detected for

ions of m/z 203, 221, 383, 384 and 385 from standard 12C-D-glucose, and
- 204 and 222 from standard '*C-D-glucose. Analy5|s of 12C-D-glucose
revealed the presence of °C-D-glucose, this would be expected due to the
natural abundance of the carbon-13 isotope of glucose. The standard *C-D-
glucose used in this study was enriched with D-glucose labelled with one
carbon-13 atom. Natural abuhdance of carbon-13 isotopes of- glucose
decrease as the number of substitdted carbon }atoms increase.

The purity of the *?C-D-glucose isotope can | be confirmed by calculating the
atom percent which takes into accountl the isotopic abundance of the sample
relative to that of an international standa;'d. The international standard used
" for cérb_on is the'y ratio of carbon-13 to carbon-12 in Vienna Pee Dee
> Belemnite (VPDB) that is equal to 0.0112372 + 0.0000009 (Rs). Calculation

of isotopic abundance and atom percent are shown in Equation 6.1 and

Equation 6.2, respectively.
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813 Coampte (%0) = [(}-’:i) - 1] x 1000 Equation 6.1
st
613Csam le
100 x Rs x (( 1000 )+ 1) Equation 6.2

513C
- 013Csample
1'rRstX(( e )+1)

Atom percent (AP) =

Where:
R; = ratio of carbon-13 to carbon-12 in the sample

To calculate the isotopic abundance and subsequently the atom percent of
D-glucose the number of carbon-12 and carbon-13 atoms in each isotope
must be accounted for. Integration of ion count peak area for each m/z ratio
was performed then the sum of peak areas for each isotope in the sample
calculated; from this, the ratio of >C-D-glucose to **C-D-glucose peak areas
‘'was determined. The ratio was then converted to the ratio of carbon-12
atoms to carbon-13 atoms by multiplying by 6 (6 carbon-12 atoms in one
molecule of '2C-D-glucose) plus 5 (5 carbon-12 atoms in one molecule of
3C.D-glucose). Inversion of the figure obtained in this last calculation
provided the ratio of carbon-13 atoms to carbon-12 atoms which is used to
calculate isotopic abundance. The isotopic abundance of standard 2C.-D-
glucose, used in the method development presented here, was equal to 65.5
t 17.8 %o and the atom percent caiculated from this was 1.18 £ 0.02 (n=3). |
Isotopic abund.ance >1 indicates that the sample is ehriched with carbon-13
atoms relative to the internationél standard (Godin et al. 2007). The plasma
samples analysed in the development of this method contained an isotobic

abundance of 63.9 £ 2.3 %0 and an atom percent of 1.18 £ 0.00 (n=3).

6.4.4 Plasma enrichment with **C-D-glucose
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A trial was undertaken to confirm the method was sensitive to measure
plasma enrichment following ingestion of 0.1 g '3C-D-glucose and 25 g '?C-
D-glucose dissolved in 200 mL of tap water. A volunteer provided a sample
of blood at baseline before drinking the beverage, then at 30 and 60 min
post-ingestion. At baseline, isotopic abundance was 50.9 %o and the atom
percent calculated as 1.17. Plasma collected at 30 and 60 min post-
ingestion was calculated to have an isotopic abundance of 94.1 %o and 97.2
%o, respectively. Atom percent at 30 and 60 min was 1.21 and 1.22,
.respec:tively. These results demonstrate the ability of the method to detect
enrichment of plasma with '*C-D-glucose following ingestion of a bevergge

containing a molar ratio of '*C- to ?C-D-glucose = 0.004.
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Figure 6.6 LCMS selective ion monitoring chromatograms extracted from the
total ion count chromatogram of standard *2C-D-glucose.
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Flgure 6.7 LCMS selective ion monitoring chromatograms extracted from the
total ion count chromatogram of standard '*C-D-glucose.

6.5 Conclusion

The results of the investigations preseﬁted here demonstrate the interaction
.between cocoa polyphenols and sugars. Sucrose has been shown to
enhance"epicatechin transport through the Caco-2 cell monolayer whilst da;rk
| chocolate extract, glucose and fructose attenuate epicatechin methylation.

The apparent low glycaemic index of dark chocolate, compared with glucose
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(and sucrose), may be attributable to its capacity to inhibit sucrose
hydrolysis and glucose transport; the evidence presented here supports this
hypothesis. The mechanism by which each of these outcomes occurs was
not investigated bﬁt-the hypotheses put forward provide a direction for future |
work to take. Namely, prospective investigations are recommended to
include the fdllowing: determination of COMT activity in the presence of
flavanols with a varying degree of polymerisation, and in the presence of
glucose and fructose with sufficient magnesium (ll) cofactor present in the
transport solution; confirmation of enhanced suérase activity at moderate N
concentrations, and reduced activity at high (2500 pM) concentrations of
flavanols; measurement of sucrase kinetic properties to determine the type
of inhibition and structure-activity associations using different sterecisomers
and computational software to reveal the requirements for interaction and
the binding sites at which interactions may occur; sodium-dependent
glucose transport should be more thoroughly investigated to confirm, or
refute, the capacity for dark chocolate extract to inhibit GLUTZ2; the kinetic
pfoperties of methyl xanthine induced SGLT1 activity and the effect of
varying concentrations of flavanols would further the understanding of this
process; sucrase activity and glucose transport in the presence of separated
flayanol fractions of dark chbcolate would help to narrow the range of
possible compounds responsible for the effects of dark chocolate extract;
and, implementation of a human study in which '*C-D-glucose plasma
enrichment is measured fdllowing consumption of dark chocolate, compared
with a nutrient-matched placebo control, may support the in vitro evidence

for reduced glucose absorption induced by the flavanol components of dark

_chocolate.
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A.1 Which Faculty Research Ethics Comanittes would you like 10 consider this application? ¢

€ Arts and PVAC (PVAR)
(" Biological Sciencas (BICSCI)

€ ESSL/ Environment/ LUBS (AREA)
¢ MaPS$ and Engineering (MEEC)
€ Medkine and Health (Please specify a subcommittee);
¢ Leeds Dental Insttute (DREC)
(" Health Sciences/ LIGHT/ LA
€ School of Healthcare (SHREC)
" Medical and Dental Educational Research (EdREC)

" Institute of Psychological Sciences (IPSREC)
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A.2 Title of the research =

The effect of cocoa powder on blood glucose concentration following an oral glucose tolerance test.

A3 Principal investigator’s contact details *

Name (Title, first nome, surname) Miss Samarfnu Ettam

Position PhD Research Student

Department/ School/ institute School of Food Scien~e and Nutrition

Faculty MAPS

Work address fincluding postcode) . School of Food Science and Nutrition, University of Leeds, LS2 9JT
Telephone number 07843171548

University of Leeds email address fs07sle@leeds.ac.uk

A.4 Purpose of the research: ? (Tick as appropriate)

Research
v Educational qualification: Please specify: Doctor of Philosophy,
r ¢
Educational Research & Evaluation
r ! . oy
Medical Audit or Health Service Evaluation
r

Other

UREC Ethics form version 11 (updeted 17/0112)
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A.5 Select from the list below to describe your research: (You may select more than ane)

4 Research on or with human participants

Research with has potential significant environmental (mpact.' if yes, please give details:
r Research working with data of human participants

r New data collected by questionnaires/interviews

r New data coliected by qualitative methods

r New data collected from observing individuals or populations

-

Research working with aggregated or population data
Research using already published data or data in the public domain

Research working with human tissue samples ’

UREC Etnics form versian 11 (updated 1701/12)



A.Bwill the research Involve any Ofthe following:  (You may select more than one)

If your research involves any of the following an application must be made to the National Research Ethics Service
(NRIS) via IRAS WWW,mvreseorxhDroiect.org.uk as NHS ethical approval will be required. There Is no need to complete

qnxjrgrr Qfjtmfomv Contact 09yerngnce-ethicsGleeds.ac.uk for advice.

f Patients and users of the NHS (including NHS patients treated in the private sector) 11

Individuals identified as potential participants because of their status as relatives or carers of patients and
users of the NHS

Research involving adults in Scotland, Wales or England who lack the capacity to consent for themselves 12

A prison or a young offender institution in England and Wales (and is health related)14

Clinical trial of a medicinal product or medical device 11

Access to dita, organs or other bodily mate.-lal of past and present NHS patients 9

Use of human tissue (including non-NHS sources) where the collection is not covered by a Human Tissue

Authority licence*

Foetal material and IVF Involving NHS patients

The recently deceased under NHS care

None of the above

You must inform the Research Ithks Administrator of your NRIS number and approval date once approval has

been obtained.

If the University of Leeds is not the Lead Institution, or approval has been granted elsewhere (e.g. NHS) then you should
contact the local Research Ethics Committee for guidance. The UoL Ethics Committee need to be assured that any

relevant local ethical Issues have been addressed.

A.7 Will the research Involve NHS staff recruited as potential research participants (by virtue of their professional role)

or NHS premises/ facilities?

UREC Ethics form version 11 (updated 17/01/12)
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If yes, ethical approval must be soughtfrom the University of Leeds. Please note that NHS R&D approval is needed in

addition, and can be appliedfor concurrently www.mvrneorchDroiect,ora, uk. Contact asxunaniLSLtila*kCSli.iKk.Mh
for advice.

A.8 Will the participants be from any of the following groups? (Tick as appropriale)

Children under 16

r Adults with learning disabilities 12
r ) ) ) .
Adults with other forms of mental incapacity or mental illness
r ) T
Adults in emergency situations
r

Prisoners or young offenders 14

Those who could be considered to have a particularly dependent relationship with the investigator, e.g.
members of staff, students 1

Other vulnerable groups

No participants from any of the above groups

Pleasejustify the inclusion of the above groups, explaining why the research cannot be conducted on non vulnerable
groups.

There is likelihood that a staff member or student from the School of Food Science & Nutrition will be recruited to take
part in this pilot study. Study participation is entirely voluntary and no person will be approached directly or coerced
into taking part in the research. Vo'unteers will be free to withdraw from the study at any time without providing a
reason.

A Criminal Record Bureau (CRB) check willbe neededfor researchers working with children or vulnerable adults (see
www.crb.Qov.uk)

UREC Ethic* form version 11 (updated 17/01712)
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A.9 Give a short summary of the research
This section must be completed In language comprehensible to the lay person. Do notsimply reproduce or refer to the
protocol, although the protocol con also be submitted to provide any technical Information that you think the ethics

committee may require. This section should cover the main ports of the proposai

In vitro studies by the researcher demonstrated that an extract of dark chocolate reduced glucose transport through
Caco-2 (colorectal adenocarcinoma) cells. These cells are commonly used as a model of the human small intestine.

The next step in this research is to assess whether consumption of cocoa by healthy human volunteers is able to reduce
the absorption of glucose compared against a control. Volunteers will be retired to take part in a three-phase pilot
study which will implement the current World Health Organisation/United Kingdom National Health Service protocol for
measuring blood glucose Each phase will involve consumption of water containing 75 g of glucose followed by blood
glucose monitoring over a two-hour period. 2 m| of blood will be collected from each subject at each time-point; plasma
glucose concentration will be measured using mass spectrometry after the whole blood has been centrifuged and
rendered acellular. Phases two and three will include cocoa powder dissolved in the beverage. Some subjects will only
be required to provide up to 0.1 mL of blood per time-point.

Reduction of blood glucose concentration following consumption of a meal is desirable in healthy humans as well as
those suffering from prediabetes and type-2 diabetes. Excessively high blood glucose concentration, particularly over a
prolonged period, can damage arterial cells which increases the potential for narrowing of the arteries and consequently
an increased risk of cardiovascular disease |1). Additionally it is likely that slowing glucose uptake may help to reduce
body weight |2], being overweight is a risk factor for developing type-2 diabetes (31

This research is funded by a 6BSRC industrial CASE award to Nestlé PTC, York. Recruitment will take place on the main
University of Leeds campus.

A.10 What are the main ethical issues with the research and how will these be addressed?

Indicate any issues on which you would welcome advice from the ethics committee.

Laiflgmtd&oragfli

The study co-ordmator will provide a clear, concise Participant Information Sheet (appendix 1) and Informed Consent
Form (appendix 2) for the volunteers to read, complete and sign prior to commencement of the study. After the
candidate has been determined as suitable to participate in the study, the background of the study (including purpose,
duration, protocol, potential discomfort, associated risk, potential benefits, confidentiality, and disclosure of results,
participation and withdrawal) will be explained to the participant. The study co-ordinator will fully answer all questions
to the satisfaction of the individual. Written informed consent will be obtained by the study co-ordinator from each
participant at least 7-days prior to enrolment in the study. The consent form will be signed and dated by both the
participant and the study co-ordinator, and will be photocopied twice; one copy to be held with the study records (held
by the study co-ordinator) and one copy for the individual. Written informed consent must be obtained before the
individual can participate in the study and all participants will be free to withdraw from the study at any point without

providing a reason.
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Pre-studv questionnaire

In order to assess candidate suitability for the study, each candidate will be required to complete a questionnaire
(appendix 3) pertaining to lifestyle, including height and weight, gender, age, ethnicity and relevant medical history; this
information may be considered a sensitive issue. Each volunteer will be assured that participation is entirely voluntary.

3-dav restricted diet & overnight fasting

There may be some mild discomfort/inconvenience caused by the 3-day restricted diet and overnight fasting before the

study. However the quantity and range of foods permitted is substantial and sufficient to provide a nutritionally
balanced diet.

Subisti cQrrafcnMift anti daia-Bigisflign

Confidentiality of all participants will be maintained; identification will be coded using 10 numbers that will be assigned
on the day of the study. All data collected will be treated as confidential and stored securely in a locked filing cabinet
according to current University regulations. It will not be possible to identify individual participants from the ID
numbers; the linkage between individual identity and ID number will be kept in written form only and stored in a locked
filing cabinet in a restricted access area. Data evaluation will only be performed using ID numbers. Anonymised data will
be stored for no longer than 5 years in accordance with the University guidelines on the password protected M-drive of
the University server.

Eihici commime approva!

This human study protocol will be submitted to the Faculty of Mathematics and Physical Sciences Ethics Committee at
the University of Leeds, UK.

PART B: About the research team

B.l To be completed by students only 70

Qualification working towards (eg
Masters. PhD)

UREC Ethics form version 11 (updated 17/01/12)
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Supervisor's name (Title, first name, -
Professer Gary Williamson

surname)

Department/ School/ Institute School of Food Science and Nutrition

Faculty MAPS

Work address (including postcode) School of Food Science & Nutrition, University of Leeds, LS2 9JT
Supervisor's telephone number 0113 343 8380

Supervisor's email address K.wHiijniwneW IM t-uK

Module name and number (if
applicable)

B.2 Other members of the research team (eg co-investigators, co-supervisors)21

Name (Title, first nome, surname)

Position

Department/ School/ Institute

Faculty

Work address (including postcode)

Telephone number

Email address

Name (Title, first name, surname)

Position

Department/ School/ Institute

Faculty

Work address (including postcode)
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Telephone number

Email address

Part C: The Research

C.l What are the aims of the study?  (Must be in language comprehensible to a lay person.)

The main objective of this pilot study is to determine whether consumption of cocoa affects blood glucose concentration
over a 2-hour period post-ingestion.

C.2 Describe the design of the research. Qualitative methods as well as quantitative methods should be included. (Must
be in language comprehensible to a lay person.)

It IsImportant that the study can provide Information about the alms that It Intends to address. If a study connat answer the
questions/ add to the knowledge base that it Intends to, due to the way that It is designed, then wasting partidpants' time

could be an ethicalissue.

This is a placebo-controlled, crossover pilot study conducted over three-phases of no more than 3 hours per phase. All
volunteers will be asked to complete a consent form and pre-study questionnaire prior to participation. It is anticipated that
the pilot study will require no more than 12 subjects.

Days 1-3 prior to study day

Subjects will be required to maintain a normal nutritionally balanced diet containing >150 g of carbohydrate per day
(appendix 4), and refrain from drinking alcohol and taking strenuous physical activity. Additionally the subjects will be asked
not to consume chocolate or cocoa during this 3-day period. On the evening prior to the study, subjects will be asked to eat
a moderate meal then fast for 12 hours before their allocated start time on the day of the study.

Day 4 - Study day

Subjects will be asked to arrive at a pre-designated time; they will then rest for 10 minutes before providing the first 2 m|
sample of blood for glucose analysis (baseline). After this first sample has been taken, the subject will be asked to consume
the beverage containing 75 g of ,?C-D-glucose plus 0.15 g of nQ-D-glucose* within 5 minutes. The subject will then provide
a 2mL blood sample at 15, 30, 60, 90 and 120 minutes post-consumption. 5ome subjects will be required to provide up to
0.1 m 1 of blood per time-point, drawn using a standard finger-prick device.

Sample flhfllvw

Whole blood samples will be centrifuged within 30 minutes of collection and the acellular plasma fraction collected and
stored at -80°C until required for analysis (appendix 5 and 6). The remaining cellular fraction will be treated with a
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disinfectant to destroy the cells, as per manufacturer guidelines. Glucose concentration in the plasma samples will be

analysed using liquid chromatography with mass spectrometry detection (LC-MS).

Slatli& iljQ itoii
Blood glucose concentration in the test conditions will be assessed for statistically significant difference from the control
condition at each time point using the Students T-test. Statistically significant difference will also be calculated between the

two test conditions.

C.3 What will participants be asked to do in the study? 23 (e.g. number of visits, time, travelrequired, Interviews etc)

Participants will initially be asked to complete a consent form and pre-study questionnaire. The information provided
on the questionnaire will be used to determine suitability for the study, and will include:

Height, weight, age. gender, ethnic background, smoking habit, pre-diagnosed gastrointestinal disease, pre-diabetes or
diabetes, hypertension, pregnancy/lactation, use of prescribed medication or dietary supplements.

for 3 days prior to the study day, subjects will be asked to maintain a normal nutritionally balanced diet avoiding cocoa,
chocolate and alcohol. Additionally each subject will be asked to refrain from strenuous physical activity during the 3-
day period. The night before the study the participants will be required to fast for 12 hours (water to be permitted).

On the morning of the study, subjects will be asked to arrive at the study venue at an allocated time and then be asked
to rest for 10 minutes before the first (baseline) blood sample is collected. The participants will then be asked to drink
the beverage within 5 minutes and subsequent blood samples will be collected at 15, 30, 60,90 and 120 minutes post-
consumption. At the end of each study phase each subject will be provided with a snack

Each participant will not be required to be present for longer than 3 hours during each phase of the study. There are
three phases to the study so the total time required from each subject will be 9 hours (appendix 7 and 8).

The study will take place in the School of Food Science and Nutrition on weekdays during the University's normal
opening hours. Subjects may have to travel to the building from elsewhere on campus or from outside the University
campus, however it is envisaged that many of the volunteers will be staff or students at the University of leed and

therefore travel will be minimal.
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«There are two naturally occurring stable isotopes of carbon, carbon-12 and carbon-13 with an abundance of 98.9%
and 1.1% respectively |4]. In this study the carbon atom in position 6 of the glucose molecule has an atomic mass of 13
(the remaining 5 carbon atoms have a mass of 12) therefore giving the glucose a molecular mass of 181.2 rather than
180.2 as in most cases. This difference in mass allows the specific analysis of uC60-glucose concentration in the
plasma samples, the presence of which will only originate from the beverage consumed at the beginning of the study.
The use of ,3C6D-glucose in this study provides a sensitive and precise method to analyse the changes in blood glucose
during the study period and compare the effects of cocoa consumption on the appearance of glucose in the blood. The
use of carbon-13 in nutritional investigations is well documented and completely safe due to the stability of the carbon
atom nucleus |5].

C.4 Does the research involve an international collaborator or research conducted overseas:54

(Tick as appropriate)

r Yes w No

If yes, describe any ethical review procedures that you will need to comply with in that country:

Describe the measures you have taken to comply with these:

Include copies of any ethical approval letters/ certificates with your application

C.S Proposed study dates and duration

Research stari date (DO/MM/YY)  30/04/12 Research end uate (DD/MM/YY): 29/06/12

Fieldwork start date (DD/MM/YY):  30/04/12 Fieldwork end date (DD/MM/YY): 29/D6/12
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C.6. Where will the research be undertaken? (i.e. in the street, on Uol premises, in schools) L

The study will be conducted in the School of Food Science and Nutrition at the University o'f Leeds.

RECRUITMENT & CONSENT PROCESSES

How participants are recruited is important to ensure that they are not induced or coerced into participation. The way
participants are identified may have a bea. ing on whether the results con be generolised. Explain each point and give
details for subgroups separately if appropriate.

Y

€.7 How will potential participants in the study be:

{1} identified?

individual subject identification wili be in the form of code and no personal details will be referred to in this study.
Persona! details are only required to determine subject suitability such that results will be generalised not specific to
individual participants. e

{ii} approached?

Volunteers will be sought by way of general invitation in the form of posters (appendix 9) displayed around the
University of Leeds campus and by general email (appendix 10) to all staff and students within the School of Food

Science and Nutrition,

(i) recruited? ™

Subjects will be recruited from the staff and student population. Participation in the study is entirely voluntary and
participants will be free to withdraw from the study at any point without giving a reason. .

UREC Ethics form version 11 {updeted 17/01/12)
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€.8 Will you be excluding any groups of people, and if so what is the rationale for that? n

Excluding certain groups of people, intentionally or unintentionally may be hical in some circ es. ft may
be wholly appropriate to exclude groups of people in other cases.

The seiection criteria have been chosen to minimise variabie factors that can affect glucose absorption based on age,
ethnicity, body mass index, pre-existing ilinesses, pregnancy/lactation and use of prescribed medication,

€.9 How many participants will be recruited and how was the number decided upon? L

It Iis important to ensure that enough participants are recruited to be able to answer the aims of the reseorch.

This is a pilot study to determine whether a main study will be required and it so how many participants would be
required based on power analysis. In this case, based on previous experience of the research team supervisor, it has
been decided that 12 subjects will be sufficient to provide a reliable result.

Remember to include all advertising material (posters, emalls etc] as part of your opplication

€.10 Will the research involve any el nt of d 2 M yes, please describe why this is necessary and
whether participants will be informed at the end of the study.

.11 Will informed consent be obtained from the research participants?™

v Yes r No

I yes, give detgils of how it will be done. Give detoils of ony particular steps to provide information {Inv addition to o written
Information sheet) e.g. videos, interactive material, Iif you are not going to be obtaining informed you will need to
Justify this.

Written consent will be sought from each volunteer prior to commencement of the study. Voiunteers will receive a participant
information sheet and informed cansent form after a positive reply 10 the recruitment advertisement. The main investigator
will verbally explain the participant information sheet and informed consent form; all questions from the volunteer will be
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answered at any time. The prospective participant will have approximately 7 days before the study commences to finally
decide, sign and return the completed informed consent form ( in duplicate — one copy for the participant and one for the
research records, both 1o be co-signed by the main investigator).

If purticipants are to be recruited from any of potentially vuinerable groups, give details of extra steps token to assure their
protection. Describe any arrangements to be made for obtaining consent from a legal representative.

Copies of any written consent form, written information and all other expianatory material should accompany this
application. The information sheet should make explicit that participants can withdrawn from the research ot any time, if the
research design permits. o :

Sample information sheets and hrﬁs are gvailoble from the University ethical review webpage ot
hito./researchiyoorteeds.acuk/index. oho/gcodemic. stalt/aced gractice/ethical review. process/university ¢thicol review:
i

€.12 Describe whether participants will be able to withdraw from the study, and up to what point {eg if data is to be
ised). M withd I Is ot possible, explain why not.

Volunteers will be informed that withdrawal from the studeis possible at any time without giving a reason and without
questions being asked. No negative consequences or change of treatment of the participant will ensue.

€.13 How long will the participant nave to decide whether to take part in the research? i

It may be oppropriate to recruit participants on the spot for low risk research; however consideraNon Is usually necessary
Jor riskier projects.

The participant should decide whether or not to take part inthe study in the 7 days prior to commencement of the
study.

€.14 What arrangements have heen made for participants who might not adequately understand verbai explanations
or written information given in English, or who have special communication needs? u{e.g. transiation, use of
Interpreters etc. It Is Important that groups of people ore not excluded due to languoge borriers or disabilities, where
assistance can be given.) '

Volunteers who do not adequately undefslar;d the English language wil! not be recruited in the study. Email and mobile

UREC Ethics form version 11 (updated 170112)
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phone contact details will be provided on the recruitment advert and participant information sheet,

€.15 Will individual or group Interviews/ questionnaires discuss any toplcs or issues that might be sensitive,
embarrassing or upsetting, or is it possible that criminal or other disciosures requiring action couid take place during
the study (e.g. during interviews/group discussions, or use of screening tests for drugs)? n

rVes WN«.)

if Yes, give details of procedures in place to deal with these issues

The [aformation sheet should explain under whot i action may be token
€.16 Will individual research participants ive any pay ts, fees, reimb of exp or any other

Incentives or benefits for taking part in this research? M

v Yes r No

If Yes, please describe the amount, number and size of incentives and on what basis this was decided.

Participants will receive a snack at the end of each study phase to compensate for 12-hour fasting and study
participation,

RISKS OF THE STUDY
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C.17 What are the potential benefits and/ or risks for research participants? b

There is very low potential risk involved in this pilot study. The participants may feel some discomfort from blood
sampling, which will be conducted by a trained phiebotomist; and from the 12-hour fasting, however a snack will be
provided at the end of each study phase to compensate for this. There are no direct benefits to the participant although
foliowing a 3-day nutritionally balanced diet may be considered a benefit to some individuals who would not normally
foliow such a diet. ’

€.18 Does the research invoive any risks to the researchers themseives, or people not directly involved in the
research? £g lone working bl

r 14

Yes No
Y yes, please describe:
Is arhk v for this h? e
r Yes i No if ves, please include a copy of your risk assessment form with vobr application,
Further information on fieldwork risk assessments is available at h www leeds ac uk/safety fial rk/index.htm,
B
DATA ISSUES

€.19 Will the research involve any of the following activities at any stage {including identification of potential research
participants)? (Tick as appropriate) .

r Examination of personal records by those who wouid not narmally have access

r Access to research data on individuais by people from outside the research team

r Electronic transfer of data

r . . s .
Sharing data with other arganisations J

r

Exporting data outside the European Union
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M \\_//’

Use of personal addresses, postcodes, faxes, e-mails or telephone numbers

9

Publication of direct quotations from respondents

q

Publication of data that might aliow identification of individuals to be identified

Use of audio/visual recording devices

r FLASH memory or ather portable storage devices

Storage of personal data on or including any of the foliowing:

r Manual files

r

Home or ather personal computers

r

Private company computers

r Laptop computers

€.20. How wili the research team ensure confidentiality and security of personal data? E.g. isation d

Y pr es,

secure storage and coding of data. * You may wish to refer to the daia protection and resmarch wetnoga.

See the answer expiained in question A10.

€.21 For how long will data from the study be stored? Piease expiain why this length of time has been chosen.“

5 years, months

NB: RCUK gquidunce stotes that dato should normaily be preserved ¢ nd occessible for ten years, but for some peojects it
may be 20 years or longer, ’

Students: it would be reasonable to retain data for at least 2 years after publication or three years after the end of
data collection, whichever is longer

CONFLICTS OF INTEREST

Lc.zz Will any of the researchers or their institutions receive any other benefits or incentives for taking part in this ]
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research over and above normal salary or the costs of undertaking the research?

Yes 19 No

If yes, indicate how much and on what basis this has been decided

4« 1

C.23 Isthere scope for any other conflict of interest? ~ For example will the research funder have control ofpublication

ofresearch findings ?

P r

Yes No If yes, please explain _

C.24 Does the research involve external funding? (Tick as appropriate)

p Yes No Ifyes, what is the source of thisfunding ? Nestlé PTC, York and Biotechnology and
Biological Sciences Research Council (BBSRC)
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PART D Declarations

Declaration by Chief Investigators

1. The information in this form isaccurate to the best of my knowledge and belief and | take full responsibility for it.

2. | undertake to abide by the University's ethical and health & safety guidelines, and the ethical principles

underlying good practice guidelines appropriate to my discipline.

3. If the research is approved | undertake to adhere to the study protocol, the terms of this application and any

conditions set out by the Research Ethics Committee.

4. | undertake to seek an ethical opinion from the REC before implementing substantial amendments to the
protocol.

5. | undertake to submit progress reports if required.

6. | am aware of my responsibility to be up to date and comply with the requirements of the law and relevant

guidelines relating to security and confidentiality of patient or other personal data, including the need to register

when necessary with the appropriate Data Protection Officer.
7. | understand that research records/ data may be subject to inspection for audit purposes if required in future

8. | understand that personal data about me as a researcher in this application will be held by the relevant RECs and

that this will be managed according to the principles established in the Data Protection Act.

9. | understand that the Ethics Committee may choose to audit this project at any point after approval.

Sharing information for training purposes
Optional - please tick as appropriate:

I would be content for members of other Research Ethics Committees to have accessto the information in the

application in confidence for training purposes. All personal identifiers and references to researchers, funders

and research units would be removed.

Principal Investigator

Signature of Principal Investigator: (This needs to be an actual signature rather

than just typed. Electronic signatures are acceptable)

Print name:
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Date:  (dd/mm/yyyy):

Supervisor of student research
1 have read, edited and agree with the form obove. e

Supervisor's signature: {This needs to be an actual signature rather than just
typed. Electronic signature; are acceptable)

Print name:

Date:  (dd/mm/yyyy)

Piease submit your form by emall to LM Blajke®ieedsacuk or if you are In the Faculty of Medicine and Heakth
EMHUnEShics@leeds. acuk. Remember to Include any supporting material such as your participant information sheet,

form, and recr ial with your ion,

L
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Checkiist:

1 have used layman’s terms to describe my ch tapp! e d by lay bers of the a
well).

1 have answered all the questions on the {orm, Including those with several parts {refer to the guidance f you're not
sure how to answer a question or how much detail is required)

| have included any ref ! y materials such as
Q  Recruitment material (posters, emails etc)
Q  Sampie particpany information sheet
9 Sample consent form.
Include differant versions for different groups of participants eg for children and aduits.

If { am not going to be using participant information sheets or it forms { have explained why not and how
informed consent will be otherwise obxained.

If yous are a student have you di d your L with your supervisor and are they satisfied that you have
completed the form correctly? (This will speed up your application).

| have submitted a signed cogy of my application. (i you are a student your supervisor also needs to sign the form)

UREC Ethics form version 11 {updeied 170112)
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To be completed in typescript by the Principal Investigator in language comprehensible to a
lay person and submiitted to the FREC that gave the favourable opinion of the rescarch,

Further guidance Is avalloble at .

y archs rl.leeds 0. i x.ph demic_st cod proctice/managin roved jects-
Lapolving for gn gmendment.l
Principa! Investigator's details:

Samantha Ellam

Name:
Address: School of Food Science and Nutrition
Telephone: 07843171548
Email: Q7sle@leeds ac.uk
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S \/

The effect of dark chocolate on blood glucose

Full title of study: concentration follawing oral ingestion of a glucose
. beverage
, MEEC 11-040

Ethics reference
number:

Not yet started
Date study
commenced:

#1,13.11.2012
Amendment number
and date:

Type of amendment {indicate all that apply in bold)

{a) Amendment to information previously given on the University of Leeds ethicol review application form

Yes No

if yes, please refer to relevant sections of the FREC application in the “summary of
changes” section below,

(b) Amendment to the informanion sheet(s) and or consent fona(s) for participants, or to any other suppornng
documentation for the study

Yes No

If yes, please submit ail revised documents with new version numbers and dotes,
highlighting new text using a different colour font or the trock changes feoture.
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is this a modified version of an amendment previously notified to the FREC/ HIREC and given an
unfavourable opinion?

Yes No

Is this an amendment to a project which underwent NHS ethical review?

Yes No

H so has the amendment been submitted for R&D approval?

Yes No

is sponsor sign off required for the amendment?

Yes No
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Summary of changes

Briefly summarise the main changes p d in this dment using language comprehensible to o loy
person. Exploin the purpose of the changes and their significonce for the study. In the case of @ modified
amendment, highlight the modifications that have been mode.

if the amendment significantly alers the research design or methodology, or could otherwise offect the
scientific volue of the study, supporting scientific information should be given (or enclosed separately).
Indicate whether or not additional scientific critique has been obtained.

Initially the study was intended to provide the participants with a cocoa containing beverage
however the sponsor prefers to use a dark chocolate bar matched with a white chocolate bar as the
control. The glucose will still be consumed in beverage form following consumgption of the
chocolate bar, the glucose concentration has also been reduced. The change will make the results
more comparable with the in vitro investigations previously conducted and more relevant for the
sponsor who is providing the chocolate bars.

Blood collection has changed. Depending upon further method development it may be necessary
to insert a cannula device in to the arm and collect up to 6 mL of biood per time point. A cannula
allows blood to be drawn without a needle so is more suitable for multiple collections during a short
period. However if the analytical method is suitable for a small volume of blood then only a finger
prick will be required to draw the blood and the sample volume required will be a maximum of 0.6
ml per time point.

UREC Etnics torm versan 11 wodetsd 1701/)2)
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Any other relevant information

Applicants may indicate any specific ethical issues relating to the
amendment, on which the opinion of the REC is sought.

List of enclosed documents

Document Version Date
Participant information Sheet v3 23.11.12
Preparation of acellular human plasma v2 09.11.12

2 09.11.12
Programme of Studs v

. . v2 09.11.12

Recruitment email

v2 16.11.12
Study flowchart

v2 16.11.12

Recruitment poster

UREC Ethics form version 11 (updated 17/01/12)
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Declaration

« lconfirm that the information in this form is accurate to the best of my knowledge and | take full
responsibility for it.

« |consider that it would be reasonable for the proposed amendment to be implemented

Signature of Principle! Investigator ... cociviieiiniinens

Print name: Samantha Ellam..................
Date ofsubmission: 16.11.12.....

Signature of supervisor of student project: ..o »».
Print name: ,....Professor Gary Williamson....
Dote of submission: ... 16.11.12 e
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Please submit your form by email to J.M.Blaikie@leeds.ac.uk or if you are in tbe Faculty of Medicine and
Health FMHUnN!Ethics@Iceds,ac,uk.
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Study flowchart
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Participant Information Sheet
1 Q] i

*l

The effect of chocolate on blood glucose concentration following oral ing of s glucose -
beverage.

You are being invited to take part in a research project. Before you decide it is important for you to
understand why the research is being done and what it will involve. Please take time to read the
following information carefully and discuss it with others if you wish, Ask us if there is anything that
is not clear or If you would like more information. Take time to decide whether or not you wish to
take part,

isth rsfhr"?

Following consumption of carbohydrate-rich food or sugary drinks there is a rise in blood glucose
concentration that usually reaches a peak after approximately 30 minutes. After this time the
concentration of glucose declines until it returns to approximately the starting concentration, this
usually occurs around 2 hours after eating or drinking. Different foods and beverages have different
effects on blood glucose levels depending on how much carbohydrate is present and how quickly it
is digested and absorbed. it is now widely recognised that eating foods which raise blood glucose
Jevels gradually, rather than rapidly, has health benefits and may help control weight.

This research project will determine whether chocolate affects the absorption of glucose over a 2
hour period following consumption of a beverage containing 200 mL of water and 25 g of glucose.
Two conditions will be tested over 2 sessions: . L

1. 28 g white chocolate + glucose beverage
2. 40 g dark chocolate + ghicose beverage

UREC Ethice form version 11 (updeted 1701/12)
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Why have | been chosen?
The participant selection criteria are based upon the following:

o Heatthy ﬁmb or female

e Aged 18 to 60 years

e Normal body mass index (BM!) between 18.5 and 24.9 kg/m’
o Non-smoker

o No known gastrointestinal, metabolic or other chronic disease
o Not pregnant or lactating

o Not taking prescribed medication or dietary supplements

Do { have to take pant?

1t is up to you to decide whether or not to take part. if you do decide to take part you will be given
this information sheet to keep (and be asked to sign a consent form) and you can still withdraw at
any time without it affecting any benefits that you are entitled to in anyway. You do not have to
give a reason.

hatwill if11 2

This is a two phase study that will take place over two weeks; you will be required to attend the
School of Food Science and Nutrition twice, once per week on two separate weeks, for a maximum
of 3 hours per visit.

Before the study can begin you will be asked to read, complete and sign an informed consent form
and pre-study questionnaire. All information provided on the pre-study questionnaire is confide 1tial
and will only be used to determine suitability for participation in the study.

For three days prior to the study day you will be asked to eat a normal, nutritionally balanced diet
avoiding alcohol and strenuous physical activity. You will also be asked not to eat foods or drinks
containing chocolate or cocoa. On the evening before the study day, you will be asked to eat a
moderate meal then fast for 12 hours before arriving at your allocated time.

On the study day you will arrive at your allocated time and rest for 10 minutes before providing your
first sampie of blood. You will then be asked to eat a chocolate bar and drink a beverage, ,
containing 200 mL of water, 25 g of Y’C-D-glucose and 0.1 g of ’C,-D-glucose®:within 5 minutes.
Further blood samples will be coliected at 15, 30, 60, 90 and 120 minutes after finishing the
beverage. At the end of the session you will be provided with a snack,

To be confirmed:

Up to 6 mL of blood will be collected at each time point using a cannula device that allows blood to
be drawn without the use of a needie.

UREC Ethics form version 11 (upoated 1701/12)



228

Blood will be drawn from a fingertip using a single-use disposable lancet. The area where the finger-
prick is performed will initially be sterilised using an alcohol wipe, and allowed to dry. A minimum
0.4 mL, maximum 0.6 mL, of blood will be collected into a microcollection tube at each time-point.

*This is a naturally occurring stable isotope-containing form of glucose. It is used in this study due to
Its low natural abundance which allows distinction between the glucose added to and consumed in
the beverage, and any that may be naturally present in the chocolate.

If ssible disadvantages and risks of taking part?

There are no additional risks involved as the procedures are according to standard guidelines. Due
to the short duration of the study and the consumption of normal food, the risk of non-routine
medication being required by a volunteer whilst the study is in progress is very low. This occurrence
will be dealt with on a case-by-case basis at the discretion of the volunteer, and recorded by the
study co-ordinator should the volunteer decide to participate, and be deemed suitable to continue.
Any adverse effects observed will be treated in the same way, with emphasis on the choice of the
volunteer whether or not to continue with the study. A decision by any volunteer to discontinue
their involvement in the study shall not interfere in any way with the manner in which the volunteer
is treated by the study co-ordinator. All data will be used even from subjects who withdraw
{provided that the volunteer consents to this).

, . . s

You may not personally benefit from participating in the study, but results may be used for the
advancement of knowledge and the future benefit of other individuals.

Will my taking part in this project be kept confidential?

The result of the data obtained will be reported in a collected manner with no reference to a specific
individual. Hence, the data from each individual will remain confidential. As a subject only you have
the right to know the results of the total analysis. R
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What f information will ught_fr is ¢ ollection of this information
relevant for achieving the research project’s objectiv

Data on your general health and blood plasma samples will be collected in the study.

What will happen to the results of the research project?

Once all participants have completed the study, the information obtained will need to be collected
and analysed before any results are published. This is likely to take at least one year to be finalised.
If you would also like to know the results of the study, the research team will be able to give this
information to you when it becomes available. You will not be identified in any report or
publication.

Who s organising and funding the research?

This study is organised by Professor Gary Williamson, Food Biochemistry Group, School of Food
Science and Nutrition, University of Leeds, UK. The research is funded by a BBSRC industrial case
award to Nestié PTC, York, UK. ’

Whaodo! for furthec inf ion?

Samantha Ellam, Study Co-ordinator

School of Food Science and Nutrition

Faculty of Mathematics and Physical Sciences
University of Leeds

Email: fs07sle@leeds.ac.uk

Mobile: 07843 171548

Thank you for taking the time to read this information sheet.

UREC Etrucs form verwon 11 (updated 170112}
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{nformed Consent Form
Rescarch project title The effect of cocoa powder on blood glucose concentration following an oral
glucose tolerance test
Name of rescarcher Samantha Elfam

Initial the box if you agree with the statement to the left

1 1 confirm that ] have read and understand the Participant Information Sheet (dated TB()
explainng the above research project and I have had the opportunity to ask questions about
the project. .

2

1 understand that my partic 3@tion is voluntary and that I am free to withdraw at any time
without giving any reason and without there being any negative consequences. In addition,
shouid I not wish (0 answer any particular question or questions, [ am free to decline. (You

can contact the study co-ordinstor by email: [507ske/glecds ac UK or mobile: 07843
171548.)

3 I understand that my responses will be kept strictly confidential. [ give permission for
members of the research team to have sccess to my anonymised responses. 1 understand

that my name will not be hnked with the research materials, and I will not be identified or
identifiable in the report or reports that result from the research

4 Iagree for the data collected from me to be used in future research

5 1 agree to take part in the above research project and will inform the principal invastigator
should my contact details change.

6 1agroe to be re-contacted for future research projects related to this study.

Name of purucipant Date Signature

Name of person tlaking consent Date Signelare

Lead Researcher Date Signature
‘e

UREC Ethics form version 11 (updeted 170112)
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T
e-stud 1

Full mme

Age. e Meighe o Weght

Contact phone no.:

Email address:

Please circle or tick the appropriate answer.

QL. What is your gender”?

Male ) Female
Q2. Doyousmoke?
Yes No

Q3 Have you been diagnosed with any of the following”
Diabetes Yes No
Pre-diabetes (also known as impaired fusting Yes No
glucose, impaired glucose tolerance)
Digestive disease (e g. Crohn’s discase, celiac Yes No
discase)
Sugar intolerance (sucrose, glucose, fructose) Yes No
Food allergy (trace amounts of nuts and gluten may Yes No
be present in the cocos powder)
Hypertension Yes 7 No

Q4 Are you currently taking any prescribed medication?

Yes No
QS Doyourcgularly take any dictary supplements

Yes No
Q6. Are you pregnant or lactating?

Yes No

UREC Ethics form version 11 (updeted 170112)
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Q7  What is your ethnic background'l

D White - British D Asian or Asian British - Bangladeshi
O White - lIrish O Chinese
O White - Scottish O Other Asian background
g Irish traveller 0 Mixed - White and Black Caribbean
D Other white background O Mixed - White and Black African
0 Black or Black British - Caribbean O Mixed - White and Black Asian
o Black or Black British - African O Other Mixed background
o Other Black background O Other Ethnic background
g .Asian or Asian British - Indian O Prefer not to state
t«-

O Asian or Asian British - Pakistani

UREO Ettucs form version 11 (updeted 17/01/12)
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For 3 days prior to the study day you will be required to maintain a nutritionally balanced diet
containing at least 150 g of carbohydrate per day. Below is some Information regarding what a
nutritionally balanced diet Is, followed by a list of carbohydrate-nch foods and some examples of
how much to consume throughout the day to achieve the required intake.

Fruitand Bread, lice, Thh h the ‘eatwel plate*. It shows the
vegetables potatoes, pasta
+nd other starchy foods different types of food we need and the
proportions in  which they should be
consumed.
For more information, vi
http://www.nhs.uk/livewell/goodfood
Maat, fish, Milk and
eggs, baans dairy foods
and other non-dairy Food and drinks

sources of protein high Infat and/or sugar

As you can see carbohydrate-rich (starchy) foods should make up approximately one third of your
daily diet. These foods include bread, rice, potatoes, pasta, oats and breakfast cereals; the table
below shows average carbohydrate content based on medium portion sizes.

Food Portion sue Carbohydrate’
Bread 2 medium slices (72 g) 32¢
Rice, boiled 180 g 579
Potatoes
Oven chips 165 g 309¢g
Cnsps 1bag(30 g) 159
Baled 200 g 63 g
i e Lo liniEmi L2 e n-i [L TR T N .
Boiled 175 g 0g
Spaghetti, cooled 230 g 51g
Breakfast cereals
Pomdge oats 160 g 106 g
W eetabix 2 biscuats(38 g) [»g
ComHakes 30 g 269

Food Standards Agency (1995) Manual of Nutrition Tenth Edition, UK: The Stationery Office

So, If you eat 2 slices of bread and a bowl of cornflakes for breakfast; a baked potato for lunch and
spaghetti Bolognese for dinner you would consume approximately 170 g of carbohydrate.

UREC Ethics torm version 11 (updated 17X51/12)
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Plasma collection form

To be completed by the study co-ordinator

Subject ID code

Test condition

Time point

Collection ume

Total sample volume (mL)

Comments

UREC Ethics form version 11 (updated 170112)
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Preparation of acellular human plasma
Equipment

0.6 mL Sodium fluoride tubes
1.5 mL centrifuge tubes
Tube labels

Protocol

1. Collect 0.4-0.6 mL of whole biood into a labetied medical grade PET tube containing
sodium fluoride (required for inhibition of glycolysis). Immediately place on ice.

2. Within 15 minutes, centrifuge the whole blood sampie for 10 minutes at 3000 x §.

3. Using a non-sterile tip, pipette 0.05 mL of supernatant and transfer to a fabelled 1.5
ml centrifuge tube. Several aliquots may be prepared.

4. Seal and freeze upright at < -20°C unti required for analysis.

Labelling
Blood collection tubes and centrifuge tubes will be labelied as follows;
o Subject ID code
e Study code, comprised of:
o Test condition identification (C1, C2))
o Timepoint (0, 15, 30, 60, 90, 120)
e Date

« Investigator initials

UREC Etnics form version 11 (updeted {70112
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Recruitment emai
ubject; Invitation to eat chocolate...
Main text:
As part of a PhD research project, healthy male and female adults aged 18 to 60 years are invited to
take part in this pilot study. You will be required to attend 2 sessions over 2 weeks and provide

blood samples over a 2 hour period at each session. There will be a 12 hour fasting period overnight
before each session and a snack will be provided at the end of each session.

Volunteers will be asked to follow a nutritionaw balanced diet for 3 days prior to each session and
to avoid alcohal and strenuous physical activity during that time.

The aim of this pilot study is to determine whether abs&ptim of glucose into the blood is affected
by consumption of dark chocolate.

for more Information please contact Samantha Ellam by email: fsO7sle@leeds.ac.uk or mobile:
07843 171548.

This study is organised by Professor Gary Williamson, Food Binchemistry Group, School of Food
Science and Nutrition, University of Leeds.  ~

Participation is entirely voluntary and you are free to withdraw at any time without providing a
reason. All information that is collected during the study is anonymous and kept strictly confidential.

Thank you for your time.
Samantha Ellam
PhD Research Student

School of Foud Science and Nutrition
University of Leeds

UREC Ethics form version 11 (updated 17/0112)
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Cocoa polyphenols inhibit sucrose hydrolysis

in Caco-2 cells

School of Food Science and Nutrition University of Leeds

Introduction

= Dietary sucrose is hydrolysed in the small intestine by
; sucrose alpha-glucosidase (EC 3 2 148)

i * Liberated glucose is primarily transported across the
epithelium by a process of secondary active transport
involving the sodium-dependent glucose transporter SGLT1

« During periods of elevated blood glucose passive diffusion
| of glucose across the apical membrane is additionally
facilitated by the sugar transporter GLUT2

« Rising blood glucose stimulates the release of insulin from
pancreatic beta cells

« Insulin binds with receptors on the basolateral surface of
_ skeletal muscle cells consequently promoting the uptake of
| glucose via the sugar transporter GLUT4

« Attenuation of glucose liberation and transport from the
intestinal lumen may reduce post-prandial blood glucose
concentration thereby reducing glycémie load

Methodology

. Caco-2 cells were seeded into 6-well Transwell® plates at a
density of 282,000 cells per well

« 21 days post-seeding cells were ready for experiment:
| 1 Confluent
i Polarised
v Differentiated
j V Presence of tight junctions

| « Cells were incubated with 20 mM sucrose plus test

: compound or exlract (pH 7.4) for 20 minutes at 37°C, 5% C02

| *Solid phase extraction of each sample was performed to
remove polyphenols

« The concentration of glucose in each sample was measured
using the glucose oxidase/peroxidase assay

Results and Discussion

Figure 1 iineweaver Bur* plot of the mean rate of tucroM hydrotyns (n1 3)
mthe Caco-2 cellmodel The maximum rate of reaction (V/,) and Michael'
Menten constant (K J calculated from the linear regression equation is given

300

-, 200
1 150
A 100§
> 050

000
100,M 100 jim 03 nM 4 mg mL’
+0 50 Catechm  Epicatectun ProcyamOtn  Cocos
82 extract

Figure 2 The effect of cocoa extract and cocoa polyphenols on the rate of
sucrose hydrolysis in the Caco-2 cell model

Conclusion and Future Work

« Preliminary results suggest that cocoa extract substantially
inhibits the rate of sucrose hydrolysis In Caco-2 cells

« 100 ,iM (-)-Epicatechin demonstrated the greatest inhibition
(45%) followed by 83 pM Procyanidin B2 (32%) and 100 pM
(v)-Catechin (23%)

« Future work will include determining

- The kinetic inhibition parameters of sucrose hydrolysis
using the Caco-2 cell model

- The effect of cocoa polyphenols on glucose transpod
across the Caco-2 cell monolayer

UNIVERSITY OF LEEDS

This projectis funded by a BBSRC industrial case award to Nestlé, York UK
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Cocoa and Human Health

Samantha Ellam and Gary Williamson
School of Food Science and Nutrition -

%

University of Leeds

Email addresses: fsQ7sle@leeds.ac.uk g.williamson@leeds.ac.uk

Corresponding author: G Williamson, School of Food Science and Nutrition

University of Leeds, Leeds, LS2 9JT, UK
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Abstract:

Cocoa is a dry powdered non-fat component product prepared from the
seeds of the Theobroma cacao L. tree and a common ingredient of many
food products, especially chocolate. Nutritionally cocoa contains biologically
active substances which may affect human health: flavonoids (epicatechin
and oligbmeric procyanidins), theobromine and magnesium. Theobromine
and epicatechin are absorbed efﬂciently in the small intestine, and the nature
of the conjugates and metab}olites are now known. Oligomeric procyanidins
are poorly absorbed in the small intestine, but catabolites are very efficiently
absorbed after microbial biotransformation in the colon. There have now
been a significant number of studies on the effects of cocoa and its |
constituent flavonoids, using in vitro and in vivo apbroaches. Most human
intervention studies héve been performed on cocoa as an ingredient,
whereas many in vitro studies have been performed on individual - -
components. ~70 human intervention studies have been carried out on
cocoa and cocoa-containing products over the lasf ‘12 years with a variety rcy>f
endpoints. These studies indicate that the most robust biomarkers affected

remain as endothelial function, blood pressure and cholesterol level.

Mechanistically, there is As“upporting evidence to show that epicatechin

7

affects, amongst other targets, nitric oxide synthesis (eNOS), breakdown
(via inhibition of NADPH oxidase) and the substrate arginine (via inhibition of

arginase). The evidence further supports cocoa as a biologically-active

' ingredient with poténtial benefits on biomarkers related to cardiovascular .

disease. However, when present in chocolate, consideration should always

be given to the caldrie and sugar content in the total diet.

L)
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INTRODUCTION

Cocoa is a dry powdered non-fat component product manufactured from
seeds of the Theobroma cacao L. tree, and is the ingredient considered in
this review. Cocoa liquor also contains cocoa butter (~55%) and is the
material used in chocolate confectionery manufacture along with other
ingredients such as sugar, emulsifier, milk protein, etc. depending on the
desired product. The production of cocoa liquor begins with cleaning the
seeds followed by a fermentation stage during which the chemical
composition of the bean is altered. After drying, the beans are roasted either
before or after shelling (winnowing), a fundamental part of the process that
affects the flavour characteristics and nutrient profile of the final product (1).

The shelled bean, known as the nib, is then ground to a paste, which causes

melting of the fat and formation of the cocoa liquor. The liquor may then be

treated with an alkali solution, termed '‘Dutching’, to increase the pH and
improve palatability. Similar to the roasting process, the alkalising step
affects the chemical composition of the cocoa liquor such that both stages in
processing may be refined and strictly controlled to develop a product with a
specific chemical profile (2). Being a roasted natural product, cocoa is a |
complex material. The primary components impacting on health are currently
considered to be the naturally-occurring or process-derived flavonoids,
theobromine, énd magnesium. The ingredients added to make chocolate,

sugar and cocoa butter, will not be discussed here.

In Europe, consumers prefer milk chocolate but dark chocolate is almost as

popular (3). In the US, milk chocolate is also the most popular, although the
5
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majority of US confectiohery consumption (~87 %) is not as pure chocolate
but rather enrobed with nuts, wafer, fruit, etc (4). Cocoa taken as a beverage
is also popular in some countries like Spain and this should also be taken
into account when surveying intake of chocolate and cocoa products.
Ntftritionally, chocolate generates vehement debate in popu!af articles, and
opinions on the internet can be found that cover the whole range from
glorification of the benefits to emphasis on the évils of consumption! News
articles can be found claiming that “chocolate should be taxed to control
obesity” and at the other end of the scale that “chocolate may help keep you
slim”. The 2008/2009 UK National Dietary Nutrition Survey (5) reported that
adults were consuming an average of 21 g of chocolate confectionery pef
day and the 2010 Fami]y Food survey (6) reported én average contribution .
to energy intake from confectionery (including chocolate) of 4% per person
per day. In 2010 confectionery as a whole contributed 15% of the total non-
milk extrinsic sugars consumed per person per"day from household
purchases and 13% from foods purchased outsidé the home (6); the current
UK reference nutrient intake recommends that non-milk extrinsic sugars
should not provide more than 11% of the daily energy intake ). A‘recent
report (8) demonstrated that whilst economies globally have been in
recession, the chocolate market has remain;d stable; in fact its retail market
value has risen marginally éach year since 2007 and is predicted to continue

growing at a rate of 2% per year over the next 5 years. The majority of the

‘ global market is héld by Western Europe (32%) followed by North America

(20%), Asia (17%), Latin America (13%), Eastern Europe (12%), Middle East

and Africa (4%) and Australasia (2%), with large growth predicted in the

smaller markets over the coming years.

g
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122

123 There have now been several hundred human intervention studies on

124  flavonoids and flavonoid-rich foods, reviewed in many publications (3;9-12).
125  The role of flavonoid-rich foods on health has further been supported by

126 many epidemiological studies including meta-analyses comprising large total |
127  numbers of volunteers (13). These studies infer a genéral and fairly

128  consistent protection by flavonoids against heart disease and biomarkers of
129 cardiovascular risk, while the evidence for protection against cancer is

130  weaker. This review will focus on recent work on the effect of cocoa,

131 including cocoa flavonoids, on biomarkers related to cardiovascular health.
132 Previously studies have shown that cocoa may improve cardiovascular

133 health by improving flow mediated dilation, a marker of endothelial function,
134  decreasing the susceptibility of LDL to oxidation, inhibiting platelet

135  aggregation and activation, and decreasing levels Qf F2-isoprostanes (3).
136 Recent meta-analyses on human intervention studies associated dark

137  chocolate with a reduction in systolic hypeitension or diastolic pre-

138 hypertension (14) and both chocolate and cocoa with improvements in flow
139 mediated dilation (15).

140 |

141 BIOLOGICALLY ACTIVE COMPONENTS OF COCOA

142

143 Flavonoids |

144

145  Cocoa beans contain a high amount of flavonoids, a member of the broader
146 polyphenol class. The main constituents are flavan-3-ols (Figure 1), present

147 as monomeric (-)-epicatechin and (+)-catechin, together with type-B
7
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proanthocyanidins, forméd from monomeric flavanols by oxidative coupling
between the C-4 of the heterocyclic ring and the C-6 or C-8 positions of the
adjacent unit to create oligomers and polymers. Procyanidins in cocoa
include the B2 and B5 dimers and the C1 trimer, together with high levels of
Iorzger chain polymers comprising four or more monomeric unfts (16;17).
Flavan-é-ols are lost during fermentation, treatment with alkali énd roasting
(18) so that the total flavan-3-ol content of comrﬁercial cocoa varies by >10-
fold (19). Processing can also result in some epimerisation of (-)-epicatechin

to form (-)-catechin (20;21).
Theobromine

Theobromine (Figure 2) is a 3,7-dimethylated xanthine alkaloid that is also
formed during caffeine metabolism. It is most commonly consumed in th‘e -
human diet from chocolate and cocoa but is alsb present in tea. Especially
high levels are present in cocoa, about 2.5% of dry weight, whereas caffeine
is ~10-fold lower (~0.24%) (22). Theobromine is not degraded during cocoa
processing and can be used as a marker of cocoa content (21). The effect of
theobromine on arteriosclérotic pain was reported as far back as 1926 (23).
The more recent focus on cocoa flavonoids has meant that theobromine is

often not considered as a component responsible for an observed activity,

but its high bioavailability and potential biological activities mean that it

h should not be ignored in cocoa intervention studies.

Magnesium

LA



174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

247

\_/"

According to the USDA National Nutrient Database, magnesium is found at
significant levels in cocoa (2-4 mg/g dry powder). Although dependent on the
type of chocolate, this means that a 40 g portion of 70%7cocoa dark
chocolafe would contain =40 mg of magnesium, enough to make a modest
~10% contribution to the recommended daily allowance (300-400 mg
magnesium /day in adults) (24). Magnesium is an essential co-factor in
many hundreds of enzyme-catalysed reactions in vivo, and is essential for
maintenance of blood pressure, neuronal transmission and muscular
contraction. Deficiency has been linked to the metabolic syndrome, insulin

resistance and diabetes (24).
BIOAVAILABILITY OF INTACT FLAVONOIDS FROM COCOA

After consumption of food, any biologically active cqmponent must survive in
the digestive tract and be absorbed and metabolised in a form which
reaches and influences the target tissue. In the mouth, procyanidins bind to
Salivary proteins, the degree of binding influenced strongly by the inter-
flavan-3-ol linkage and the chemical nature of the structural monomeric units
rather than size of the oligomers (25;26). In vivo, flavanols are stable in the
stomach (27), and reach the small intestine intact. The jejunal pH can reach
8.5, where flavanols are expected to be unstable, but epicatechin and
procyanidins éppear to remain largely unaffected in the small intestinal
lumen, dependent on the food rﬁatrix, presumably due to the stabilising -
influence of protein and other food constituents (28;29). Flavanols may also
be stabilised by the presence of fat in the intestinal lumen (30). Epicatechin

is absorbed in the small intestine and after consumption of dark chocolate,
9
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conjugation produces (-)-epicatechin-3'-O-B-D-glucuronide, (-)-epicatechin
3-Osulfate, and 3'-O-methyl epicatechin sulfates (substituted in the 4', 5,
and 7 positions) in the plasma with a time of maximal concentration in the
blood of at 34 h (31). Epicatech?n is subsequently excreted in urine with a
sir:\ilar, but not identical, profile of conjugates and urinary data show that a
minimurh of 20% of the epicatechin dose from cocoa is absorbed (31),
apparently higher than the dose of epicatechin ébsorbed from green tea
(32). The food matrix affects ‘the rate and extent of absorption (33). Studies
on rats have indicated that ﬂévan~3-ol monomer conjugates may be
transferred from the blood stream to the liver and subsequently returned to
the small intestine via bile (34;35). Regarding the oligomers, intact H
procyanidin dimer B2 is poorly absorbed intact both‘ in humans and animals .
(36-38), and has only been detected at very low levels in human urine after
consumption of cocoa (39). Individual human intervention studies on

absorption and metabolism have been reviewed in detail (10;33).

METABOLISM AND ABSORPTION OF PHENOLICS AFTER MICROBIAL

CATABOLISM

-

There is now compelling evidence that the microbiota play a major role in the
metabolism of flavanols which reach the colon i.e. the proportion which are

not absorbed in the small intestine. After cocoa consumption by humans, 3-

| (3'-hydroxybhenylbropionic acid, 3'-hydroxy-phenylacetic acid, 3',4'-

dihydroxy-phenylacetic acid, 3-hydroxybenzoic écfd, ferulic acid, 5-(3',4'-

dihydroxy-phenyl)-y-valerolactone (5) and 5-(3'-methoxy-4'-hydroxyphenyl)-

10
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y-valerolactone were excreted in urine, peaking between 9 and 48 h,
indicative of microbial catabolism (39;40). These microbial metébolites
constitute about 80% of the dose of radiolabelled procyanidin B2 in rats, as
judged by urinary appearance and a late Tmax (41), even though the intact
parent compound is almost absent from plasma and urine. The broad rangé |
of metabolites produced by the microbiota has been shown using in vitro
incubations and analysis of the intermediate and final products, where
catabolism favoured removal of the 4’ rather than the 3°-hydroxy! group,
along with both B-oxidation and a-oxidation and some scission of the\
interflavan bond (42,43). Metabolism of radiolabelled procyanidin polymers
(average dp ~6) by human colonic microflora in vitro showed that they were
almost totally degraded after 48 h. The main metabolites detected were
similar to those described above found in urine (44). Some patterns in the
appearance of gut microbiota metabolites are apparent depending on the
class of parent polyphenol, and in géneral after consumption of
procyanidins, the flavan-3-ols are mainly converted to C¢C2 and C¢Cs-
dihydro forms partly via Cs-Cs intermediates, the latter being unique to

flavan-3-ols (45).
BIOAVAILABILITY OF THEOBROMINE

Theobromine is absorbed extensively in the small intestine and the
metabolic pathway is quite well understood. The main metabolite is 7-
methylxanthine which accounts for up to 30% of the dose, 3-methylxanthine

accounting for ~20% and 7-methyluric acid for ~4% of the dose (46). 3,7-

- dimethyluric acid and 6-amino-5-(N-methyl-formylamino)-1-methyluracil are

11
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also présent in urine folldwing consumption of cocoa powder (47-49).
Unmodified theobromine is also found in urine and a small amount in feces
(<1.5% of the ingested dose) (49). The half-life of theobromine in plasma
was 7.2 h when consumed in the form of a gelatine Capsule (50)and 10 h
wrlen ingested from an aqueous solution (49). The maximum plasma
concentration of theobromine from chocolate is reached approximately 2 h
post-ingestion suggesting that it is entirely absofbed in the small intestine
(49). Although the mechanism for absorption through the intestinal
>epithelium has not been described exactly, based on in vitro absorption of
caffeine using Caco-2cells (561), it can be surmised that theobromine

similarly diffuses passively through the enterocytes into the hepatic

circulation.

The mechanisms by which theobromine is demethylated and oxidized to
methyluric acid involve hepatic cytochrome P450 e‘nzymes with specific
involvement of the monooxygenase (EC 1.14.14.1‘)‘isoforms CYP1A2 and |
CYP2E1 (52-54). The primary metabolite, 7-methylxanthine, is a product of
both enzyme isoforms. CYP2E1 appears to be the least specific as it also
catalyses the formation oi; 3-methylxanthine and 3,7-dimethyluric acid (55).
Whilst the 3-methylxanthine isomer may unéiergo limited further metabolism
to 3-methyluric acid (~1% of dose) (53), Z-methylxanthine is the main

substrate from theobromine catabolism for xanthine oxidase (EC 1.17.3.2)

which catalyses thé oxidation of carbon-8 to form 7-methyluric acid. The ..

bioavailability of theobromine and high levels in cocoa mean that levels will
reach micromolar levels in plasma after consumption of modest amounts of

cocoa.
' 12
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EFFECTS OF COCOA IN HUMAN INTERVENTION STUDIES

The 28 ‘human intervention studies on the effect of cocoa between 2000 and
2007 have been reviewed (3). The main outcomes were improved
endothelial function, decreased susceptibility of LDL to oxidation, inhibition
of platelet aggregation and activation, and decreased levels of F2-
isoprostanes. Since then, there have been numerous reviews regarding the
role of cocoa in specific health iésues, in addition to a small number of
epidemiological studies. Since 2007, the majority of published work in
human and non-human intervention trials focused on the effect of cocoa
products, or individual chemical components of cocoa, on risk of

cardiovascular disease as estimated using surrogate biomarkers. Discussion

in this section predominantly considers the literature pertaining to

cardiovascular disease but is inclusive of other areas of study, with all
human intervention trials conducted since 2007 summarised in Table 1. Of
these studies,, 15 have measured changes in parameters related to
endothelial function, either flow mediated dilation, angiotensin converting
enzyme activity or nitric oxide/nitrite levels. Blood pressure changed in 9 of
the studies and cholestérol levels were affected in 13 studies. Oxidative
parameters, such as F2-isoprostanes and susceptibility of LDL to oxidation,
were changed in 9 of the studies. Other parameters reported to be affected
by cocoa intervention were glucbse/insuiin levels (5 studies), platelet
function (5 studies), brain blood flow and cognitive function (4 studies),
inflammation (2 studies) and skin (2 studies). Six of the studies used

exercise in some form as a variable in at least one of the study arms. These
13
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studies indicate that the Iergest changes measured remain as endothelial
function, blood pressure and cholesterol levels. However, variations in study'
time, from a single dose up to 3 months intervention, and in the type of
cocoa given, make rigorous interpretation difficult. It is interesting to note .
that positive changes in flow medieted dilation may be greatest when cocoa

L3

is administered in the absence of sugar (56).

Epidemiological evidence

In the last few years, several epidemiological studies have reported on the
effects of cocoa intake in various population groups. Elderly male |
participants in the Zutphen Elderly Study had lower cardiovascula’r mortality
when correlated with long-term cocoa intake (57). The risk of death from
stroke, coronary heart disease and cardiovascular disease amongst
participants of the lowa Women's Health Study was lower in women who
consumed chocolate relative to those who consumed no chocolate (58).
Similarly data taken from the United States National Heart, Lung and Blood
Institute Family Heart Study (59) suggests that compared with no inteke,
participants with a greater frequency of chocolate intake have reduced

coronary heart disease prevalence, the lowest found for consumers of 5 or

more servings per week. In contrast, a study of women participating in the .

Swedish Mammography Cohort (60) demonstrated that the beneficial effect

of chocolate consumptlon on nsk of heart failure was reversed as mtake

g exceeded 2 servings per week. It is relevant to note at this point that exact

serving size is not stated in the aforementioned studies, although the

authors of the Swedish investigation do suggest an average portion size
| | * 14 -
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somewhere between 19 and 30 g. There was an inverse a;s‘o\cijé;tion
between chocolate consumption up to 7.5 g per day and risk of
cardiovascular disease among German adults participating in the European
Prospective Investigation into Cancer (61). In the latter study and that of the
lowa Women's Health Study, the association appeared most compelling for
stroke. Evaluation of data taken from The Stockholm Heart Epidemiology
Program (62) of individuals who have experienced a first acute myocardial
infarction show that the risk of cardiac mortality was lowest in those who
consumed a 50 g portion of chocdlate at least twice per week, and the risk of
a non-fatal stroke was shown to be lowest in those consuming up to one

portion per week.

From these epidemiological studies it can be inferred that the consumption
of 50-100 g per week of chocolate may redUce the risk of cardiovascular
disease, in particular stroke. What is not establishec.:lrin any of these
investigations is the type of chocolate consumed i.e. dark, milk or white, and
the possible addition of other ingredients such as fruit or nuts, important
factors in the overall analysis of the evidence, in addition to total diet and
n'umerous other cardiovascular disease risk factors. Dark chocolate typically
contains more non-fat cocoa solids than milk chocolate, while white
chocolate contains none. As the percentage of non-fat cocoa solids content
increases, thé percentage content of sugar decreases. Further, milk and
white chocolate also contain milk powder that is not present in dark
chocolate. A case in point is demonstrated in a study (63) where the lipid -

profile and inflammation biomarker concentration was improved following

consumption of a cocoa product with the addition of hazelnuts, phytosterols

15
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and soluble fibre. However, the cocca product without added ingredients had

no significant effect.

Some epidemiologists have investigated more specific interactions by
focusing on particular components{ of cocoa rather than the'pro‘duct per se.
As ’éwith the majority of all evidence discussed in this review, the
overwhelming theme is flavonoids and in particuiar the flavan-3-ol and
proanthocyanidin sub-classes of polyphen;als, although other components
could conceivably have complementary, antagonistic or synergistic effects.
An evaluation of incident hypertension, biomarkers of inflammation and
endothelial dysfunction in relation to flavonoid intake of participants in the} |
Nurses’ Health Study | and I, and the Health Profeséionals Follow-Up Study.
(64,65), did not find any relationship with flavan-3-ol or proanthocyanidin
intake. However, at the highest daily intake of catechin and epicatechin, the
primary flavan-3-ol constituents of cocoa, a significantly fower risk of incident
hypertension was found. In contrast, a recent studyﬁ (66) demonstrated a
significant reduction in the risk of cardiovascular disease with increased
intake of flavan-3-ols and proanthocyanidins although this attenuatioﬁ was
not linear and, similar to other evidence from epidemiological studies,

reversed in the highest intake groups.

‘ ‘Mechanisms of biological effects

Endothelial cell dysfunction
‘ . 16
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Endothelial cell dysfunction represents a risk factor for cardiovaécular
disease and as such has been widely studied in vivo and in vitro (67). Many
of the hﬁman intervention trials discussed here involve qﬁantiﬂcation of
products secreted by the eﬁdothe|ium such as nitric oxide, or expression of
inflammatory response proteins such as interleukin-6 (IL-6). For example,
nitric oxide (NO) production by platelets isolated from healthy subjects was
increased following 3 weeks daily consumption of dark chocolate (68). At
least half of the studies listed in Table 1 reported improvements in
parameters related to endothelial function. Generally these are biomarkers
related to NO metabolism, including flow mediated dilation, angiotensin
converting enzyme activity or nitric oxide/nitrite levels. Mostly favourable
changes in blood pressure were reported in 9 of the studies. This marker is
especially important since average decreaSe in diastolic blood pressure in a
population of 1 mmHg is enough to reduce the incidence of coronary heart
disease events by 5% and of stroke by 7% in persons aged 50-69 y with a
systemic (high) blood pressure of 150 mm Hg and a diastolic blood pressure
of 90 mm Hg (69). Although an association between a sharp increase in
cardiovasculgr disease (CVD) mortality and blood pressure (BP) was made
very early, newer studies have introduced the notion of “background”
hypertension (pre-hypertension) and support the idea that pre-hypertension
increases the‘rate of cardiovascular disease only when accompanied with

other risk factors, the age having a major impact.

Systolic blood pressure in spontaneously hypertensive rats was reduced,

considered to be a consequence of increased nitric oxide production,

17
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following an acute dose o.f CocoanQX; the effect was prevented in the
presence of an endothelial nitric oxide synthase (eNOS) inhibitor (70). The
same authors investigated the long-term effect of CocoanOX
supplementation and observed attenuated development of hypertension in
spontaneously hypertensive rats with the effect being greatest }in animals
given the lowest dose (71). In another study, spontaneously hypertensive
rats whose diets were suppiemented with solublé cocoa fibre exhibited lower
systolic and diastolic blood pressure during the treatment period. Throughout
a 4 week post-treatment period when the test diet had been discontinued,
systolic blood pressure increased equivalent to control and diastolic blood

pressure increased beyond that of control animals (72).

Spentaneously hypertensive rats administered 200 and 400 mg kg™ body
weight doses of CocoanoX exhibited higher plasma angiotensin converting
enzyme activity at the end of the intervention period, and plasma
concentration of angiotensin 1l was also raised. The latter remained e!evated
after the treatment ended. The same study measured relaxation of pre-
contracted intact aorta rings extracted from control animals induced by
incubation with CocoanOX. Relaxation was reduced in the presence of Nw-
nitro-L-arginine methyl ester but not indomefhacin implying that dilation was

a result of eNOS activity rather than prostaglandin-l synthase (73). Similar

effects were reported using pre-contracted renal arteries isolated from wild-

*type and atherosclerotic mice (74). Catechin treatment in wild-type mice ..

during months 9 to 12 improved dilation, at 12 months compared with the
untreated group; however this effect was not replicated in atherosclerotic

mice. Incubation with NG-nitro L-arginine attenuated dilation in untreated
‘ - 18
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e

wild-type mice but animals exposed to 3 months catachin treatment were
unaffected, suggesting that eNOS was not inhibited in catechin tﬂreated cells
or that addition of indomethacin to the incubation did not further affect this

result.

In vitro studies using human umbilical vein endothelial cells (HUVEC) are
widely used as a model to study endothelial function. On incubation of
HUVEC cells with (-)-up to 1 uM epicatechin for 2 h, nitrite, as an indirect
marker of the intracellular nitric dxide level, increased significantly (75).
Similarly the greatest augmentation of nitric oxide produced by humah
coronary artery endothelial cells followed a 10 min incubation with 1 pM (-)-
epicatechin (76). Following a 24 h incubation with (-)-epicatechin, there was
no significant change in endothelial nitric oxide synthase (eNOS) mRNA
expression nor any variation in its stability (75). It is hypothesized that
increased producticn of nitric oxide is attributable to an interaction with the
phosphatidylinositol 3-kinase pathway which is involved in controlling
phosphorylation of the activation residues Ser1177 and Ser633. Treatment
of human coronary artery endothelial cells with epicatechin increased
phosphorylation of these serine residues and reduced phosphorylation of
Thr495. In addition, epicatechin treatment appeared to induce activation of
eNOS through uncoupling from caveolin-1 (Figure 3). The latter binds to the
cytosolic side -of the cell membrane in its inactive form, and binding with
calmodulin stimulates solubilisation of the active form, mediated via
interaction with phospholipase C. Whilst these conditions were dependent’

on the presence of calcium, epicatechin is able to stimulate NO production

~ induced by phosphorylation of serine residues and activation of eNOS

19
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without ‘uncoupling from céveolin-1 in calcium-free conditions (77). Similarly
enhanced phosphorylation of non-specific serine/threonine protein kinase
(Akt), an enzyme involved in the phosphatidylinositol 3-kinase pathway, was
measured in mice subjected to ischemia-reperfusion injury following 10 d of
supplementation with 1 mg kg™ body weight (-)-epicatechin; infarct size was
reduced. Co-supplementation with the opioid antagonists naloxone or
naltrindole eliminated the etfect on Akt phosphorylation and infarct size. The
results suggest that the protection conveyed by epicatechin was dependent
on interaction with opioid receptors in the heart (78). Endothelium secretion
of endothelin-1 is aséociated with vascular constriction and therefore
increased concentration has hegative cardiovascular consequences. Boviﬁe
aortic endothelial cells treated with a procyanidin-ricﬁ extract of cocoa
produced less endothelin-1 than control cells; the response was dose-
dependent (79). Procyanidin-rich extracts of other fruits elicited similar
results and the trimer to pentamer fractions of a cranberry extract were
shown to down-regulate expression of endothelin-1 mRNA and up-regulate
Kruppel-like factor 2 mRNA, a transcription factor that médiates the
synthesis of endothelin-1. There was a similar reduction in endathelin-1
synthesis in HUVEC treated with a procyanidin-rich fraction of apple (80).

Epicatechin also inhibits NADPH oxidase’ (81) and arginase activity (82),

" leading to elevated intracellular NO levels (Figure 4).

An elevated nitric oxide concentration in vivo is generally regarded as

" beneficial due to its vasodilating properties and inhibition of platelet

" aggregation. It is possible that reported increases in flow-mediated dilation

and reduction of blood pvressure following cocoa consumption (see Table 1)
~ | 20 |
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are due to an increase in the production of nitric oxide stimulated by
epicatechin. Therefore, chronic intake may have a long-term prbtective

effect against cardiovascular disease via these mechanisms.

Inflammation

Inflammation is a complex process and several biomarkers are used to
identify chronic inflammation in humans. Although multiple biomarkers are
now recommended {o assess cafdiovascﬁlar disease risk, a higher C-
reactive protein concentration is associated with a higher risk of corohary
heart disease (83-86). In a cohort of healthy Italian adult participants in the
Moli-sani Project, consumers of less than 3 x 20 g servings per week of dark

chocolate had lower plasma concentrations of C-reactive protein (87), but,

as observed in other studies, this effect was negated in those consuming 3

or more servings per week. The overall effect, as assessed from human
intervention trials published since 2007 in which serum C-reactive protein
concentration was quantified following chronic cocoa stplementation, is
inconclusive. In healthy subjects, significant reductions in C-reac;tive protein
following intervention were seen (88,89), whereas in subjects suffering from
hypertension, hypercholésterolemia or type-2 diabetes, no significant
changes were observed (90-92). In comparison, a study of diabetic mice,
where diets wére supplemented with epicatechin, reported significantly lower
C-reactive protein levels compafed with control diabetic mice (93). Although
serum C-reactive protein concentration is indicative of cardiovascular
disease, it is yet to be determined whether a high serum concentration

contributes to the development of disease or whether it is a consequence of
21
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the disease. So at this point the level of intake of cocoa products or
individual components, and whether any ability to lower C-reactive protein
levels improves prognosis in patients or reduces risk in a healthy population,
is yet to be evaluated.

*

Oxidative stress and dyslipidemia

Oxidative stress is a broad term covering many aspects related to
generation of reactive oxygen species, with both chemical and biological
consequences. In a biological sense, the term mus't be carefully defined and
several biomarkers have been used to indicate a general oxidative stressAin
vivo (94,;95). Dyslipidemia constitutes a major risk factor for cardiovascular -
disease that has prompted an abundance of investigations, not least in
relation to cocoa consumption. Many of the intervention trials listed in Table

1 have reportéd increased HDL cholesterol levels and improved total

" cholesterol/HDL cholesterol ratio following dietary cocoa intervention

Animal models have also supporte’d the association. When fed to rats, a
cocoa fiber product proteéted against the efﬁects of a high cholesterol diet,
namely total-, LDL and HDL-cholesterol ana serum malondialdehyde (96;97)
and a similar effect was seen with 0.5 orr1 .0% cocoa procyanidins (98). In
the Zucker rat mode) of obesity and metabolic syndrome, 5% soluble cocoa
fibre diet reduced plasma malondlaldehyde and increased adlponectm (99).
The 5% soluble cocoa flbre diet also reduced malondialdehyde plasma
concentra)tion in spontaneously hypertensive rats (72). A similar reduction in

plasma malondialdehyde concentration was observed when spontaneously
T . 22
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hypertensive rats were treated with 100, 200 and 4CO mg kg1 F&dy weight
doses of CocoanOX, while the effect was reversed by the end of a 4 week
post-treatment period (73). Obese-diabetic rats fed a diet supplemented with
cocoa extract for 4 weeks demonstrated improved levels of plasma total
cholesterol, plasma triglycérides and LDL cholesterol. There were no
significant changes in plasma HDL cholesterol concentration v(100). Similar
improvements were observed in diabetic mice treated with epicatechin for 15
weeks together with enhanced longevity. Compared with non-treated
diabetic mice, insulin-like growth‘factor-1, C-reactive protein, interleukin-1
and glutathione were either returned to control levels or reduced significantly
(93). Daily oral supplementation of rats with 1 mg kg! body weight
epicatechin for 10 d prior to ischemia-reperfusion injury reduced infarct size
and oxidized glutathione/reduced glutathione ratio (GSSH/GSH) at 48 h
post-injury. Infarct size remained significantly smaller at 3 weeks post-injury
(101). A further study by the same authors performed on animals exposed to
permanent coronary occlusion (POC) yielded very similar results of infarct

size (102).
Cognitive function

Of the studies shown in Table 1, four have shown an improvement in some
biomarkers of' cognitive function including cerebrél blood flow, lowered
fatigue and increased processin‘g of tasks (103-106). The changes are
modest but significant, and the mechanism may be related to vasodilation-

and increased blood flow to the brain and nervous system.
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Conclusions

Cardiovascular diseases are responsible for more deaths globally than any
other cause (107) and are the focus of much research, not least in relation to
cocoa. The main target of such research has been to identify associations
between intake and disease, and to discover mechanisms by which onset of
disease can be delayed or;prevented, br where treatment of cardiovascular
events can be facilitated. Many of the human intervention studies described
in Table 1 have involved intervention treatments that have demonstrated .
improvements in markers of disease risk factors su(ch as total/HDL
cholesterol ratio and flow-mediated dilation. Nitric oxide synthesis is
possibly the most investigated endothelial function in relation to cocoa over -
the last 5 years with many authors reporting increases in NO concentration
of plasma. The predominant mechanistic hypothesis is that cocoa, especially
epicatechin, siimulates eNOS activity, inhibits érginasé and inhibits NADPH
oxidase, leading to lower levels of superoxide and‘ hence higher levels of |
NO. Although this is not the only mechanism involved, a substantial increase
in NO synthesis may account for flow-mediated dilation and lower blood
pressure following intervéntion treatments.

o~

Future prospects

Despite a substantial number of human studies which consolidated the
effects on endothélial function, blood pressure and cholesterol, the ad“vances
in the last 5 years havelbeen ihcremental and supportive, rather than
revolution;czry. While important, there are other aspects that need address‘ing

in the future. One of the most important is the assessnient of long term
‘ 24
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589  nutritional doses as compared to high dose acute studies, ;me relative
590 benefits of each. There are no easy ways to measure chronic eﬁects, and
591  usually epidemiological studies have been used to fill this gap. Controlling
592 the diet of human in the long term is almost impossible, and novel strategies
593 need to be devised to test éhronic effects. An important tact is that most -
594 cocoa consumption worldwide is as chocolate, which also contains

595  additional calories, and these should be taken into account in any

596 intervention studies. Most of the recommendations made previously are still
597 relevant (3), especially the desigh of a relevant “edible” placebo (especially
598  important for chronic studies, and milk chocolate is not a real control for dark
599 chocolate owing to the milk content) and the need to publish the results of
600 studies where cocoa does not give a measured effect. (3)

601
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613 Acronyms and definitions:

614

615 “Polyphenol(s)’ is used as a collective term for phenolic acids, flavonoids,
616 isoflavones and tannins. Hence polyphenols strictly should be written as
617 (po}y)phenols. since phenolic acids are (mono)phenols, flavonoids and

61é isoflavones are (di)phenols (the C ring is not a true phenolic ring) and

619 tannins are (poly)phenols. Flavonoids consists 6f several classes, of which
620 the flavanols (also called flavan-3-ols, and including their oligomers, the
621  proanthocyanidins), flavonblé, anthocyanins, flavanones and flavones are
622 the most abundant in the diet.

623 Epicatechin is the main flavanol in cocoa and there are many reports on} |
624 this flavonoid. It has anomeric carbons at positions 2 and 3, making 4

625 possible structures: (—)-epicatechin and (+)-catechin, which occur naturally
626 in plants, and (—)-catechin and (+)-epicatechin, which occur in foods owing
627 to isomerization during processing. Each form is absorbed to different

628 extents (108), supporting the concept of active prdcesses involved in

629  absorption and metabolism. In this review, where the “(—)-epicatechin” form
. 630 is specified in the paper, then this notation is used. If the form is not

631  specified, then “epicatechin” is used.

e

632 Cocoaisa dry powdered non-fat component product manufactured from

633  cocoa beans. The full cocoé bean is useq to make cocoa liquor, containing
634 the constituent cocoa butter (~55%), and is used to make chocolate after

635 ,, addition of other iﬁgredients such as sugar, emulsifier, mi_lk pfotein, et;:.

636 - bocoanox is a commercially a\vailable polyphenol-rich cocoa powder which ,

637 has been used in several experimental intervention studies.

638
26
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Intervention Control Study design Outcomes Ref.
Cu deficient patients | None Serum trace metal 1 serum [Cu] and neu trophil count | (109)
supplemented with concentration monitored s ‘
1040 g cocoa 24 months post-enteral
powder per day until tube insertion in 23
improvement patients (78.8 + 10.4 years)
observed
One cup of espresso | None 50 term pregnantwomen | 1 fetal HR accelerationsand (110)
coffee and 30 g DC without complicated variability
(separate occasions) gestation (31.8 £ 5.05
years)
15 g pprich DC per | 15 g macronutrient | Double-blind, randomised | Improved symptoms of CFS (111)
day for 8 weeks matched low-pp cross-over; 10 subjects '
' chocolate (3.9 mg | diagnosed with CFS (6
ECEg') females, 4 males) (52 ¢ 8
years)
HF beverage Macronutrient- Cross-over; 10 healthy 1 cutaneous blood flow (112)
' matched LF females (18-65 years)

beverage

G592
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20 g HF chocolate

20 g LF chocolate

Double-blind, randomised; | 1 minimalerythema dose (113)
per day for 12 weeks | (<30 mgflavanols) | 30 healthy subjects (22
females, 8 males) (42.7 +
: 10 years) '
37 gDC and 237 mL | Low-pp bar and Double-blind, randomised; | T pulse rate at midpointand end-of- | (114)
cocoabeverage per | beverage 101 healthy subjects (60 | treatment
day for 6 weeks containing 0.20 mg | females, 41 males) (=60
g'and40.87mg |years)
g total
proanthocyanidins,
respectively .
Flavanol-rich cocoa | Flavanol-poor Double-blind, randomised; | 1 cerebral blood flow in responseto | (106)
beverage per’ day for | cocoabeverage 21 healthy subjects (10 acute dose of cocoa beverage
1 week 2| (36 mg flavanols females, 11 males)(72.2 ¢
’ - | per day) 6 years) ’
Cocoa beverage Macronutrient- Double-blind, cross-over; | Improved cognitive performance (105)
containing either 520 | matched cocoa 30 healthy subjects (17 and reduced mental fatigue
mg or 994 mg cocoa | beverage/46 mg females, 13 males)(21.9 ¢
flavanols cocoa flavanols SE 0.61 years)
35gDC 35 g white Cross-over; 30 subjects Improved contrast sensitivity, (104)
chocolate (22 females, 8 males) (18- | motion integration threshold, visual

25 years)

spatial working memory, and
reaction time

99¢
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20 g chocolate

20 g chocolate

Double-blind, randomised;

1 posterior parietal activity, synaptic

(103)

beverage containing beverage LF 63 subjects (562.30+ 7.49 excitation and neural information
MF or HF content per | content years) processing speed
day for 30 days ‘
Mashed potato Mashed potato Randomised, cross-over; 10 | Plasma [TAG] and [IL-6] were altered | (115)
powder (1g kg' BW) | powder (1gkg*' healthy females (38.2% 10.7 | (no significant difference between the
with cocoa butter (1g | BW) supplemented | y=ars) meals)
kgt BW) with olive oil (1 g kg-
1BW)
Cocoa beverage twice | Cocoa-free Randomised; 25 healthy } LDL susceptibility to oxidation and (116)
per day for 12 weeks | beverage males (38 + SE 1 years) urinary [dityrosine]; 1+ HDL cholesterol |
Low-, medium-, or Nutrient matched Double-blind; 160 normo- 1 [Apo B} in MCP and HCP groups; | | (117)
high-pp cocoa beverage (trace and mildly oxidised LDL (kU L' plasma) in all
beverage twice per amounts of cocoa hypercholesterolemic groups
day for 4 weeks PP) subjects (91 females, 69
males) (20-70 years)
40g DC Macronutrient Double-blind, randomised, 1 Coronary artery diameter and % (118)
matched, flavonoid- | 22 heart transplant change of endothelial-dependent
free chocolate recipients (4 females, 18 vasomotion; | [8-iso-PGF2a] and

males)

platelet adherence

19¢
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22 gDC

Double-blind, cross-over;

Macro- and ] Serumtotal- and LDL cholesterol; | (119)
supplemented with micronutrient 49 subjects (32 females, 17 | | SBP and DBP (combined
1.1 g canola sterol matched DC males) (24-70 years) with | intervention and control results)
esters twice per day | without the addition | elevated cholesterol (5.20- '
for 4 weeks of plant sterols 7.28 mmol L)
MF or HF beverage Macro- and Double-blind, randomised, |t FMD (120)

micronutrient cross-over; 10 type-2 '

r‘n’atched LF diabetic subjects (2

beverage females, 8 males) (64.7 +

. 9.9 years)
, H
Flavanol containing Macro- and Double-blind, randomised; |1 FMD (120)
beverage 3 times per | micronutrient 41 type-2 diabetic subjects
day for 30 days matched LF (29 females, 12‘males)
' beverage (intervention, 63.1 £ 8.3

years; control, 64.4 + 8.6

years)

89¢
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HF beverage twice
per day for 12 weeks
with and without 45
min physical activity
3 days per week

Macro- and
micronutrient
matched LF
beverage with and
without physical

Double-blind, randomised;
49 overweight and obese
subjects (32 females, 17
males) (40-50 years)

1 FMD (combined exercise and non-
exercise results); | insulin
resistance, DBP and MAP (flavanol
treatment nested in time)

(121)

activity
Phase 1: Acute Phase 1: 74 g Single-blind, randomised, |t FMD; |SBP and DBP; greatest (56)
consumption of 74 g | cocoa-free cross-over; 45 heatlthy FMD improvement following sugar-
DC chocolate subjects (35 females, 10 free cocoabeverage. a
. males) (52.8 + 11.0 years)
Phase 2: 2 cups of Phase 2: 2 cups of
either sugar- sugar-containing
containing cocoa cocoa-free
beverage or sugar- beverage
free cocoabeverage
100 g flavanol-rich 100 g flavanol-free | Double-blind, cross-over, | | Insulin resistance and 1 insulin (90)
DC per day for 15 white chocolate per | 19 hypertensive, sensitivity, | clinical SBP and DBP,
days day prediabetic subjects (8 and ambulatory BP; 1 FMD and |
females, 11 males) (44.8 ¢+ | serum total- and LDL cholesterol
8.0 years)
100 g DC per day for | None 28 healthy subjects (19 | platelet activated GP lib/llia (89)
females, 9 males) (42+ 12 | expression; | LDL cholesterol; 1

1 week

years)

HDL cholesterol. | C-reactive
protein (females only)

69¢
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Cocoa beverage Macro- and Double-blind, randomised, | 1 insulin-stimulated brachial artery (122)
twice per day for 2 micronutrient cross-over; 20 diameter
weeks ' matched LF hypertensive subjects (12

beverage females, 8 males) (51 + SE

1.5 years)
20 g cocoa powderin | 250 mL skimmed Randomised, cross-over,; 1 HDL cholesterol; ! expression of (123;
250 mL skimmed milk | milk without cocoa | 42 high-risk of CVD adhesion molecules on the surface | 124)
twice per day for 4 powder subjects (23 females, 19 of monocytes and concentration of
weeks males) (69.7 + 11.5 years) | circulating soluble adhesion
molecules
HF cocoa beverage Macronutrient Double-blind, randomised, | t FMD; | AUC for DBP and MAP in | (125)
followed by 10 min matched LF cocoa | cross-over; 21 healthy response to exercise
cycling beverage followed | overweight/obese subjects ‘
by cycling (8 females, 13 males) (54.9
‘ t SE 2.2 years)

Cocoa beverage . None Double-blind, randomised; | | 24 h ambulatory MAP, SBP and (126)

containing 33, 372,
712, or 1052 mg total
flavanols per day for
6 weeks

52 mildly hypertensive
subjects (20 females, 32
males) (42-74 years)

DBP (1052 mg); | Overnight
ambulatory SBP, DBP and HR

0Le
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6 g or 25 g DC per None Single-blind, randomised; || 24 h, day- and night-time MAP, (127)
day for 3 months 91 cardiovascular high-risk | SBP and DBP (6 g); | 24 h and
patients (20 females, 71 daytime MAP and SBP (25 g)
males) (57-74 years)
HF cocoa beverage Nutrient matched Double-blind, randomised, |1t FMD (both conditions), FMD post- | (128)
twice per day for 30 | LF cocoa beverage | cross-over; 16 coronary intervention was higher than post-
days artery disease (CAD) control; 1 % of CACs; | plasma
patients (3 females, 13 [nitrite]; 1 SBP ‘
males) (64 + 3 years) _
15gDC 3 times per | Macronutrient Double-blind, randomised, | t Serum[HDL cholesterol]; ] total (92)
day for 8 weeks matched cocoa cross-over, 12 type-2 cholesterol:HDL cholesterol ratio
solids-free diabetic subjects (5 ‘
chocolate females, 7 males) (42-71
years) :
Dairy based cocoa Unspecified dairy Double-blind, randomised, |1 24 h DBP (NTC); 1 24 h SBP, (129)
beverage containing | based placebo cross-over; 42 pre-/stage 1 | daytime DBP, 24 h, day- and night-
either natural-dose beverage hypertensive, healthy time HR (TEC); | central SBF, HR

(NTC) or high-dose
(TEC) theobromine
once per day for 3
weeks

subjects (10 females, 32
males) (62 + 4.5 years)

and stroke volume (TEC)

(VX4
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Dairy-based high-fat Macronutrient Double-blind, randomised, 1 serum [triglycerides] and [free fatty | (130)
liquid meal plus HF matched dairy- cross-over; 18 healthy acids] (both conditions); | FMD (both
cocoa powder based high-fat liquid | subjects (16 females, 2 conditions, higher following
) meal containing LF | males) (25.2 ¢+ 2.5 years) intervention)
cocoa powder ’
40 g DC twice per day | 30.4 g bar of sugar- | Single-blind, randomised; 20 | 1 Plasma [F -isoprostane] post- (131)
for 2 weeks followed and fat-matched healthy males (22 + 4 years) | exercise (both conditions, lower
by 1.5h cycling cocoa liquor-free following intervention); | c~idised LDL
‘ chocolate followed pre- and post-exercise
by cycling
409 DC 40 g milk chocolate | Single-blind, randomised, } Serum sNOx2-dp, urinary (132)
cross-over; 20 healthy isoprostane excretion and platelet (133)
subjects (13 females, 7 ROS, sNOx2-dp and 8-iso-PGF2a
males) (33 + 11 years)and | (healthy subjects); 1 FMD, serum
) 20 smokers (13 females, 7 | [NOx] and platelet NOx production
males) (33 + 11 years) (smokers); | serum sNOx2-dp, urinary
. isoprostane excretion and platelet
ROS, sNOx2-dp and 8-iso-PGF2a
. (smokers)
Cocoabeverage Macronutrient Double-blind, randomised; Dose-dependent greater change in (134)
containing either 2,5, | matched beverage | 23 healthy subjects (14 FMD (5, 13 and 26 g); 1 SBP (2 and
13 or 26 g of cocoa without cocoa females, 9 males) (631 SE | 26 g); 1 DBP (2, 13 and 26 g); t MAP
powder (2, 13 and 26 g); | [glucose] (0, 2 and

2 years)

59)
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Sugar-free cocoa

Cocoa-free sugar-

Double-blind, randomised,

1 FMD (both conditions)

(135)

beverage or a sugar- | sweetened cross-over, 39 overweight,
sweetened cocoa beverage healthy subjects (33
beverage twice per i females, 6 males) (41-63
day for 6 weeks years)
75gDC None 16 heatthy subjects (6 | Angiotensin-converting enzyme (136)
females, 10 males) (2045 | activity ‘ '
: years)
13.5 g flavonoid- Macronutrient Double-blind, randomised; | | Plasma [insulin] and insulin (137)
enriched chocolate matched placebo 93 postmenopausal, type-2 | resistance; 1 insulin sensitivity; |
twice per day for 1 chocolate diabetic patients (51-74 [LDL cholesterol]; 1 CHD risk (both
year - years) conditions, less following
: intervention)

100 g DC followed by | Macronutrient Single-blind, randomised, 1 Plasma total antioxidant status (138)
2.5 h of cycling matched cocoa cross-over, 14 healthy male | (both conditions); 1 [insulin] pre-

‘ solids-free bar (71 | subjects (22 + 1 years) exercise and 1 h post-exercise; |

g) followed by . plasma [glucose] post-exercise (both
cycling conditions)

100 g high- None Double-blind, randomised, |t Plasma FRAP (both interventions); | (139)
antioxidant dark ' cross-over; 15 heatthy HADC FRAP remained higher at 4
chocolate (HADC) or subjects (9 females, 6 and 5 h; t urinary HADC FRAP up to
100g DC males) (30 £ 5 years) 12 h; 1 [triacyiglycerol] (both

interventions); t [thiol] at2-and 4 h
(both interventions)

€42
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50 g DC per day for 3 | None 50 healthy subjects (25 1 [HDL cholesterol} and [triglyceride] | (68)
weeks females, 25 males) (28-45 |and | LDL cholesterol (females
years) only); | lipid peroxidation,
conjugated diene and hydroperoxide
content of HDL and LDL; 1 platelet
production of NO; | peroxynitrite
(B) cocoathazelnuts, | (A) Cocoa Double-blind, randomised; | | [Total-] and [LDL cholesterol]and (63)
(C) 113 pre/stage-1 [Apo B] and Apo B:Apo A ratio (C)
cocoathazelnuts+ - hypertensive and and (D); | hsCRP and oxidised LDL
phytosterols, (D) hypercholesterolemic (D) )
cocoa+hazelnuts+phy ) subjects (67 females, 46
tosterols+soluble males) (43-65 years)
fibre daily, 4 weeks ' '
DC and cocoa None S type-2 diabetic patients 1 [HDL cholesterol]; enhanced (140)

beverage once per
day for 3 months

with stage Il and lll heart
failure (47-71 years)

expression of mitochondrial structure
markers in skeletal muscle
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Table 1. Summary of intervention studies on cocoa between 2007 and 2012.
| Only outcomes with a statistical significance of a maximum p<0.65 are
reported. Mean £ SD unless otherwise stated.

Abbreviations used in the table: 1, increase; | decrease; DC, dark chocolate;
HR, heart rate; pp. Polyphénol; CFS, chronic fatigue syndrome; HF, high '
flavanol; LF, low flavanol; MF, medium flavanol; BW, body wéight; TAG,
triacylglycerol; IL-6, interleukin 6; LDL, low-density lipoprotein; HDL, high- .
densit)} lipoprotein; Apo B, apolipoprotein B; 8-iso-PGF2q, 8-iso- |
prostaglandin F2a; SBP, systolic‘blood pressure; DBP, diastolic blood
pressu're; FMD, flow mediated dilation; MAP, mean arterial pressure; GP,
glycoprotein; CVD, cardiovascular disease; AUC, area under curve; CACs,
circulating angiogenic cells; sNOx2-dp, soluble NOx2 derived peptide; ROS,
reactive oxygen species; FRAP, ferric reducing ability of plasma; NO, nitric

oxide.

37
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Figure legends

Figure 1: Chemical structures of cocoa flavanols

Figure 2: Metabolic pathways of theobromine in humans

Figure 3: General mechanism by which NO affect vasodilation

Figure 4: Possible mechanisms by which epicatechin affects nitric oxide

levels.
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Trimer C1 (epicatechin-
OH (48— 8)-epicatechin-
(48—8)-epicatechin)

J

Dimer B2 (epicatechin-
(4p—8)-epicatechin)

Figure 1
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Caffeine
6-amino-5-(N- 3 7-methyluric acid
melhylformylamino)-1-
methyluraell
éh3
Figure 2.

40

278

Theobromine

3-methyl xanthine

3-methykirie acid

7-methyl xanthme

7-methyluric acid



Nitric Oxide

Nitric Oxide"

Figure 3.
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NADPH
oxidase

Figure 4.

42



281

References

1. Afoakwa EO, Paterson A, Fowler M, Ryan A. 2008. Flavor formation
and character in cocoa and chocolate: a critical review. Crit. Rev. Food Sci.
N u tr48:840-57.

2. Miller KB, Hurst WJ, Payne MJ et al. 2008. Impact of alkalization on
the antioxidant and flavanol content of commercial cocoa powders. J. Agric.
Food Chem. 56:8527-33.

3. Cooper KA, Donovan JL, Waterhouse AL, Williamson G. 2008. Cocoa
and health: a decade of research. Br. J. Nutr. 99:1-11.

4. Vinson JA, Proch J, Bose P et al. 2006. Chocolate is a powerful ex
vivo and in vivo antioxidant, an antiatherosclerotic agent in an animal model,
and a significant contributor to antioxidants in the European and American
Diets. J. Agric. Food Chem. 54:8071-6.

5. Food Standards Agency. 2010. National diet nutrition survey
2008/2009. Health Department.

6. Department for Environment FaRA 2011. Family Food 2010.

7. Food Standards Agency. 2006. FSA Nutrient and Food Based
Guidelines for UK Institutions.

8. KPMG LLP. 2012. The chocolate of tomorrow.

9. Erdman JW, Jr., Balentine D, Arab L et al. 2007. Flavonoids and
Heart Health: Proceedings of the ILSI North America Flavonoids Workshop,

May 31-June 1, 2005, Washington, DC. J. Nutr. 137:718S-37S.

43



282

10. Manach C, William;on G, Morand C, Scaibert A, Remesy C 2005.
Bioavailability and bioefficacy of polyphenols in humans; I. Review of 97
bioavailability studies. Am. J. Clin. Nutr. 81:230S-42S.

11. Thielecke F, Boschmann M. 2009. The potential role of green tea
catc?chins in the prevention of the metabolic syndrome - a review.
Phytochem. 70:11-24.

12. Neilson AP, Sapper TN, Janle EM, Rudolph R, Matusheski NV,
Ferruzzi MG. 2010. Chocolate matrix factors modulate the pharmacokinetic
behavior of cocoa flavan-3-ol phase |l metabolites following oral
consumption by Sprague-Dawley rats. J. Agric. Food Chem. 58:6685-91,

13. Arab L, Liu W, Elashoff D. 2009. Green and black tea consumption |
and risk of stroke: a meta-analysis. Stroke 40:1786-92. |

14.” Ried K, Sullivan T, Fakler P, Frank OR, Stocks NP. 2010. Does
chocolate reduce blood pressure? A meta-analysis. BMC Med. 8:11.

15. Hooper L, Kay C, Abdelhamid A et al. 2012, Effects of chocolate,
cocoa, and flavan-3-ols on cardiovascular health: a éystematic review and i
meta-analysis of randomized trials. Am. J. Clin. Nutr. 95:740-51.

16. Hammerstone JF, Lazarus SA, Mitchell AE, Rucker R, Schmit;z HH.
1999. Identification of procilanidins in cocoa (theobroma cacao) and
chocolate using high-performance liquid chr(ﬁ;atography/mass ‘

* spectrometry. J. Agric Food Cherm. 47:490-6.

17. GulL, House SE, Wu X, Ou B, Prior RL. 2006. Procyanidin and
mcatechln contents and antloxndant capacity of cocoa and chocolate products.
. J. Agric. Food Chem. 54:4057-61.

18. Kim H, Keeney PG. 1984. (-)-epicatechin content in fermented and

unfermented cocoa beans. J. Food Sci. 49:109_)0-2.
f . a4

R4l



283

19, Miller KB, Stuart DA, Smith NL et al. 2006. Antioxidé'ﬁi\aéifvity and
polyphenol and précyanidin contents of selected commercially available
cocoa-containing and chocolate products in the United States. J. Agric. Food
Chem. 54:4062-8.

20. Gotti R, Furlanetto S, Pinzauti S, Cavrini V. 2006. AnalysiAs of
catechins in Theobroma cacao beans by cyclodextrin-modified micellar
electrokinetic chromatography. J. Chromatogr. A 1112:345-52.

21. Cooper KA, Campos-Gimenez E, Jimenez AD, Nagy K, Donovan JL,
Williamson G. 2007. Rapid reveréed phase ultra-performance liquid
chromatography analysis of the major cocoa polyphenols and inter-
relationships of their concentrations in chocolate. J. Agric. Food Chem.
55:2841-7.

22. Risner CH. 2008. Simultaneous determination of theobromine, (+)-
catechin, caffeine, and (-)-epicatechin in standard reference material baking
chocolate 2384, cocoa, cocoa beans, and cocoa bu‘tter. J. Chromatogr. Sci.
46:892-9,

23. Dock W. 1926. The use of theobromine for pain of arteriosclerotic
origin. Cal. West Med. 25:636-8.
24. Volpe SL. 2012. Magnesium. 10th edn. In: Erdman JW, MacDonald

IA, Zeisel SH, eds. Present Knowledge in Nutrition. Wiley-Blackwell. pp459-
74.

25. Bacon JR, Rhodes MJ. 2000. Binding affinity of hydrolyzable tannins
to parotid saliva and to proline-rich proteins derived from it. J. Agric. Food
Chem. 48:838-43. |

26. de Freitas V, Mateus N. 2001. Structural features of procyanidin

interactions with salivary proteins. J. Agric. Food Chem. 49:940-5.
45



284

27. Rios LY, Bennett RN, Lazarus SA, Remesy C, Scalbert A, Williamson
G. 2002. Cocoa procyanidins are stable during gastric transit in humans.
Am. J. Clin. Nutr. 76:1106-10.

28. Serra A, Macia A, Romero»MP et al. 2009. Bioavailability of
pro?yanidin dimers and trimers and matrix food effects in in vitro and in vivo
models. Br. J. Nutr. 103:1-9.

29. Auger C, Mullen W, Hara Y, Crozie( A. 2008. Bioavailability of
polyphenon E flavan-3-ols in humans with an ileostomy. J. Nutr. 138:1535S-
42S.

30. Ortega N, Reguant J, Romero MP, Macia A, Motilva MJ. 2009. Effect
of fat content on the digestibility and bioaccessibility of cocoa polyphenol by
an in vitro digestion model. J. Agric. Food Chem. 5735743-9.

31." Actis-Goretta L, Leveques A, Giuffrida F et al. 2012. Elucidation of (-)-
epicatechin metabolites after inges‘tion of chocolate by healthy humans. Free
Rad. Biol. Med. 53:787-95.

32. Williamson G, Dionisi F, Renouf M. 2011. FléVanols from green tea
and phenolic acids from coffee: Critical quantitative evaluation of the
pharmacokinetic data in humans after consumption of single doses bf

.

beverages. Mol. Nutr. Fooci'l Res. 55:864-73.
33. Neilson AP, Ferruzzi MG. 2011. lnﬂuejnc'e of formulation and

~ processing on absorption and metabolism of flavan-3-ols from tea and

cocoa, Ann. Rev. Food Sci. Technol. 2:125-51.

“ 34. Kida, K., Suiuki, M., Matsumoto, N., Nanjo, F., and Hara, Y. 2060. .

. I;ientiﬁcation of biliary metabolités of (-)-epigallocatechin gallate in rats. J.

Agr. Food Chem. 48:4151-5.

46



285

| 35. Kohri T, Matsumoto N, Yamakawa M et al. 2C01. M;égci{c fate of (-)-
[4-H-3]epigallocatechin gallate in rats after oral administration. J. Agric. Food
Chem. 49:4102-12.

36. Holt RR, Lazarus SA, Sullards MC et al. 2002. Procyanidin dimer B2
[epicatechin-(4 beta-8)-epicatechin] in human plasma after the consumption
of a flavanol-rich cocoa. Am. J. Clin. Nutr. 76:798-804. |

37. Shoji T, Masumoto S, Moriichi N et al. 2006. Apple procyanidin
oligomers absorption in rats after oral administration: analysis of
procyanidins in plasma using the porter method and high-performance liquid
chromatography/tandem mass spectrometry. J. Agric. Food Chem. 54:884-
92,

38. Donovan JL, Manach C, Rios L, Scalbert A, Remesy C. 2002.
Procyanidins are not bioavailable in rats fed a single meal of containing a
grapeseed extract or the procyanidin dimer B3. J. Nutr. 87:299-306.

39. Urpi-Sarda M, Monagas M, Khan N et al. 2069. Epicatechin,
procyanidins, and phenclic microbial metabolites after cocoa intake in
humans and rats. Anal. Bioanal. Chem. 394:1545-56.

40. Rios LY, Gonthier MP, Remesy C et al. 2003. Chocolate intake
increases urinary excretion of polyphenol-derived phenolic acids in healthy
human subjects. Am. J. Clin. Nutr. 77:912-8.
~ 41. Stoupi S, Williamson G, Viton F et al. 2010. In vivo bioavailability,
absorption, excretion, and pharmacokinetics of [*Clprocyanidin B2 in maler
rats. Drug Metab. Dispos. 38:287-91.

42. Stoupi S, Williamson G, Drynan JW, Barron D, Clifford MN. 2010. A
comparison of the in vitro biotransformation of (-)-epicatechin and

procyanidin B2 by human faecal microbiota. Mol. Nutr. Food Res. 54.747-59.
' 47



286

43. Appeldoorn MM, Vi.ncken JP, Aura AM, Hollman PC, Gruppen H.
2009. Procyanidin dimers are metabolized by human microbiota with 2-(3,4-
dihydroxyphenyl)acetic acid and 5-(3,4-dihydroxyphenyl)-gamma-
valerolactone as the major metabqlites. J. Agric. Food Chem. 57:1084-92,

44}. Deprez S, Brezillon C, Rabot S et al. 2000. Polymeric
proanthoéyanidins are catabolized by human colonic microflora into low-

molecular-weight phenolic acids. J. Nutr. 1?0:2733-8.
| 45. Williamson G, Clifford MN. 2010. Colonic metabolites of berry
polyphenols: the missing link to biological activity? Br. J. Nutr. 104:5S48-S66.

46. Cornish HH, Christman AA. 1957. A study of the metabolism of
theobromine, thoephylline and caffeine in man. J. Biol. Chem. 228:315-23;‘

47. Arnaud MJ, Welsch C. 1979. Metabolic pathWay of theobromine in the
rat and identification of 2 new metabolites in human urine. J. Agr. Food
Chem. 27.524-7. _ |

48. Tarka SM, Arnaud MJ, Dvorchik BH, Veséll ES. 1983. Thecbromine
kinetics and metabolic disposition. Clin. Pharmacol.‘ Therapeut. 34:546-55.

49, Shively CA, Tarka SM, Arnaud MJ, Dvorchik BH, Passananti GT,

. Vesell ES. 1985. High levels of methyixanthines in chocolate do not alter
theobromine disposition. C}in. Pharmacol. Therapeut. 37.415-24.

50. Lelo A, Birkett DJ, Robson RA, Mineré JO. 1986. Comparative
- pharmacokinetics of caffeine and its primary demehtylated metabblites
paraxanthine), theobromine and theophylline in man. Br. J. Clin. Pharmacol.
22:177-82. |

m51. Smetanova L, Stetinova V. Kholova D, Kvetina J, Smetana J,

" Svoboda Z. 2009. Caco-2 cells and Biopharmaceutics Clssification System

48

re



287

e

| caffeine). Neuroendocrinol. Lett. 30:s101-5.

. 52. Gul, Gonzalez FJ, Kalow W, Tang BK. 1992. Biotransformation of
caffeine, paraxanthine, theobromine and theophylline by'cDNA-expressed
human CYP1A2 and CYP2E1. Pharmacogenetics 2:73-7.

53. Rodopoulos N, Hojvall L, Norman A. 1996. Elimination.of theobromine
metabolites in healthy adults. Scand. J. Clin. Lab. Invest. 56:373-83.

54. Tassaneeyakul W, Birkett DJ, Mcmanus ME et al. 1994. Caffeine
metabolism by human hepatic cyfochromes p450: contributions of 1A2, 2E1
and 3A isoforms. Biochem. Pharmacol. 47:1767-76.

55. Gates S, Miners JO. 1999. Cytochrome P450 isoform selectivity in
human hepatic theobromine metabolism. Br. J. Clin. Pharmacol. 47:299-305.

56. Faridi Z, Njike VY, Dutta S, Ali A, Katz DL. 2008. Acute dark

chocolate and cocoa ingestion and endothelial function: a randomized
controlled crossover trial. Am. J. Clin. Nutr. 88:58-65;

57. Buijsse B, Fesker:s EJ, Kok FJ, Kromhout D. 2006. Cocoa intake,
blood pressure, and cardiovascular mortality: the Zutphen Elderly Study.
Arch. Intern. Med. 166:411-7.

58. Mink PJ, Scrafford CG, Barraj LM et al. 2007. Flavonoid intake and
cardiovascular disease mortality: a prospective study in postmenopausal
women. Am. J. Clin. Nutr. 85:895-909.

59. Djoussé L, Hopkins PN, North KE, Pankow JS, Arnett DK, Ellison RC.
2011. Chocolate consumption is inversely associated with prevalent
coronary heart disease: The National Heart, Lung, and Blood Institute Family

Heart Study. Clin. Nutr. 30:182-7.

49



238

60. Mostofsky E, Levita“n EB, Wolk A, Mittieman MA. 2010. Chocolate
intake and incidence of heart failure a population-based prospective study of
middle-aged and elderly women. Circulation-Heart Failure 3:612-6.

61. Buijsse B, Weikert C, Drogan D, Bergmann M, Boeing H. 2010.
Chacolate consumption in relation to blood pressure and risk of
cardiovascular disease in German adults. Eur. Heart J. 31:1616-23.

62. Janszky |, Mukamal KJ, Liung R, Ahnve S, Ahlbom A, Hallgvist J.
2009. Chocolate consumption ‘and mortality following a first acute myocardial
infarction: the Stockholm Heaﬁ Epidemiology Program. J. Int. Med. 266:248-
57.

63. Sola R, Valls RM, Godas G et al. 2012. Cocoa, hazelnuts, sterols an-d
soluble fiber cream reduces lipids and inflammation 'biomarkers in
hypertensive patients: A randomized controlled trial. PLoS One 7. Article
Number: €31103 DOIl: 10.1371/joUrnaI.pone.0031103.

64. Cassidy A, O'Reilly EJ, Kay C et al. 2011. AHabituaI intake of flavqnoid
subclasses and incident hypertension in adults. Am. J. Clin. Nutr. 93:338-47.

65. Landberg R, Sun Q, Rimm EB et al. 2011. Selected dietary flavonoids
are associated with markers off inflammation and endothelial dysfunb’tion in
U.S. women. J. Nutr. 141:618-25.

66. McCullough ML, Peterson JJ, Pate‘l R,flacques PF, Shah R, Dwyer
JT. 2012. Flavonoid intake ahd cardiovascular disease mortality in a
prospective c;Jhort of US adults. Am. J. C/fn. Nutr. 95:454-64.

67. Widlansky ME, Gokce N, Keaney JF, Jr., Vita JA. 2003.' The clin‘i;:al .

implications of endothelial dysfunction. J. Am. Coll. Cardiol. 42:1149-60.

50



289

68, Nanetti L, Raffaelli F, Tranquilli AL, Fiorini R, Mazzant L, Vignini A.
2012. Effect of consumption of dark chocolate on oxidative stress in
lipoproteins and platelets in women and in men. Appetite 58:400-5.

69. Law MR, Morris JK, Wald NJ. 2009. Use of blood pressure lowering
drugs in the prevention of cérdiovascular disease: meta-analysis of 147 .
randomised trials in the context of expectations from prospective
epidemiological studies. Br. Med. J. 338:b1665.

70. Quinones M, Muguerza B, Miguel M, Aleixandre A. 2011. Evidence
that nitric oxide mediates the blobd pressure lowering effect of a polyphenol-
rich cocoa powder in spontaneously hypertensive rats. Pharmacol. Res.
64:478-81.

71. Quinones M, Sanchez D, Muguerza B et al. 2010. Long-term intake of
CocoanOX attenuates the development of hypertension in spontaneously
| hypertensive rats. Food Chem. 122:1013-9.

72. Sanchez D, Quinones M, Moulay L, Muguerz'é B, Miguel M,
Aleixandre A. 2010. Chznges in arterial bleod pressure of a soluble cocoa
fiber product in spontaneously hypertensive rats. J. Agric. Food Chem.
58:1493-501.

73. Quinones M, Sanchez D, Muguerza B, Miguel M, Aleixandre A. 2011.
Mechanisms for antihypértensive effect of CocoanOX, a polyphenol-rich
cocoa powder, in spontaneously hypertensive rats. Food Res. Int. 44:1203-
8. '

74. Gendron ME, Theoret JF, Mamarbachi AM et al. 2010. Late chronic
catechin antioxidant treatment is deleterious to the endothelial function in -
aging mice with established atherosclerosis. Am. J. Physiol.-Heart Circ.

| Physiol. 298:H2062-H2070.
51



290

75. Brossette T, Hundsdoerfer C, Kroencke KD, Sies H, Stahl W. 2011.
Direct evidence that (-)-epicatechin increases nitric oxide levels in human
endothelial cells. Eur. J. Nutr. 50:595-9,

76. Ramirez-Sanchez |, Maya L, Ceballos G, Villarreal F. 2010. (-)-
Epigatechin activation of endothelial cell endothelial nitric oxide synthase,
nitric oxidé, and related signaling pathways. Hypertension 55:1398-U198.

77. Ramirez-Sanchez |, Maya L, Ceballos G, Villarreal F. 2011. (-)-
Epicatechin induces calcium and translocation independent eNOS activation
in arterial endothelial cells. Am J. Physiol.-Cell Physiol. 300:C880-C887.

78. Panneerselvam M, Tsutsumi YM, Bonds JA et al. 2010. Dark
chocolate receptors: epicatechin-induced cardiac protection is dependent dn
delta-opioid receptor stimulation. Am. J. Physiol.-Héart Circ. Physiol.
299:H1604-H1609.

79. Caton PW, Pothecary MR, Lees DM et al. 2010. Regulation of
vascular endothelial function by procyanidin-rich ‘foods and beverages. J.
Agric. Food Chem. 58:4008-13. . |

80. Garcia-Conesa MT, Tribolo S, Guyot S, Tomas-Bérberan FA, Kroon
PA. 2009. Oligomeric procyanidins inhibit cell migration and modulaté the
expression of migration ah;j proliferation aSSOEiated genes in human
umbilical vascular endothelial cells. Mol. Nutf. Food Res. 563:266-76.

81. SteffenY, Schewe T, Sies H. 2007.. (-)-Epicatechin elevates nitric
oxide in endothelial cells via inhibition of NADPH oxidase. Biochem.
Biophys. Res. Commun. 359:828-33, |

A 82. Schnorr O, Brossette T, Momma TY et al. 2008. Cocoa flavanols
- lower vascular arginase activity in human en’dothelial cells in vitro and in

erythrocytes in vivo. Arch. Biochem. Biophys. 476:21 1-5.
. B 5



291

' 83. Ridker PM. 2003. Cardiology Patient Page. C-reactiQ_é\;Fr/c;tein: a
simple test to help predict risk of heart attack and stroke.
Circulation;108:e81-e85.

84. Shlipak MG, Ix JH, Bibbins-Domingo K, Lin F, tholey MA. 2008.
Biomarkers to predict recurrent cardiovascular disease: the Heart and Soul
Study. Am. J. Med. 121:50-7.

85. Wannamethee SG, Whincup PH, Shaper AG, Rumley A, Lennon L,
Lowe GD. 2009. Circulating inflammatory and hemostatic biomarkers are
associated with risk of myocardiél infarction and coronary death, but not
angina pectoris, in older men. J. Thromb. Haemost. 7:1605-11.

86. Nozaki T, Sugiyama S, Koga H et al. 2009. Significance of a multiple
biomarkers strategy including endothelial dysfunction to improve risk
stratfﬂcation for cardiovascular events in patients at high risk for coronary
heart disease. J. Am. Coll. Cardiol. 54:601-8.

87. DiGiuseppe R, Di Castelnuovo A, Centritto F et al. 2008. Regular
consumption of dark chccolate is associated with low serum concentrations
of C-reactive protein in a healthy Italian population. J. Nutr. 138:1939-45.

88. Tzounis X, Rodriguez-Mateos A, Vulevic J, Gibson GR, Kwik-Uribe C,
Spencer JPE. 2011. Prebiotic evaluation of cocoa-derived ﬂavar;ols in
healthy humans by using a randomized, controlled, double-blind, crossover |
intervention study. Am. J. Clin. Nutr. 93:62-72.

89. Hamed MS, Gambert S, Bliden KP et al. 2008. Dark chocolate effect
on platelet activity, C-Reactive Protein and lipid profile: A pilot study. South.
Med. J. 101:1203-8. | |

90. Grassi D, Desideri G,‘ Necozione S et al. 2008. Blood pressure is

reduced and insulin sensitivity increased in glucose-intolerant, hypertensive
’ 53



292

subjects after 15 days of éonsuming high-polyphenol dark chocolate. J. Nutr.
138:1671-6.

91. Sarria B, Mateos R, Sierra-Cinos JL, Goya L, Garcia-Diz L, Bravo L.
2012. Hypotensive, hypoglycaemic and antioxidant effects of consuming a
cocoa product in moderately hypercholesterolemic humans. Food Funct.
3:867-74.

92. Mellor DD, Sathyapaian T, Kilpatrick ES, Beckett S, Atkin SL. 2010.
High-cocoa polyphenol-rich chocolate improves HDL cholesterol in Type 2
diabetes patients. Diabetic Med. 27:1318-21.

93. SiHW, Fu Z, Babu PVA et al. 2011. Dietary e‘picatechin promotes
survival of obese diabetic mice and Drosophila melanogaster. J. Nutr. )
141:1095-100. |

94. Musaad S, Haynes EN. 2007. Biomarkers of obesity and subsequent
cardiovascular events. Epidemiol. Rev. 29:98-114.

95. Piconil, Quagliaro L, Ceriello A. 2003. Oxidative stress in diabetes.
Clin. Chem. Lab. Med. 41:1144-9. |

96. Ramos S, Moulay L, Granado-Serrano AB et al. 2008. Hypolipidemic
effect in cholesterol-fed rats of a solqble fiber-rich product obtained from
cocoa husks. J. Agric. Food Chem. 56:6985-23.

97. Bravo L, Lecumberri E, Mateos R,‘Rar’no's S, Izquierdd-Pulido M,
Goya L. 2008. A diet rich in dietary fibre frgm cocoa improves lipid profile.
Agro Food Ind. Hi-Tech. 19:10-2.

' 98. Osakabe N, Yamagishi M. 2009. Procyanidins in Theobroma caéao .
' r;educe plasma cholesterol Ievelé in high cholesterol-fed rats. J. Clin.

- Biochem. Nutr. 45:131-6.

54

2ad



293

' 99. Sanchez D, Quinones M, Moulay L, Muguerza B, MlgEéTM
“Aleixandre A. 2011. Soluble fiber-enriched diets improve inflammation and
oxidative stress biomarkers in Zucker fatty rats. Pharmacol. Res. 64:31-5.

100. Jalil AMM, Ismail A, Chong PP, Hamid M, Kamaruddin SHS. 2009.
Effects of cocoa extract containing polyphenols and methylxanthines on .
biochemical parameters of obese-diabetic rats. J. Sci. Food Agric. 89:130-7.

101. Yamazaki KG, Romero-Perez D; Barraza-Hidalgo M et al. 2008.
Short- and long-term effects of (-)-epicatechin on myocardial ischemia-
reperfusion injury. Am. J. Physiol.-Heart Circ. Physiol. 295:H761-H767.

102. Yamazaki KG, Taub PR, Barraza-Hidalgo M et al. 2010. Effects of (-)-
epicatechin on myocardial infarct size and left ventricular remodeling after
permanent coronary occlusion. J. Am. Coll. Cardiol. 55:2869-76.

103. Camfield DA, Scholey A, Pipingas A et al. 2012. Steady state visually
evoked potential (SSVEP) topography changes aésociated with cocoa
flavanol consumption. Physiol. Behav. 105:948-57. |

104. Field DT, Williamz CM, Butler LT. 2011. Consumption of cocoa
flavanols results in an acute improvement in visual and cognitive functions.
Physiol. Behav. 103:255-60.

105. Scholey AB, French SJ, Morris PJ, Kennedy DO, Milne AL, Haskell
CF. 2010. Cbnsumption of cocoa flavanols results in acute improvements in
mood and cognitive performance during sustained mental effort. J.
Psychopharmacol. 24:1505-14.

106. Sorond FA, Lipsitz LA, Hollenberg NK, Fisher NDL. 2008. Cerebral
blood flow response to flavanol-rich cocoa in healthy' elderly humans.
Neuropsychiatric Dis. Treat. 4:433-40.

107. World Health Organization. 2012. Cardiovascular Diseases, 2011. |
55



294

108. Donovan JL, Cresp& V, Oliveria M, Cooper KA, Gibson BB,
Williamson G. 2008. (+)-catechin is more bioavailable than (-)-catechin:
Relevance to the bioavailability of catechin from cocoa. Free Rad. Res.
40:1029-34. |

109. Nishiwaki S, lwashita M, Goto N et al. 2011. Predominant copper
defiéiency during prolonged enteral nutrition through a jejunostomy tube
compared to that through a gastrostomy tube. Clin. Nutr. 30:585-9.

110. Buscicchio G, Piemontese M, Gentilucci L, Ferretti F, Tranquilli AL.
2012. The effects of maternal caffeine and chocolate intake on fetal heart
rate. J. Matern. —Fetal. Neonatal Med. 25:528-30.

111. Sathyapalan T, Beckett S, Rigby AS, Mellor DD, Atkin SL. 2010. Higﬁ
cocoa polyphenol rich chocolate may reduce the bufden of the symptoms in
chronic fatigue syndrome. Nutr. J. 9: Article Number: 65 DOI:
10.1186/1475-2891-9-55. V

112. Neukam K, Stahl W, Tronnier H, Sies H, Heinrich U. 2007.
Consumption of flavanol-rich cocoa acutely increasés microcirculation in
human skin. Eur. J. Nutr. 46:53-6.

113. Williams S, Tamburic S, Lally C. 2009. Eating chocolate can
significantly protect the skin from UV light. J. Cosmet. Dermatol. 8:169-73.

114. Crews WD, Harrison DW, Wright JW. éOOS,A double-blind, placebo-
" controlled, randomized trial of the effects of dark chocolate and cocoa on
variables ass;)ciated with neuropsychological functioning and cardiovascular
health: clinical ﬂndinés from a sample of healthy, cognitively intact older“

adults. Am. J. Clin. Nutr. 87:872-80.

56 E



295

T -

‘1 15. Tholstrup T, Teng KT, Raff M. 2011. Dietary cocoa butter or refined
olive ail does not alter postprandial hsCRP and IL-6 concentrations in
healthy women. Lipids 46:365-70.

116. Baba S, Osakabe N, Kato Y et al. 2007. Continuous intake of
polyphenolic compounds cohtaining cocoa powder reduces LDL.oxidative
susceptibility and has beneficial effects on plasma HDL-cholésteroI
concentrations in humans. Am. J. Clin. Nutr. 85:709-17.

117. Baba S, Natsume M, Yasuda A et al. 2007. Plasma LDL and HDL
cholesterol and oxidized LDL concentratidns are altered in normoand
hypercholesterolemic humans after intake of different levels of cocoa
powder. J. Nutr. 137:1436-41.

118. Flammer AJ, Hermann F, Sudano | et al. Dark chocolate improves
coronary vasomotion and reduces platelet reactivity. Circulation
2007;116:2376-82.

119. Allen RR, Carson L, Kwik-Uribe C, Evans EM, Erdman JW. 2008.
Daily consumption of a cark chocolate containing flavanols and added sterol
esters affects cardiovascular risk factors in a normotensive population with
elevated cholesterol. J. Nutr. 138:725-31.

120. Balzer J, Rassaf T, Heiss C et al. 2008. Sustained benefits in
vascular function through flavanol-containing cocoa in medicated diabetic
patients - A double-masked, randomized, controlled trial. J. Am. Coll.
Cardiol. 51:2141-9.

1|21. Davison K, Coates AM, Buckley JD, Howe PR. 2008. Effect of cocoa
flavanols and exercise on cardiometabolic risk factors in overweigﬁt and

obese subjects. Int. J. Obes. 32:1289-96.

57



296

122. Muniyappa R, Hall G, Kolodziéj TL, Karne RJ, Crandon SK, Quon MJ.
2008. Cocoa consumption for 2 wk enhances insulin-mediated vasodilatation
without improving blood pressure or insulin resistance in essential
hypertension. Am. J. Clin. Nutr. 88:1685-96.

12:}. Monagas M, Khan N, Andres-Lacueva C et al. 2009. Effect of cocoa
powder oh the modulation of inflammatory biomarkers in patients at high risk
of cardiovascular disease. Am. J. Clin. Nutr. 90:1144-50.

124. Khan N, Monagas M, Llorach R et al. 2010. Targeted and
metabolomic study of biomarkers of cocoa powder consumption Effects on.
inflammatory biomarkers in patients at high risk of cardiovascular disease.
Agro. Food Ind. Hi-Tech. 21:51-4. .

125. Berry NM, Davison K, Coates AM, Buckley JD, Howe PRC. 2010.
Impact of cocoa flavanol consumption on blood pressure responsiveness to
exercise. Br. J. Nutr. 103:1480-4.

126. Davison K, Berry NM, Misan G, Coates AM, Buckley JD, Howe PRC.
2010. Dose-related effects of flavanol-rich cocoa oﬁ vblood pressure. J. |
Human Hypertens. 24:568-76.

127. Desch S, Kobler D, Schmidt J et al. 2010. Low vs. higher-dose dark
chocolate and blood pressﬁre in cardiovascu!ar high-risk patients. Am. J.
Hypertens. 23.694-700. ; |

128. Heiss}C, Jahn S, Taylar Metal. 2010. Improvement of endothelial
function with dietary flavanols is associated with mobilization of circulating

fangiogenic cells in batients with coronary artery disease. J. Am. Coll. “
- Cardiol. 56:218-24.
129. van den Bogaard B, Draijer R, Westerhof BE, van den Meiracker AH,

van Montfrans GA, van den Born BJH. 2010. Effects on peripheral and
’ - 58 ‘

R il



297

é:entral blood pressure of cocoa with natural or high-dose t'ﬁéaalr/oimine: A
“randomized, double-blind crossover trial. Hypertension. 56:839-U242.

130. Westphal S, Luley C. 2011. Flavanol-rich cocoa ameliorates lipemia-
induced endothelial dysfunction. Heart Vess. 26:511-5.

131. Aligrove J, Farrell E, ‘Gleeson M, Williamson G, Cooper K 2011. .
Regular dark chocolate consumption's reduction of oxidative étress and
increase of free-fatty-acid mobilization in response to prolonged cycling. Int.
J. Sport Nutr. Exerc. Metab. 21:113-23.

132. Loffredo L, Carnevale R, Perri L et al. 2011. NOX2-mediated arterial
dysfunction in smokers: acute effect of dark chocolate. Heart 97:1776-81.

133. Carnevale R, Loffredo L, Pignatelli P et al. 2012. Dark chocolate
inhibits platelet isoprostanes via NOX2 down-regulation in smokers. J.
Thrémb. Haemostasis 10:125-32.

134. Monahan KD, Feehan RP, Kunselman AR, Preston AG, Miller DL,
Lott MEJ. 2011. Dose-dependent increases in ﬂow-;hediated dilation
following acute cocoa ingestion in healthy older adults. J. Appl. Physiol.
111:1568-74.

135. Njike VY, Faridi Z, Shuval K et al. 2011. Effects of sugar-sweétened
and sugar-free cocoa on endothelial function in overweight adultg. Int. J.
Cardiol. 149:(83-8.

136. Persson IAL, Persson K, Hagg S, Andersson RGG. 2011. Effects of
cocoa extract and dark chocolate on angiotensin-converting enzyme and
nitric oxide in Human Endothelial Cells and healthy volunteers-A
nutrigenomics perspective. J. Cardiovasc. Pharmacol. 57:44-50.

137. Curtis PJ, Sampson M, Potter J, Dhatariya K, Kroon PA, Cassidy A.

2012. Chronic ingestion of flavan-3-ols and isoflavones improves insulin
59



298

sensitivify and lipoprotein sfatus and attenuates estimated 10-Year CVD risk
in medicated postmenopausal women with type 2 diabetes: A 1-year,
double-blind, randomized, controlled trial. Diabetes Care 35:226-32.
138. Davison G, Callister R, Williamson G, Cooper KA, Gleeson M. 2012. -
The effect of acute pre-exercise dark chocolate consumption on plasma
| antioxidant status, oxidative stress and immunoendocrine responses to
prolonged exercise. Eur. J. Nutr. 51:69-79.
139. Lettieri-Barbato D, Villano D, Beheydt B, Guadagni F, Trogh |,
Serafini M. 2012. Effect of ingestion of dark chocolates with similar lipid
“composition and different cocoa content on antioxidant and lipid status in
healthy humans. Food Chem. 132:1305-10.
140. Taub PR, Ramirez-Sanchez |, Ciaraldi TP et al. 2012. Alterations in
skeletal muscle indicators of mitochondrial structure and biogenesis in

patients with Type 2 Diabetes and heart failure: Effects of epicatechin rich

cocoa. Clin. Translat. Sci. 5:43-7.

60



299

6.4 Farrell, T.L., Ellam, S.L., Forrelli, T. and wrti'fé)mson, G.
| (2013) ‘Attenuation of glucose transport acroés Caco-2
cell monolayers by a polyphenol-rich herbal extract:
Interactions with SGLT1 and GLUT2 transporters’, _

Biofactors, in press.



—

10
11
12

13
14
15

+ 16

17

300

Title Page

Polyphenol-rich herbal supplement attenuates glucose uptake and transport across

Caco-2 cell monolayers by interaction with SGLT1 and GLUT2 transporters

Authors: Tracy L Farrell, Samantha L ‘Ellam, Taryn Forrelli & Gary Williamson

*

Affiliations: School of Food Science and Nutrition, University of Leeds, UK (T.L.F.,
S.L.E., G.W.). Nestlé Rescarch Center, Vers-chez-les-Blanc, Lausanne, Switzerland (G.W.).

New Chapter Incorporated, Brattleboro, Vermont, USA (T.F)).

Address correspondence to: Prof. G. Williamson, School of Food Science and Nutrition,

University of Leeds, UK. Email: g.williamson(@lecds.ac.uk. Tel: +44 (0)113 343 8380.
Key words: diabetes, glucose transporters, caco-2 cells, polyphenol, herbal.

Abbreviations:

EMEM: Eagle’s minimum essential medium; FBS: Fetal bovine serum; GLUT2: -
sodium-independent glucose transporter 2; LPH: lactase phlorizin hydrolase; MRM:
multiple reaction monitoring; MS: mass spectrometry; SGLT1: sodium-dependent glucose

transporter 1; TEER: transepithelial electrical resistance;


mailto:g.williamson@lecds.ac.uk

18
19
20
21
22
23
24
25
26
27
28
29

30

31

301

Abstract

We have investigated the inhibition of glucose transporters SGLT1 and GLUT 2by
polyphenol-rich herbal supplement using the well-characterized Caco-2 intestinal model.
Glucose absorption under sodium dcpcndcnf and sodium-frce conditions was dccrecased by
54% and 35% respectively in the presence of the water soluble components from the hcr’bal
supplement. Using sodium-dependent and sodium-free mechanistic studics, we demonstrate
that the inhibition of GLUT2 was greater than SGLT1. Glycosidase and esterase enzymatic
hydrolysis was used to assess the impact of human metabolism on the efficacy of activity.
Glucose transport across the membrane was reduced by 70% compared to the control and
the enhance inhibition was associated with significant increases in flavonoid aglycones,
caffeic acid and p-coumaric acid. These results suggest that intact and metabolized
polyphenols, likely to be found in the lumen after ingestion of the supplement, play an
importapt role in the attenuation of glucose absorption and may have potentially bencﬁciél

anti-glycemic effects in the body.
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1ntroduction

Over the past two decades the prevalence of diabetes has risen dramatically, and is
estimated to effect 347 million people globally [1]. Type 2 diabetes is the most common
form, which can develop following prolonged periods of elevated blood glucose
(hyperglycemia); and is a recognized risk‘factor for metabolic syndrome [2]. Lifestyle

modifications including increased fruit and vegetable consumption, weight loss and lowered

blood glucose may prevent or delay discase development [3,4].

Promising evidence is emerging concerning the use of certain herbs, botanicals and trace
elements for the control of bldod glucose [5,6]. Currently there is insufficient evidence to -
draw conclusions on the efﬁcacy of herbal remedies, but beneficial effects on several risk
factors have been obscr\;ed for chromium and Gymnema sylvestr‘e (gymnema) [7],
cinnamon [8], green cofféé [9] and grape seed [10] in controlled-trials. The mechanism of
action is currently unclear, but there is growing evidence that 'sécondary plant metabolites,
known ;ls polyphenols, can modulate carbohydrate metabolism [11]. The in vitro anti-
diabetic propertics qf a number of extracts have been attributed to polyphenols [ 12-1 5], -
mainly cinnamates, glycosides, procyanidins and flavonol dcriygtives. Modulation of such

metabolic markers by natural botanicals may be beneficial to the treatment or prevention of
type 2 diabetes.
Previous cell culture studies using plant materials have demonstrated that some

polyphenols can attenuate intestinal glucose absorption 9nd potentially “blunt” post-prandial

glucose spikes by inhibition of active uptake via sodium-dépendent glucose transporter 1

'(SGLT1) and facilitated transport by sodium-independent transporter 2 (GLUT2) [16,17)].

However, very few have addressed the issue of identification and efficacy of the in vivo gut
lumen metabolites despite established knowledge that following ingestion, .polyphenols’
undergo metabolism by the intestinal B-glycosidase, LPH [18]. Growing evidence suggests

that the major forms present in the body are de-glycosylated and metabolized derivatives of
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'the parent aglycones [19,20], which have altered biological activitics [Ziiﬁénuation of
glucose transport acroés the small intestine by polyphenols and their metabolites may be a
potential mechanism of glycemic control. Such activity may, in part, explain previous
obscrvations of lowered blood glucose concentrations and delayed glucose absorption in

human studies [22,23] following consumption of polyphenol-rich foods.

The purpose of this study was to investigate the inhibitory potency of a‘ botanical
supplemcht containing a broad spectrum of herbs and spices on glucose uptake by SGLT1
and GLUT?2 transporters using a Caco-2 cell model of the small intestine. Consumption of
this botanical supplement can affect glucose absorption and may be useful for the

prevention or management of type 2 diabetes.
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Materials and Methods

Chemicals

All chemicals were purchased from Sigma-Aldrich (Dorset, UK) unless stated otherwise.

D-glucose and HEPES (N-(2-Hydroxyethyl)piperazine-N'-2-ethanesulfonic acid) were

purchased from Fisher Scientific (Loughborough, UK). Magnesium sulfate was purchased

from VWR International Ltd (Leicestershire, UK). Transwell polycarbonate fnscrts (6 well,
0.4 pm pore size), tissue culture ﬂa;ks and filter system (500 ml, 0.2 pm nylon membrane)
were manufactured by Coming® and supplied by Sigma-Aldrich (Dorset, UK). D-[U-'*C]-
glucose was purchascd from Perkin Elmer (Cambridge, UK) and Exoscint XR scintillation
cocktail from National Diagnostic (Yorkshire, UK). Eagle’s Minimum Essential Medium
(EMEM, 1000 mg/ L glucose) was purchased from American Tyfc Cell Culture (LGC

Promochem, Middlesex, UK). Herbal powders were supplied by NewChapter.com

(Vermount, USA).

Preparation of cell culture test solutions

The herbal supplémcnt used in this study was composed 6f several herbs, spices and’
botanicals and was prepared fresh on the day of use. Test solutions used in the sodium
dependent/ independent cell culture experiments were prepared as described. Herbal
powders equivalent to 1020 mg of extract were solubilized in DMSO and cenfrifuged at 17,
000 xg for 5 min. Supernatants were combined and an aliquot (81 pl) of the mixture was

diluted to 20 ml using transport buffer (pH 7.4) of the appropriate sodium content modified

1 mM glucose and combined with D-[U-"*C] glucose (0.05 pCi/ ml).

For the preparation of the polyphenolic extracts v&ith and without enzymatic hydrolysis,
an aliquot (81 pl) of the solubilized herbal supplement was combined with ascorbic acid

(Img/ ml) as a stabilizing agent and then diluted to 20 ml with‘ warm (40 °C) buffer solutioﬁ=

(CI I,COOH, 0.2 M: CH;COONa, 0.2 M, 90:10, v/v, pH 3.8) either with or without
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-hespcridinasc from Aspergillus niger (40 U/ L). All samples were incul/)v;t‘e\d.;% °Cfor5h
in a shaking water bath (Grant Aqua 12 Plus, Grant Instruments Ltd, Cambridgeshire, UK).
Afterwards, a liquid-liquid extraction procedure was performed by adding 20 ml of warm
cthyl acetate. Phases were mixed By vortex (10 min), followed by centrifugation at 4000 xg
(5 min) to allow separation and collection of upper ethyl acetate phase. These steps were
repeated twice more using 10 ml of cthyl acetate. The combined organic phases were dri::d
under nitrogen flow at 40 °C. The dried extracts were reconstituted with 50 pl DMSO,
sonicated (5 min) and vorte*ed to mix. Reconstituted solutions were then diluted to 20 ml
using transport buffer A (see below) modified with 1 mM glucose and D-[U-"*C] glucose at

0.05 pCi/ ml.

In order to calculate the recovery efficacy of the extraction procedure, the above steps
were repeated in triplicate using samples that had been spiked with an internal standard,
dihydrocaffeic acid (0.01mg/ ml), immediately before enzyme hydrolysis. Samples were

reconstituted in transport buffer A without D-[U-"*C] glucose.

Cell culture

The human colon adenocarinoma cell line, Caco-2 (HTB-37) was obtained from the
Avmcrican Type Culture Collection at passage 25 (LGC Promochem, Middlesex, UK).
Permeability studies utilized Caco-2 ccells between passages 40 and 46. Caco-2 cells were
addcd to Transwell inscrts (24 mm diameter, 4.67 cm? growth area) at a density 6 x 10*
cells/cm? and cultured for 21 d at 37°C under a humidificd atmosphere of 95% air: 5% CO..
The culture medium, EMEM supplemented with 10% FBS, 100U/ml penicillin-

streptomycin and 0.25 pg/ml amphotericin B was replaced every other day.

Glucose transport measurements

On or after 22 d, permeability studics were initiated by careful aspiration of the culture

medium from apical and basal compartments and 2 ml of transport buffer A (HEPES, 20
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mM; NaCl, 137 mM; KC}, 4.7 mM; CaCl,, 1.8 mM; and MgSO,, 1.2 mM; adjusted to pH
7.4 using NaOH, 10 mM) was added to each compartment to carefully wash cells, After
washing, the solutions were removed and fresh transport buffer (A) was added into each
compartment, Plates were incubated at 37 °C in a humidified 5% CO, atmosphere for 30

min to allow equilibration of tight junctidxi integrity. Trans-epithelial electrical resistance

. (TEER) measurements were recorded using a Millicell ERS volt-ohm meter fitted with a

chopstick probe (Millipore Ltd, Wa?ford, UK).“Wells with a resistance above 250 Q, after
correction for membrane resistance, were used. Afterwards, the liquid was aspirated and
replaced with 2 ml of test sélution (1 mM glucose and D-[U-"*C] glucose at 0.05 pCi/ ml
dissolved in transport buffer A witix or without the herbal supplement, 0.4% DMSO) at pH
7.4; all basal solutions were in transport buffer A (pH 7.4). Plates were incubated at 37 °C in
a humidified 5% CO, atmosphere for 25 min, the TEER measurements were repeated and
the solutions removed. Statistical analysis was performed on fhe final TEER for all test
conditions, and addition of herbal supplement had no effect on monql?yer resistance
compared to respective controls (p >0.22). Apical and basal compartments were washed
twice with 1 ml of transport buffer to remove any residual D-[U-"*C] glucose from the celi
monolayer or compartment walls and the aliquots were collected. After this, 1 ml of NéOH N
(1 mM) was addcd to the apical compartments and shaken for 30 min to lyse the cells. The
detached cells were then neutralized with 1 ml of HC1 (1 mM), mixed and the aliquots were
collected. Radiochemical dctectior} of D-[U-”C] glucose was performed by cc;rribining 5ml
of scintillation cocktail with 0.25 ml of the apical solutions or 0.5 ml of the basal solutions,
the apical and basal wash solutions apd lysed cell solutions: All samples wére analyzed
ﬁsing a Parkard quuid Scintillation Analyzer 1600TR. A cold samplé of transport buffer
solution was uscd to determine background noise and all samples were corrected for the

count efficiency of the analyzer.

- Toinvesti gate the transport of glucose under sodium-free conditions, the experiments

above were repcatéd using transport buffer B; where the formulation of transport buffer A

8
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was modified so that sodium chloride was replaced by potassium chlori;:ie\(l'3/‘l mM) and

adjusted to pH 7.4 using KC1 (10 mM).

- To assess the inhibitory potential of the herbal supplement in the native and digested
forms, the transport experiments described above were repeated using polyphenolic extracts

prepared with and without enzymatic hydrolysis.

HPLC-DAD and MS analysis

Analysis of the aqucous polyphcnol extracts, prepared with and without enzyme
hydrolysi’s, was performed using the following HPLC-DAD-MS method. An aliquot (1 ml)
of each extract was removed to a 2 ml tﬁbc and ccﬁtrifugcd at 17,000 xg for § min to
remove particulate matter. A small volume (100 ul) was removed to an amber vial, s.pikcd
with internal standard and stored in the HPLC autosampler for analysis. A volume (5 pl)
was injected on to a Rapid Resolution HPLC (1200 scries Agilent Technologices, Berkshire,
UK) with diode array (DAD). The methodology used was based on our previous work [24].
Chromatographic separation was achieved on an Eclipse plus C18 column (30 °C, 2.1 mm x
100 mm, 1.8 pum; Agilent Technologies) using a 75 min gradient of (A) premixed 5%
acetonitrile in water (5:95, v/v) and (B) premixed 5% water in acctonitrile (5:95, v/v) both
modified with 0.1% formic acid with a flow rate of 0.26 mU/min. Elution was initiated at 0%
of solvent B and maintained for 17 min; the percentage of solvent B was then increased to
35% over the next 43 min and immediately increased to 100% for 5 min before initial
starting conditions were resumed for a 10 min column re-equilibration. After separation the
analytes were quantified by DAD based on calibration curves for available standards
including caffeic acid, 5-O-caffcoylquinic acid, cinnamaldchyde, p-coumaric acid, coumarin
and dihydrocaffcic acid. Dicaffcoylquinic acid and feruloylquinic acid were quantified
based on 5-caffeoylquinic acid, data are expressed as mean £SD (n =3). Calibration curves
showed good lincarity over the tested range; Pearson’s cocfficients were significant at the

1% level (R? > 0.99). Caffeic acid was uscd to determine DAD analytical performance
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based on triplicate injections on the same day: the limit of quantification was 25 nM,

accuracy and precision were calculated at <2% R.E. and R.S.D respeétively.

Identification of analytes present in the extracts was confirmed by MS. In brief, after
scparation the eluate was passed, without splitting, into an Agilent 6410 triple quadrupole

MS fitted with an electrospray ionization interface and the operation conditions are

#

" described elsewhere [24]. Samples were analyzed in full scan (100-1000 m/z) mode under

both negative and positive ionizatica conditions to identify the relevant molecular ions.

Then the idcritity of the compounds was then confirmed using multiple reaction monitoring
(MRM) mode by cdmparison of molecular ion and associated fragmentation pattern to
available standards. Quercetin and kaempferol could not be determined by DAD due to co- '
clution intérfcrcﬁcé. Thus these compounds were quantiﬁedL in MRM mode based on
quercctin and kacmpferol reference standards usiné the response of the major product ion

achicved by fragmentation of the 301 and 285 negative molecular ions respectively.

Statistical analysis

Analysis of variance was used to confirm statistical difference in samples under different |
expcriincntal conditions and is a test of whether the means of two or more groups are equal. -
Shilpro-Wilk and Levene’s test were performed to confirm the normality of the data and the

equality of variances respectively. The mean difference was statistically significant at the

5% level (PASW statistics. 17)
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Results

Inhibition of glucose transport under sodium dependent/ sodium-free conditions

h The final concentration of the herbal supplcment used in cell transport studies reflected
the estimated physiological concertration in the gut lumen following ingestion. In the
absence of the aqueous herbal supplement under sodium-dependent conditjons, D-[U-"C]
glucose was taken up by the cells and transported into the basal chamber at a rate of 4.4
+0.1 nmol/cm® * min. It is expected that the uptake of glucose in the presence of sodium is
mediated by both SGLT1 and GLUT?2 located at the apical surface and exportcd to the
scrosal side via GLUT2 in the basal membrane. Addition of the herbal supplement
significantly (p< 0.001) decreased glucose transport to 45.6 £3.8% of the control value (Fig.
1A), ~55% inhibition. In the absence of aqueous herbal supplement under sodium free
conditions, the rate of D-[U-"*C] glucose transport was reduced to 3.3 0.1 nmol/cm? *» min

compared to sodium dependent conditions. In the abscnce of sodium, it is considered that

glucose transport is mediated solely by the GLUT? transporters located at the apical and

basal membranes. Incubation of the Caco-2 cells with the herbal supplement under these
conditions lead to a significant (p< 0.001) decrease in glucose transport to the basal chamber

to 65 £2.6% of the control value (Fig. 1A), ~35% inhibition.

Under sodium dependent conditions, the supplement had no effect on the accumulation
of D-[U-“C] glucose by Caco-2 cclls compared to control (Fig. 1B). In contrast, the
inhibition of glucose transport by the extract of the herbal supplement under sodium-free
conditions was associated with a significantly (p< 0.001) lowered accumulation of glucose

in the Caco-2 cells compared to control conditions (Fig, 1B).

Effect of de-conjugation on potency of glucose-transporter inhibition

Cell transport studics were performed under sodium dependent conditions using

polyphenol extracts prepared from the aqueous herbal supplement following a liquid-liquid

-1



213
214
215
216
217
218

219

220

221
222
223
224
225
226
227
228
229
230
231

232

310

extraction With or without an enzymatic de-conjugation step. Extraction efficiencies for
dihydrocaffeic acid show that 92 £0.3% and 93 £1.4% of the spiked amount was recovered
after extract with and without enzymatic de-conjugation.respectively. The non-hydrolyzed
polyphenol extract efficiently reduced glucose transport to 50 +£1.5% of the control value,

which was comparable with the un-extracted herbal supplement. Interestingly, when the

- hydrolyzed polyphenol extract was used, there was a larger and significant (p< 0.001)

decrease in the rate of glucose uptake t0 29.3 £2.1% of the control value (Fig. 2).

Polyphenol composition of herbal supplement

The herbal supplement used in the éurrent study contained a combination of herbs, spices
and botanicals (Fig. 3). A iiduid-liquid extraction was performed in the presence or absence
of glycosidase and estcrase enzyme mixture and resulting polyphénol extracts were
analyzed by llPLC-DAD-Mé. A typical chromatogram of the polyphenol profile is shown
in Fig. 4A,.for details of peak numbers refer to Table 1. The major components of the non-

hydrolyzed polyphenol extract appear to be chlorogenic acids and ciriﬁamaldchyde.

" Following enzymatic de-conjugation, the polyphenol profile is distinctly altered due io

liberation of free-aglycone forms (Fig. 4B). A statistically signiﬁcant increase in response
was observed for several of the compounds including caffeic acid, p-coumaric acid,
quercetin and kaempferol. The compounds were identified by comparison of the retgr}tion
time, UV spectra and the molecular ion produced by electrospray ionization rclative to

available stan}dards.
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Discussion

There is growing evidence for the in vitro intcraction of polyphenols with ﬁansportcrs
[16,17,25] and enzymes [15,26,27] of importance to glucosc/absorption and metabolism.
These observations indicate that these compounds may have beneficial influence on
glycemic control, which is a known risk factor for the development of type 2 diabetes. The
objective of this current study was to assess the capacity of a new herbal suppicmcnt to
reduce glucose transport across the small intestine, and demonstrate the mechanism of

action.

The data indicate that the combination of polyphenols from the herbs, spices and seeds in
the aqueous herbal supplement were able to decrease the transport of glucose by up to 54%
at concentrations predicted after ingestion of a normal dictary serving. Investigations with
and without sodium suggest that disruption of GLUT2 mediated uptake is the major apical
target for attenuation of glucose transport by Caco-2 cellé. The predominant polyphenols
identified following HPLC-MS analysis were cinnamaldchyde and dicaffeoylquinic acids

derived from cinnamon and coffee beans respectively.

Evidence from clinical trials in humans have indicated that a daily high dose (> 3 g) of
cinnamon significantly lowered fasting blood glucose concentrations in type 2 diabctic
volunteers [28,29]. In other studies using a daily dose of 1- 1.5 g, these effects were not
observed [30-32]. The mechanism of action is unclear, but in vitro and animal studics, using
levels of cinnamon achicvable in the dict, suggest these effects may be attributed to
enhanced glucose storage by édipocyte cells [33,34], increased glucose conversion to
glycogen in the liver [35] and reduced carbohydrate digestion in the small intestine via
inhibition of a—glﬁcosidasc [15]. Similarly, dicaffecoylquinic écids have been highlighted as
the principal compounds responsible for the inhibition of glucose transporters by herbal

beverages in the small intestine [16], leading to reduccd glucose absorption. Thesc

13
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observations suggest that polyphenols found in cinnamon and coffee may improve insulin

sensitivity and reduce post-prandial glucose levels.

Enzymatic hydrolysis of the aqueous herbal supplement lead to significant increases in
the amounts of caffcic acid and p-coumaric acid. These compounds are likely to be released

from the caffeoylquinic acids present in the green coffee, resulting from esterase activity
*

* within the heépcridinase used in this study. Analysis of the hydrolysed supplement by

HPLC-MS also revealed small, yet significant, increases in the amounts of quercetin and
kaempfcfol, which were present in small amounts in tﬁe unhydrolysed supplement. Overall,
glucose uptake across the epithelial cells was reduced by 70% compared to the control.
These results sugges that the anti-diabetic activity may be enhanced following metabolism
in the intestinal lumen and indicates that the free-aglycones have greater potency to inhibit -
or dclay glucose uptake than their glycosylated forms. However, since the herbal

supplement used in our current study was unpurified, it is not possible assign these effects to

a specific component(s).

Currently, litcrature evidence for the influence of polyphenols on glucose absorpvtion
across Caco-2 cells fs limited. Our data are in agreement with those investigating the
inhibition of glucose transporters SGLT1 and GLUT2, by individual polyphenols derived
from fruit extracts [17]. The authors reported hinhibitory activity of p-coumaric acid at
concentrations in the range of 10 to 500 uM, which is comparable to the levels detected in
our current study. In a rodent model of type 2 diabetes, a moderate intake of caffeic acid
(approximately 40 mg/kg body weight) induced a reducti:n in blood glucose levels and
lowered glucose-6-phosphatase activity [36]. Intergstingly glucose uptake was significantly
reduced by 10-100 uM quercetin but not rutin, the gl);cosidic form, in several transport
modecls mainly via interaction with GLUT2 [25,37]. In contrast to our results, some studies
using individual hyd;oxycinnamic acids including caffeic acid, 5-caffeoylquinic acid and p- !

coumaric acid, at a concentration of 100 pM, reported no effect on glucose uptake under

14
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- T~
cither sodium-dependent or sodium-free conditions [25]. A likely explanation for these

differences may be the use of a mixture of polyphenols used in the current study, leading to

enhancement of the inhibitory activity. Co-incubation of polyphenols and their
physiological effects have received little attention in vitro, but human trials with

polyphenol-rich beverages offer promising benefits for the reduction of blood glucose in

‘ healthy volunteers [22,38].

Our study demonstrates that water soluble components from a herbal supplement
composed of a variety of herbs, spices and seeds, efficiently reduced glucose transport
across Caco-2 intestinal cells mainly through interaction with the GLUT?2 transporter
family. Since the aglycone metabolites released following enzymatic hydrolysis have
sustained biological activity, we propose that regular dietary consumption may improve
glucose control either by limiting or delaying glucose absorption in the intestine. These
encouraging findings require further evaluation in human controlled-trials to establish the

beneficial effects in the body.
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Legends for Figures

Fig. 1. A: Effect of herbal supplement on glucose transport by Caco-2 cells under sodium
dependent and sodium-free conditions. B: Effect of herbal supplement on the intracellu’lar
_\accumulation of glucose by Caco-2 cells under sodium dependent and sodium-free
conditions. Values expressed as a percentage of the control value which was the glucose
transport under each condition in the ;ébsence of herbal supplement. Each data point is the

mean £SD (n = 3). **; p<0.001.

Fig. 2. Effcct of polyphenol extract prepared with or without enzymatic hydrolysis on
glucose transport by Caco-2 cells under sodium dependent conditions. Values expressed as a
percentage of the control value which was the glucose transport under sodium dependent

conditions in the absence of polyphenol extract. Each data point is the mean £SD (n = 3).

- %% p<0.001.
Figure 3. Percentage composition of the herbal supplement.

Fig. 4. HPLC-DAD trace (280 nm) showing the phenolic profile of fhe extracts prepared
without (A) and with enzymatic hydrolysis (B). For pcak numbers refer to Table 1. *: p<

0.01; **: p< 0.001.
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O Gymnema

a Green Coffee

m Grape Seed

O Hibiscus

m Cinnamon

0 Holy basil

O Chromium

B Russian Tarragon
m Ginger

O Turmeric
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Figure 4
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Table 1. Characterizaticn of the polyphenols in the herbal supplement without and
after enzyme hydrolysis by HPLC-DAD-MS

Peak Retentio A Molccu
number Compound ntime max larion Concentration
(min) (nm) [M-HJ (1M)
With
Without Hydrolys
Hydrolysis is
dihydrocaffeic
1 acid(S) 109 280 181 ND
5-0-
caffecoylquinic 325,
2 acid 137 - 295 353 46 £0.03
77.1
3 caffeic acid 14.5 . 179 ND $0.2"
310, 12.8
4  p-coumaricacid 256 290 163 1.4 10.03 $0.01"°
5-0-
feruloylquinic 325,
5  acid 294 295 367 7.7 £0.06
280,
6  coumarin 332 310 [147]"  8.0£0.09
3,4-di-0-
caffcoylquinic 325, 0.7
7 acid 384 295 515 "11.410.03 $0.06"
3,5-di-0-
caffcoylquinic 325, 4.0
8  acid 39.1 295 515 8.3 £0.09 $0.03"
4,5-di-0- |
caffeoylquinic 325, 1.7
9  acid 409 295 515 13.5:0.07 $0.07"
10  cinnamaldchyde  43.5 290 [133]*" 98.210.05
0.8
11 quercetin 460 370 301  0.110.004 $0.03"
0.7
12 kaempferol 365 285 0.1 £0.005 $0.03"

A statistically significant change in concentration was obscrved *: p>

0.01; **: p> 0.001. [ ]": positive molccular ion,
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