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Abstract

Coffee is a rich source of caffeoylquinic acids, esters of caffieferulic acid and quinic
acid and its consumption is associated with varioudthhdaenefits. However, gpon
ingestion of coffee, caffeoylquinic acids are abundantly absortieé)y metabolised and
extensivelyexcretel in humans

The first part of this thesiaddresseshe synthesis and subsequent analysisexeral
glycine conjugags of hydroxycinnamic acith urine collected by six participants of a pilot
human studyFor the first time anilloylglycine has been quantified in urine for the first
time after coffee consumption in similar amounts to feruloylglycine, whereas 3,4
dimethoxycinnamoylglycine, 3limethoxydihydrocinnamoylglycine, 3.4
dimethoxybenzoylglycine and dihydroferuloylglycine have only been detected in trace
amounts.

The second part of this thesis describes the chemical synthesisvefal hundred
milligrams of dihydrocaffeic acieB-O-sulfate, ferulic acied-O-sulfate,and dihydroferulic
acid-4-O-sulfate the deelopment of a rapid L&AS method for the analysis of the five
most excreted urinary metabolites of caffeoylquinic acids, the design and performance of a
human study investigating the intrand interindividual absorption of caffeoylquinic acids
in humans and linking tiseresults to biomarkers of health and food intake.

Among & participantsan 8-fold variation in excretion offte total amount of thieve most
abundant urinary metabolitesexcreted over 36 hosirafter coffee consumptiorwas
calculated andhe intraindividual variation between repeated visits was the highest for
colonic metabolitesA moderate, negative correlatiai the absorption otaffeoylquinic
acidswith the weekly consumption of coffee was éB&hed. The data suggests a strong
impact of colonic catabolism on the absorption aretabolism of caffeoylquiniacidsand

a reducing effect of heavy coffee consumption on the absonptioaffeoylquinic acidin

humans.
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Chapter 1: Introduction

1.1 Coffee

Coffee is the worldodés third most consumed b
roasted coffee beans grown on shrubs of the Rubiaceae fdinitythe latitude of the tropics

and subtropics. The speci€sffea Arabica LandCoffea canephoracommonly eferred to as
Arabica and Robusta coffee, arermain economical interest.ess known species afeoffea

liberica (Liberica coffee) andCoffea dewevre{Excelsa coffee]2]. The Arabica coffee plant

was first botanically described by Linnaeus in 1753, although cb&ags have been cultivated,
harvested and used to brew coffee in the Middle East since ‘fte=tfury.

After flowering it takes nine to eleven months to grow the ripe, -deeédruit known as the

coffee cherry[3]. As coffee is grown in mountainous areas, coffeerries are stilimainly
handpicked, a very labwintensive work. A coffee picker can harvest D pounds of coffee

fruits a day, yielding up to 20 pounds of coffee beans a[8layThere are two coffee beans
located side by side to each other covered by arsikie, an endocarp, a mesocarp and a red
exocarp. Prior to processing, in order to yield roasted coffee beans for sale, the fruit needs to be
dried. The drying process is mainly performed underneath the sun, by spreading the coffee
beans on cotton clothr gust on stone or concrete patios. The drying process can take up to 4
weeks during which the beans are turned by raldhg

I n 2009, Brazil (2,432,904 t), Vietnam (1,17
largest prodaoers of green, unroasted coffee befdis Green coffee beans are shipped, mainly

to Western countries, for largeale, industrial coffee roasting. Various roasting processes yield

the roasted coffee beans needed to prepare several types of coffee brews ranging from mixtures
with herbs, such asardamom, known as Arabgtyle coffee, Italiainvented espresso to paper
filtered or percolated coffeg]. Green coffee beans contain up to 14% (dry weight) of phenolic
compounds and roasting reduces the phenolic compound content signifi6antly

Coffee consumption varies considerably from several cups of coffee a day in Scandinavian

countries down to two cups per year in ChjBh
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1.2 Caffeoylquinic acid and its derivatives in coffee
Coffee contains various pladerived compounds, generally known as plant secondary
metabolites of which some are known to exert certain beneficial effects to health.
Beside caffeine, melanoidins, and the diterpenes (cafestol and kahweol), caffeoylquinic acid and
its derivatives are some of the plant bioactive compounds found in coffee[beans
Chlorogenic acids (CGA) are a group of compounds consisting of various edtarssafaffeic
and/ortransferulic acid with quinic acid. Stalmaddt al.detected 13 caffeoylquinic acid and its
derivatives in instant coffee, which are illustrated Figure 1.1, caonsisting of 30-
caffeoylquinic acid, 40-caffeoylquinic acid, 8)-caffeoylquinic acid, 3D0-feruloylquinic acid,
4-O-feruloylquinic acid, 5O-feruloylquinic acid 3,40-dicaffeoylquinic acid, 3/%-
dicaffeoylquinic acid, 4%-dicaffeoylquinic acid, 8-caffeoytl,5-quinide, 40-caffeoytl,5
qguinide and 40-p-coumaroylquinic acid and-8-p-coumaroylquinic acid7]. All chemical
structures are depicted accarglito IUPAC numberingg].
5-Caffeoylquinic a@id is mostabundant with 280% molar of the total caffeoylquinic acid and
its derivatives content, whereas other derivatives have relative abundane€Qaf> 3-CQA
> 5FQA > 4FQA > 3FQA > diCQASs[9]. The detrimental effect of roasting, accompanied by
pyrolysis and maillard reactions, on the total caffeoylquinic acid and its derivatives content was

demonstrated by Millst al.[9].
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Figure 1.1: Caffeoylquinic acid and its derivatives detected in coffeeaccording to

Stalmachet al, 2009
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Clifford et al. reported of twelvanew derivatives of caffeoylquinic acid found in green coffee
beans including -®-dimethoxycinnamoylquinic acid;-®-dimethoxycinnamoylquinic acid;-5
O-dimethoxycinnamoylquinic acid; -@-dimethoxycinnamoyl, 4-caffeoylquinic acid; 30-
dimethoxycinnamoyl, #-caffeoylquinic acid; 40-dimethoxycinnamoyl, 8-caffeoylquinic
acid; 3,40-diferuloylquinic acid, 3,80-diferuloylquinic acid; 4,80-diferuloylquinic acid; 30-
dimethoxycinnamoyl, 4-feruloylquinic acid; 30-dimethoxycinnamoyl, $-feruloylquinic

acid 4-O-dimethoxycinnamoyl, #-feruloylquinic acid10] which are depicted iRigurel1.2.

Figure 1.2: Minor derivatives of caffeoylquinic acid detected in green coffee beans

according to Clifford etal., 2006
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According to Clifford[11] a cup of coffee contains #850 mg of caffeoylquinic acid and its
derivatives, thus coffee consumers in the UK inggsto 1 g of caffeoylquinic acid and its
derivatives per day. However, the content of caffeoylquinic acid and its derivatives in espresso
coffee vares substantially, by 18old (24 to 422 mg/cup), between different coffee shops
according to Crozieet d. [12]. Similar findings were reported by Ludwigt al [13] who
guantified caffeoylquinic acid and its derivatives ranging frorl88 mg per cup of coffee.
Nonetheless, for habitual coffee drinkers, coffee is the major source of caffeoylquinic acid and
its derivatives.

Recently, Nestle 3. developed and launched an instant eeffthe commercially available
Nescafé Green Blend4], which is manufactured from a blend of green and roasted coffee
beans m order to increase the caffeoylquinic acid and its derivatives content, which was
independently analysed by Milkt al. [9]. In comparison with other Nescafé instant coffees,
Nescafé Green Blenaontains about a 2féld higher amount of caffeoylquinic acid and its

derivatives.
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1.3 Absorption, metabolism and excretion
Following ingestion of coffee, caffeoylquinic acid and its datilkes are abundantly absorbed,

extensively metabolized, and widely excreted in urine.

1.3.1 Absorption

Several previous studies investigated the absorption and subsequent metabolism of
caffeoylquinic acid and its derivatives in hum@nsl5-21]. Co-consumption of milk and coffee

did not delay or reduce the absorption of caffeoylquinic acid and its derivatives in contrast to
nondairy creamer according to Renaifal.[22].

Within half an hour, minor amounts of intactaffeoylquinic acid reach the circulatory system

and show a Jax of 1h according to Stalath et al. [7]. However, most early detected
caffoylquinic acid and its derivatives derived compoundseveund to be in their metabatid

form, i.e. the estebond between caffeic or ferulic acid and quinic acid has been cleaved and the
free hydroxycinnamic acid has been conjugated with, e.ghatd. In fact, caffeic aci@-O-
sulphate and ferulic acid-O-sulphate are the first metabolites of caffeoylquimicid and its
derivatives to be detected in substantial concentrations in plasma after the ingestion of coffee.
Prior to the absorption of caffeoylquinic acid and its derivatives, the cleavage of the ester bond
between caffeic or ferulic acid and quinic chds attributed to pancreatic and brush border
esterases in the small intestjd&] and microbial esterases in the cofa].

After passing through the stomach, the first important site of absorption is the small intestine
where the free hydroxycinnamic acids are absorbed through the intestinal epithelium. The
mechanism of transport is somewhat controversial. According to KaarighKobayashj23]

caffeic acid and faffeoylquinic aw pass through the intestinal epithelium through
paracellular diffusion and to a lesser extend through active transport via monocarboxylic acid
transporters (MCT) in the Cae cell monolayer absorption model, whereas Pogedl.
reported that ferulic @ad is mainly transported through the intestinal epithelium by passive

transcellular diffusion rather than via MQZ4].
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Studies with ileostomists, participants who underwent sakgemoval of the colon, showed

that only 810 % of the ingested dose of caffeoylquinic acid and its derivatives are excreted in
urine collected up to 24 hours after coffee consumgtidhand 76.2 % of the ingested dose of
caffeoylquinic acid and its derivativegere detected in the ilea flu[d9]. Additionally, Erket

al. found that due to the high pH in the upper gastrointestinal tract (pH ~ 6.8), the
hydroxycinnamic acids are present in their ionic for@JO) and therefore not well absorbed

[19]. In contrast, studies including healthy participants showed that the colon is the key site for
absorption, since the highest plasma concentrationwet#bolites of caffeoylquinic acid and its
derivatives were found between 42 hours after coffee consumptif) 16].

Figure 1.3 depicts the main sites for cleavage of the ester bond in the gastrointestinal tract, the
absorption and subsequent release into the systemic circulation of humans derived from da

Encarngéo et al [25].
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Figure 1.3: Main sites of cleavage of ester bw of 5-caffeoylquinic acid and 5-
feruloylquinic acid and absorption into the systemic circulation, derived from da

Encarnacdo et al.,2014
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1.3.2 Metabolism

In addition to the cleavage of the ester bond between caffeic acid or ferulic acid and quinic acid,
several other phase Il conjugation reactions and reduction of the aliphatic double bond occur in
the gastrointestinal tract after consumption of caffeoylguacid and its derivatives.

After coffee consumption, the ileal fluid of ileostomists has been collected and several phase I
metabolites have been found, e.g. inter alia ferulic-d€isulfate, caffeic aci®-O-sulfate,

caffeic acid and ferulic acid.5]. Moreover,in vitro incubation of coffee with fe¢slurries over

six hours at 3T yielded metabolites including caffeic aciddaferulic acid with peak
concentrations at 1 hour, and dihgdaffeic acid and dihydroferulic acid with peak
concentrations at 6 houf6]. Additionally, phenolic acids with shorter side chains have been
detected. These include 3jthydroxybenzoic acid, -Phenylpropionic acid, -8 4 6
hydroxyphenyl)propionic acid, benzoic ac®4-dihydroxybenzoic acid and phenylacetic acid.
These results wlicatal the presence of microbial esterases, reductases, dehydrogenases,

demethoxyesterases and Corediated decarboxylation.
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Upon absorption, hydroxycinnamic acids, and to a certain extent, caffeoylquinic acid and their
derivatives pass into the liverrdugh the hepatic portal vein. Xenobiotics undergo the first pass
effect before they enter the systemic circulation. During the first pass effect severallphase
conjugations occur e.g. sulgion (sulfurylO-transferase), glucuronidation (UBP
glucuronyltansferase), methylation (catecti®methyltransferase) and addition of glycine
(CoA mediated, glycind-acyltransferase). Wonet al. [27] performed severah vitro andin

vivo experiments to test the effect of liver S9 and intestinal S9 homogeraie
hydroxycinnamic acids. Sulpkion of hydroxycinnamic acids favoured oveglucuronidation.

After the incubation of caffeic acid with liver S9 and intestinal S9 homogenateg cadie 3-
O-sulfate and caffeic acid-O-sulphate were detected. When incubating ferulic acid, isoferulic
acid, dihydrocaffeic acid and dihydroferulic acid with liver S9 and intestinal S9 homogenates,
ferulic acid4-O-sulphate, isoferulic acie-O-sulphate dihydrocaffeic acieB-O-sulphate and

dihydroferulic acidd-O-sulphate, respectively, were analysed.

Figure 1.4: Metabolites of caffeoylquinic acid and its derivatives detected in human

plasma after consumpion of coffee by Stalmacktet al, 2009
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Stalmachet al. administered coffee containing 4fufhol caffeoylquinic acid and its derivatives

to eleven, healthy volunteeasid collected plasma samples at 0, 0.5, 1, 1.5, 2, 3, 4, 6, 8, and 24
hours and urine samples fror202-5, 58, and 824 hourd7]. Figure1.4 depicts all 12 plasma
metabolites. The first eight metabolites had a maximum plasma concentration within the first
hour after coffee consumption, whereas the peak concentrations of théhfmnodorms were
between 4.%.2 hours. The time to reach maximum plasma concentration insitbateite of
absorption, thus the first eight metabolites are absorbed in the stomach and upper part of the
small intestine, whereas the dihydro forms are ddgzbin the colon. The only metabolite which
showed a biphasic behavior was ferulic agi@-sulfate with a T..x at 0.6 and 4.3 hours. The
major plasma metabolites were dihydroferulic acid, dihydrocaffeic -&€esulphate,
dihydroferulic acid4-O-sulphate caffeic acid3-O-sulphate, and ferulic acid-O-sulphate with

a Cax 0f 385, 325, 145, 92, and 76 nM, respectively. In addition, Nagy.[28] detected 3,4
dimethoxycinnamic acid (ax 60 minutes, Gax~380 nM) and 3. 4limethoxydihydrocinnamic

acid (Tnax 600 minutes, Ga.x ~80 NM) in plasma post coffee consumption. The data suggests
that caffeoylquinic acid and its derivatives are highly absorbed and extensiviepofieed

within the human body.
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1.3.3 Excretion
Once metabolites of caffeoylquinic acid and its derivatives circulate in the vascular system they
will be cleared via the renal system.
Usingin vitro digestion, Wonget al. [29] demonstrated that organic anion transpsfteAT1,
OAT3 and OAT4, but not ATBinding cassette transportease respnsible for the uptake of
hydroxycinnamic acid conjugates, in particular dihydroferulic -de@-sulphate, dihydrocaffeic
acid-3-O-sulphate, ferulic acied-O-sulphate and caffeic aci8-O-sulphate, into the renal
system.
Stalmachet al. [7] quantified metabolites accounting for 29% of the ingested dose of
caffeoylquinic acid and its derivatives in urine collected up to 24 hours after coffee consumption
in healhy volunteers. Seventeen waiy metabolites were detectedurine which are shown in

Figurel.5.

Figure 1.5: Metabolites of caffeoylquinic acid and its derivatives detected in urinafter

consumption of coffeaay Stalmachet al, 2009
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In contrast, only 8% of the ingested dose of caffeoylquinic and its derivatives were found in 0
24 hour urine of ileostomistgl5].Two metabolites of caffeoylquinic acid and its derivatives
were uniquely detected in wurine, and not in plasma. feruloylglycine and
dihydroisoferulcacid-3-O-glucuronide. Thidinding indicates that the conjugation with glycine

and glucuronide occurs along with the excretion in the kidney and/or that these conjugates are
immediately cleared from the systemic circulation and therefore cannot be detected in plasma.
The data demorsites that caffeoylquinic acid and its derivatives are well absorbed, extensively
metabolsed and widely excreted in urine post coffee consumptnmajor pathway of
excretionof caffeoylquinic acid and its derivativesvia the renal systefi7].

Recent scientific advanseincluding the synthesis a&ulphateand glucuronide conjugates of
hydroxycinnamic acig30], subsequent development and validation ofNI§ based analytical
methods for biological fluids such as urine and plagdl 9], haveimproved the quality of the

analytical and therefore absorption, metabolism and excretion data substantially.
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Figurel1.6 provides a general overview of the fate efdifeoylquinic acid after ingestion.

Figure 1.6: Fate of 5caffeoylquinic acid in the human body. Derived and adapted from

Spencer, 2003
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1.4 Bioavailability
To this date several studies have beenperformed to assess the absorption and overall
bioavailability ofcaffeoylquinic acidand its derivates from coffee in humahs2002,Naradini
et al. performeda studyincluding ten human volunteers drinking a single dose of coffee
containing 96 mg ofcaffeoylquinic acidand its derivates[31]. A maximum plasma
concentration of caffeic acid of 505 nmolkas analysedHowever, venepuncturéo obtain
plasma was only performedat 1 and 2 hours after coffee consumption, thus no precise
calculgion of the overall bioavailability could have been undertakeélj. Rechneret al.
conducted a human study on five participants who consumed two cupsed tiofe times: at
the beginning of the study, at one hour and two hours. Oy88ilmg ofcaffeoylquinic acid
and its derivativeswere ingested and urine was collected up to 24 hours after the first
consumption. Only 5.9 % of thegested doswasexcrded via urind 32).
Monteiro et al. published a human study with six subjedts2007, he subjects ingested 190
mL of freshly brewed coffee containing 1.202 g a#ffeoylquinic acid and its derivatives.
Plasma and urine ave collectedover four hours after ingestion amo plasma peaks were
detected, the first one at 6150 hours and the second one at-4.(6 hours. The first peak
indicates absorption in the small intestine and the second peak in the colon, probablgdbrom
through colonic fermentation, howevdret overall bioavailability was not calculat§al]. In
2008 Farahet al. reportedon a human study where ten participants consunreergcoffee
extracts and blood and urine were collected dp to eight hours post coffee intaké€he
ingestedcaffeoylquinic acid and its derivative®ntent was standardized to 170 mg and the
bioavalability determined to be 33.1% plasmd2Q].
In amoredetailed studyStalmachet al.reported various biomarkers of coffee consumpfign
The study comprised eleven volunteers wbasumed 200 mL cup ofcoffee containingll12
pmol caffeoylquinic acid and its derivativeBlasma and urine samples were collected over the
next 24 hours without enzymatigdirolysis ofplasma and urinargnetabolites of caffeoylquinic
acid and its derivativeghus providing a very detailed profile of thésorption,metabolism
and excretion. About 29% of the ingested dose of caffeoylquinic acid and its derivatives was

recovered in urineCaffeoylquinic acidand its derivativesvere found in small amounts in
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plasma with a Jax0f 0.51 hours. Caffeic acid-®-sulfate and ferulic acid-O-sulfate were
detected in up td0-fold higher concentrationsompared to unhydrolised caffeoylquinic acid
and its derivativeshowever, witha similarT .. Reduced dihydro forms of hydroxycinnamic
acids showed a .} of 4.35.2 hours indicating absorption after microbiahtabolismin the
colon. The Gax of the® compounds was up to 1@8ld higher compared to unhydyaed
caffeoylquinic acidand its derivativesAt 24 hours mosinetabolites of hydroxycinnamic acid

had returned to baseline level. In urine mainly conjugates and hydrolysed forms of
caffeoylquinic &id and its derivativesvere detected. The maiarinary metaboliteswere
dihydrocaffeic acie3-O-sulfate, feruloylglycine, dihydroferulic aci¢tO-sulfate, ferulic acied-
O-sulfate, dihydroferulic acid, dihydroferulic ae#dO-glucuronide, caffeic aci@-O-sulfate

and isoferulic acieB-O-sulfate.

In 2009, Renouét al. reportedon quantitative, LEMS based analysisf hydroxycinnamic acid
conjugates in plasma post coffee consumption. Nine human volunteers consumed a coffee
containing 335 mgaffeoylquinicacid and its derivativeand blood samples weoellectedup

to 12 hours thereafter arat 24 hourg[33]. All metabolites ofcaffeoylquinic acid and its
derivativeswere enzymatically hydrgsed using chlorogenate esterase, glucuronidase and
sulfatase. Renouft al. confirmed previous results witlplasma peak timefor ferulic, caffeic

and isoferulic acids aft.x 1-2 hoursafter coffee ingestiorand for the dihydro forms &t,. 6-8

hours in plasmaAdditionally, substantial interpersonal variations incand Tn..x were

described.

In 2011, Williamsonet al. [34] critically assessed the quality of previous human studies with
focus on the absorption chffeoylquinic acidand its derivativegnd their plasma appearance
by normalising the . to the dosef intake.Nardini et al.[31] reported up to four times higher
values for the normalised,&xfor caffeic acid.Monteiro et al. [21] reported about 200 times
higher values for the normalised,£ for intact caffeoylquinic acidand its derivativesn

plasma.
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Summarsing the previous studies on the absorption and metabolisrafi@oylquinic acidand
its derivativesfrom coffee it can be concluded thaseveral hydroxycinnamic acidsof
caffeoylquinic acidand its derivativesre absorbed in the small intestiaea T« of 0.51.0
hours and only a very minor amount affeoylquinic acidand its derivaves, whereas in the
colon caffeoylquinic acidand its derivatives arbydrolysedby colonic microflora derived
esterasesindthe free hydroxycinnamic acidsire reduced to their dihydro forsrieading to a

Tmax Of 5-7 hours.

However,data on the overallibavailability of coffee caffeoylquinic acid and its derivatives is
limited in humans.n order to assess the bioavailabilibtood samples need to be drawn at
several time points after coffee consumption for a detailed description of the plasma
concentrdon curve of metabolites of caffeoylquinic acihd its derivatives and subsequent
meticulous calculation of the area under the curvaddition, all metabolites of caffeoylquinic

acid and its metabolites need to be deteatsd ideally chemically synésised for subsequent

development and validation of LS based quantitative analytical methods.
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1.5 Coffee and health

Cof fee has |l ong been thought of as detri ment

indicates potential health benefits including reduced risk of cancer, cardiovascular disease, and

diabeteg35-37].

1.5.1 Cardiovascular health

Globally cardiovascular diseases (CVD) are the main cause of death with over 17.1 million
deaths in 2004 29% of all deaths. About 7.2 million deaths were attributed to coronary heart
disease and 5.7 million were associated with str@kéDs will be the cause of 23.6 million
deaths by 203(038]. CVDs are initiated by intermediate reasons susladack of physical
activity, overweight and obesity, diabetes mellitus type Il, tobacco use, unhealthy diet leading to
high blood glucose levels, high blood lipid levels, sodiich diet and therefore high blood

pressurg38].

Despite reporting of cholesterol raising effects of coffee consumption independent of the
brewing method (paper filtered vs unfiltered)ia randomized control trialg39, 40],
caffeoylquinic acid demonstrated ahibitory effect on LDL cholesterol oxidatiogx vivo[41]

and a single dose of coffee can increase plasma antioxidant activity by 5.5% according to
Natellaet al.[42]. Additionally, the imestion of a single cup of coffee ameliorated endothelial
function measured by floomediated dilatioraccordingBuscemiet al. [43], whereas another

study found that habitual, boiled coffee consumption has a beneficial effect cmédiated
dilation in elderly participant§44]. In another randomized control trial, chronic coffee
consumption was associated with a rise in blood pressure, however, the increase oblibe sys
and diastat blood pressure was minonly 2.04 mmHg and 0.73 mmHg, respectivily]. A

paper reported the inverserrelation of coffee, nayreen tea consumption, anterial stiffness
assessed using brach@ikle pulse wave velocityn Japanese mdid6]. Moreover, Andersen

et al. presented an epidemiological study including more than 40,008vmmosipausal women
linking coffee consumption to improved amtflammatory status and protectioagainst

cardiovascular diseases reducing death incielpi7]. The current data suggests that moderate
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coffee consumption as part of a healthy and balanced liferagybeassociated with improved

cardiovascular health.

1.5.2 Diabetesmellitus type II

Worldwide, 387 million people have been diagnosed with diabetes, indicating a prevalence rate
of 8.6%, whereas an estimated 46.3% of cases have not been diagnosed according to the
International Diabetes Foundatipt8]. In the UK, numbers are similar with a prevalence rate of
6.0% indicating that 3.2 million British citizen suffer from diabefté9]. Physical inactivity,
overweight/obesity and a diet high in sugar and fat is considered to trigger diabetes mellitus
type 11[48, 49].

In a follow-up study of 126,210 health professionalgthe UK over twelve years, a beneficial
effect of longterm coffee consumption on the risk of diabetes mellitus type Il was reported by
SalazatMartinezet al.in 2004[50] and Ranheinet al. concluded from a literature study that
there is a reduced risk of diabetes mellitus type Il associated with the consumption BITGA

In a Chinese study population of 2,332 participahtitual coffee drinkers had a 3& %

lower risk of diabetes mellitus type Il compared to -goimkers[52]. In 2009, Pimenteét al
reviewed several longitudinal studiasd found that longerm, moderate coffee consumption (~

4 cups per day) is associated with a reduced risk of diakifeA Norwegian study found that
consumption of caffeoylquinic acid enriched coffemducesglucose absorptiorby 6.9%,
compared to a control, and elicits a reduction of the body mass in a randomized;kdiodble
12-week study including twelve obese participd®d. In a prospective study including 18,417
men and 39,740 women, performed by Lo@zaciaet al.[54] from 1986 to 1998, increas of
caffeine intake of 213 and 143 mg/d for men and women was negatively associateshgvith lo
term weight gain with0.43 lg and-0.35kg for men and women, respectively. Additionally, in
2011, a German group published results from a prospective cohdytiacluding 30 subjects,
compared the effects of dark and light roast coffee, differing in their caffeoylquinic acid and its
derivatives and\N-methylpyridinium content, indicating that the dark roast coffee reduced the

body weight significantly and impwed the antioxidant status of erythrocytes, i.e. superoxide
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dismutase and glutathione peroxidabg 5.8 and 15%, respectively, and increased plasma

tocopherol and glutathione concentrations by 41 and 14%, respe¢&ggly

In conclusionit can be stated that the current data indicates a beneficial effect of coffee
consumption on insulin sensitivity and prevalence of diabdi#esvever, the relationship
between the plant secondary metabolites in co#ieé health remains unclear and further

investigation on tha vivobioactive properties of these compounds is required.

1.5.3 Other beneficial effects of coffee caffeoylquinic acid and its derivatives

In vitro antioxidant effects of coffee were shown usingesal tests including oxygen radical
absorbance capacity (ORA{H6], fluorescence recovery after photobleaching (FRAR) and
trolox equialence antioxidant capacity (TEA{§8]. However,in 2012,the US Department of
Agriculture removed all data of the ORAC database on food, sinde vigo effect of thein

vitro datacouldbe establishefb9].

Strong antibacterial effects of coffee extracts on enterobadtevidro were demonstrated by
Almeidaet al.[60]. Santoset al. proved antinflammabry effect of caffeoylquinic acid and its
derivatives in rats, however, the mechanism of action is not fully understood and requires
further studies[61]. Andersenet al. reported the aninflammatory effects of coffee
consumption assessed by the | owa Wenomuméls He
women[62]. A review of 500 papers summarized the outcome and reported a protective effect
of coffee consumption on hepatocellular, endometrial and colorectal cancer, whereas heavy
coffee consumption was associated with bladder caf8%r Another review confirs the
hepatoprotective effects and additionally the protective effect against liver cirfB8sig he

data suggests that further studies concerningntivevo effect of metabolites of caffeoylquinic

acid and its devativesareneeded in order to draw conclusions on the bioactivity.



-20-
1.6 Aims
Numerous studies have been performed to assess\him andin vivo effect of coffee, coffee
derivedpotentially bioactive compounds or a mixture of both. However, to our ledogw, no
human study has been performed to assess the connection between absorption, metabolism and
excretion of coffee caffeoylquinic acid and its derivatives, biomarkers of health, i.e.
cardiovascular health stafuliabetes and food intake, i.e. cofl@@sumption, tea consumption

and fruit and vegetable intake.

Thespecificaims of the studiegf this thesis were:

1) Synthesis and subsequent detection and quantitation of novel, urinary glycine
conjugates of hydroxycinnamic acids, especially of the rceescribed plasma 3,4
dimethoxycinnamic acid and 3dimethoxydihydrocinnamic acid28], in urine after

coffee consumption

2) Synthesis of major urinary metabolites @dffeoylquinic acid and its derivatives in
urine, e.g. dihydrocaffeic aci@tO-sulptate, dihydroferulic acid-O-sulphate and
ferulic acid4-O-sulphate and subsequent development and validation of a quick,

guantitative method based on IMS

3) Design and pdéormance ofa human study linking the absorption of caffeoylquinic acid
and its derivatives, by means of assessing the total urinary excretion, to biomarkers of
health, e.g. plasma thiols, uric acidstinginsulin and glucose, ard food intake, e.g.

coffee consumption, tea consumption, fruit and vegetable intake

4) Data analysis including correlation of absorption of caffeoylquinic acid &nd i

derivativesto biomarkers of health and food intake

HypothesisCoffee consumption and absorptiof coffee caffeoylquinic acidnd its derivatives

have a positive impact on biomarkers of health and are correlated with food. intake
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Chapter 2: Chemical synthesis and analysis of novel glycine
conjugatesin urine after coffee consunption

2.1 Abstract

Chapter 2describes the chemical synthesis of novel glycine conjugates of cinnamic acid
derivatives, the performance of a human study and the qualitative and quantitathi& LC
analysis of six glycine conjugates, e.g. -8irhethoxycinnamoylglycine, -8,4-
dimethoxyhenyl)propionylglycine, vanilloylglycine, 3:dimethoxybenzoylglycine,
feruloylglycine and dihydroferuloylglycine. Beside the previously reported feruloylglycine,
vanilloylglycine (33umol, equivalent to 4.5% of the ingested dose) was detected and igdiantif

in urine after coffee consumption for the first time in similar, high amounts as feruloylglycine
(39 umol, equivalent to 5.3% of the ingested dose). Other glycine conjugates were only detected
in trace amounts suggesting that these must be furtherffietbty phase Il metabolism or

undergo another metabolic pathway than conjugation with glycine.

2.2 Introduction

In the mid 19 century Friedrich Woehler, a German chemist, was the first scientist to analyse
organic constituents of urine. In 1841 Alexantlee, a Scottish physician performed the first
metabolism study in humans. He administered benzoic acid to a human subject and analysed
hippuric acid in urine. Later, in 1845, Dessaignes demonstrated that hippuric acid is a glycine
conjugate of benzoic at[64)].

More than a century later, in 1957, Boahal[3] reported the finding of hydroxyhippuric

acid in human urine after consumption of coffee. Meegohe also performed studies with
individual compound namely caffeic acid and chlorogenic acid which he administered to
humans and analysed their urine. After consumption of caffeic acid they detected at least nine
metabolites in urine e.g. feruloylgly@nand dihydroferulic acid. After ingestion of- 5
caffeoylquinic acid they found caffeic acidn-hydroxyhippuric acid, mcoumaric acid

conjugated with glucoronic acid and dihydroferulic acid. They also suggested a complex
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pathway of metabolism including cagjation, e.g. methylation and glucuronidation and chain
shorteni-oxglatonue t o b

In the next two decades several animal studies, mainly on rats, were performed. In 1963
Dirscherlet al.[65] perfused rat liver with anillic acid and found vanilloylglycine {Biethoxy
4-hydroxy hippuric acid) in the perfusate. Similar results were later presented by &traind

[66] when they found vanilloylglycine and isovanilloylglycinel{@droxy-4-methoxy hippuric

acid) as urinary metabolite$ wanillin in rats. In 1975Solheimet al. demonstrated that 3,4
dimethoxycinnamic acid is metabolised to -8jthethoxycinnamoylglycine and 3,4
dimethoxybenzoylglycine in rats and excreted in urine collected up to 24 hours after
administration. 3,4limetloxycinnamoylglycine together with 4methoxyhippuric acid and
hippuric acid was also found in urine collected for 24 hours after the consumption of garlic and
onions in humang32].

The mechanism of glycine conjugation is@sated with betaxidation and therefore located in

the mitochondria in particular in liver and kidney c¢d]. The following schemé-igure2.1)
depicts the mechanism of glycine conjugation, starting with the activation through ATP, the
addition of CoASH and the conjugation of glycine mediated ty €nzyme glycine\-

acyltransferase (EC 2.3.1.13) which was first isolated and described by aalain 1994

[67].

Figure 2.1: Glycine conjugation via activation with ATP followed by addition of CoA and
finally conjugation with glycine catalysed by glycineN-acyltransferase (EC 2.3.1.13) in

mitochondria, derived and adapted from Knightset al, 2007

PP AMP HSCoA
COOH CO-AMP CO-SCoA (|30NHCH2C00H
R R R R
ATP HSCoA H,NCH,COOH

More recently, Stalmachet al. detected feruloylglycine in human urine post coffee
consumption. Feruloylglycine is the sedomost abundant metabolite afffee caffeoylquinic

acidin urine, but it is also thenly glycine conjugate detected by Stalmathl.[7].
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Recently 3,4-dimethoxycinnamoylquinic acidvas determined in roasted coffee bedbg.
Sincethe 3,4positiors of the compound are blocked fpihase Il modification, e.g. sulpte and
glucuronide addion, therefore it is hypothesid that the compound is prone to glycine
conjugation on the carboxylic function. In ordertésted this hypothesia six subject human
study was performed where participants consumed a cup of coffee with known content of
caffeoylquinic acid and its derivatives after a 36 hours washout, thereafter urine was collected
for 36 hours in time periodsf 0-4, 48, 812, 1224 and 2436 hours and several potential and
chemically synthesed derivatives of cinnamic acid and benzoic acid conjugated with glycine
were qualitatively and quantitatively analysed, e.g. vanilloylglycine, feruloylglycine,
dihydroferuloylglycine, 3,4dimethoxybenzoylglycine, 3;dimethoxybenzoylglycine and 3,4

dihydrodimethoxybenzoylglycine.
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2.3 Materials and methods

2.3.1 Materials

3,4-Dimethoxycinnamic acid (99%),-(®,4-dimethoxyphenyl)propionic acid (99%), glycine
methyl ester hydrodbride and ethyl acetate were purchased from Fisher Scientific Ltd.
(Loughborough, UK). 3Dimethoxybenzoylchloride, 3;8imethoxy4-hydroxycinnamic acid,
vanillic acid, 3(4-hydroxy-3-methoxyphenyl)propionic acid, 4-methylmorpholine, 41
hydroxybenzotriaze hydrate, O-(benzotriazolel-yl)-N,N,N",N-tetramethyluronium
tetrafluoroborate, acetic acid anhydride, pyridine and thionyl chloride were acquired from
SigmaAldrich (St. Louis, MO, USA). Acetonitrile (L&S grade) was delivered by VWR
International (lutterworth, UK). Alfa Aesar (Ward Hill, MA, USA) provided anhydrous N,N
dimethylformamide (packed under Argon atmosphere). Water was purified using a Millipore
Elix system (Millipore, MA, USA).3-Caffeoylquinic acid was purchased from Purify Chengdu
Biopurify Phytochemicals, Chengdu, Chinacdffeoylquinic acid was purchased from HWI
Analytik, Rilzheim, Germany andcffeoylquinic acid was obtained from SigiA#drich (St.

Louis, MO,USA)Nest |l e Green BlendE was purchased from a |

Ferulgylglycine was a generous gift frorof Alan Crozier, University of Glasgow, UK.

2.3.2 Methods
The demical synthesis was performed in collaboration with Prof Philip Kocienski in the iPDR
laboratory at théepartment of Chemistrgt the University of Leeds, UKThe structure of all

intermediates and final compounds was determinetibdyMR.

2.3.2.1 Synthesis of 3,4dimethoxycinnamoylglycine and 3(3,4-dimethoxyphenyl}
propionylglycine

1.07 g of 3,4dimethoxycinnamic acid (5 mmol, 1.0 equiv.) or 1.05 g o{33
dimethoxphenyl)propionic acid were weighed in together with 0.65g (5 mmol, 1.0 equiv.) of

glycine methyl ester hydrochloride, 0.69 g efiyldroxybenzotriazole (5 mmol, 1.0 equiv.), 1.62



-25-
g O-(benzotriazolel-yl)-N, N, MNdiramétbyluronium hexafluoroborate (5 mmol, 1.0 equiv.)

and werdlissolved in 18 mL of anhydrous,N-dimethylformamide under nitrogen atmosphere.

To start the reactignl.65 mL (15 mmol, 3.0 equiv.) of-methylmorpholine were added
dropwise through a sgapm under stirring. After 24 hours the reaction mix was poured onto 150
mL of purified water and extracted three times with a small amount of ethyl acetate. Combined
organic phases were washed withML HCI, purified water, saturated sodium hydrogen
carbonge solution, purified water and brine. Prior to reduction to drynegadnoethyl acetate

was dried over sodium sulphate.

Methyl (E)-2-(3-(3,4-dimethoxyphenyl)acrylamido)acetate

'H-NMR (500 MHz, CDC}, ppm): i 3.76 (3H,s, methoxyOCH:-1), 3.87 (3H,s, methoxy
OCH; -3b or 4b), 3.88 (3Hs, methoxyOCH; -3b or 4b), 4.18 (2Hd, J=5.3Hz, CH-2), 6.39
(1H, d, Jtrans =15.6 Hz,olefinic CH=C-2"), 6.56 (1H,bs NH), 6.82 (1H,d, Jorthc=8.3 Hz,
C.H-5b), 7.00 (1Hd, Jnew=1.8 Hz, GH-2b), 7.05 (1Hdd, J,;=8.3 Hz,J,=1.8 Hz, GH-6b),

8.53 (1H,d, Jyrans =15.64 Hz olefinic CH=C-3")

Methyl 2-(3-(3,4-dimethoxyphenyl)propanamido)acetate

'H-NMR (300 MHz, CDC}, ppm): i 2.55 (2H,t, J=7.4 Hz, CH-3'), 2.95 (2Ht, J=7.4 Hz,
CH,-2", 3.78 (3H,s, methoxyOCHs-1), 3.87 (3H,s, methoxyOCHs-3b or 4b), 3.88 (3HSs,
methoxyOCH; -3b or 4b), 4.04 (2Hd, J=5.1 Hz, CH-2), 5.97 (IHpr s, NH), 6.846.73 (3H,

m)

The intermediate wadissolved in 30 mL methanol and 6 mLM NaOH and left at room
temperature overnighThe solution was concentrated in vacuo and acidified with 25 mL of 1 M

HCl to pH 2. The solution was extracted four times with ethyl acetate. Combined organic phases
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were washed with water and dried over sodium sulphate prior to reduction to drynesd to y
fine crystalline powder. The solid was recrystallised from acetronitrile. The overal$ el
18.1% and 17.1% and the melting peintl92193°C and 11417°C for 3,4
dimethoxycinnamoylglycine and(3,4-dimethoxyphenyl)propionylglycine, respectiyel

(E)-2-(3-(3,4-Dimethoxyphenyl)acrylamido)acetic acid

'H-NMR (300 MHz, d6DMSO, ppm):ii 3.78 (3H,s, methoxyOCH; -3b or 4b), 3.80 (3Hs,
methoxyOCH; -3b or 4b), 3.89 (2Hd, J=5.85 Hz, CH-2), 6.61 (1Hd, Jyans =15.7 Hz,olefinic
CH=C-2"), 6.99 (1Hd, Jon=8.3 Hz, GH-5b), 7.14 (1Hdd, J;=8.3 Hz,J,=1.7 Hz, GH-6b),
7.19 (1H,d, Ineti=1.6 Hz, GH-2b), 7.38 (1Hd, Jyans =15.64 Hzolefinic CH=C-3"), 8.29 (1Ht{,
J=5.9 Hz, NH), 12.6 (1Hbhs carboxylicCO,H)

2-(3-(3,4-Dimethoxyphenyl)propanamido)acetic acid

'H-NMR (500 MHz, CROD, ppm):U 2.55 (2H,t, J=8.0 Hz, CH-3"), 2.89 (2H, J=8.0 Hz,
CH,-2", 3.82 (3Hs, methoxyOCH; -3b or 4b), 3.84 (3Hs, methoxyOCH;-3b or 4b), 3.91 (2H,
s, CH,-2), 6.79 (1H,dd, J;=5.3 Hz,J,=2.0 Hz, GH-6b), 6.86 (1Hbs, C,H-2b), 6.87 (1Hd,

'Jortho=5-3 HZ, erH'5b)

2.3.2.2 Synthesis of 3,4dimethoxybenzoylglycine

1.00 g of 3,4dimethoxybenzoylchloride (5 mmol, 1.0 equiv.) and 0.933 g of glycine methyl
ester hydrochloride (7.5 mmol, 1.5 equiv.) wdissolved in 20 mL of dichloromethane. 1.1 mL
of 4-methylmorpholine (10 mmol, 2.0 equiv.) were added dropwise and th@solvas left for

24 hours.



-27-

The reaction mixture was poured onto 100 mL of purified water and acidified slightly prior to
triplicate extraction with ethyl acetate. Combined organic phases were neutralised over sodium

hydrogencarbonate and dried over siodisulphate prior to recrystallisation from ethyl acetate.

Methyl 2-(3,4-dimethoxybenzamido)acetate

'H-NMR (500 MHz, CDC}, ppm):ii 3.79 (3H,s, methoxyOCH,-1), 3.91 (6H, 2 »s, methoxy
OCH:-3b and 4b), 4.22 (2H], J=5.3 Hz, CH-2), 5.51 (1H,d, Jono=8.35 Hz, GH-5b), 6.80
(1H,dd, J;=8.3 Hz,J,=2.1 Hz, GH-6b), 7.64 (1Hd, Jne:=2.0 Hz, GH-2b

The dried product wadissolved in 30 mL of methanol containing 8 mL of 1 M NaOH and left
atroom temperature overnight. The solution was acidified with 1 M HCI to pHd2extracted
four times with ethyl acetate. The compound was recrystallised from water to yieldhiime, s
plates. The yield was 28/@and the melting point 19095°C.

2-(3,4-Dimethakybenzamido)acetic acid

'H-NMR (500 MHz, CROD, ppm):li 3.33 (1H,s, fine splitting,NH), 3.91 (6H, 2 >, methoxy
OCHs-3b and 4b), 4.11 (2H;, CH-2), 4.89 (1Hbs, NH), 7.04 (1Hd, Jon=8.4 Hz, GH-5b),

7.5 (1H,d, Inets=2.0 Hz, GH-2b), 7.52(1H, dd, J,=8.35 Hz,J,=2.0 Hz, GH-6b)

2.3.2.3 Synthesis of wanilloylglycine

Under stirring acetic acid anhydride (83 mmol, 2.8 equiv) was added to a solution of vanillic
acid (29.7 mmol) in pyridine (161L). The mixture was stirred for 3 h at room temperatune
poured onto ice water (15@L). The viscous product was extracted with ethyl acetate (100

mL). The solution was washed with 2 M HCI (100 mL) and water (50 mL). The extract was
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dried using sodium sulphate and concentratacauao The pale yellow solid was recrystallised
from ethyl acetate and methidrt-butylether yielding a beige solid (19.5 mmol, 65%). The

melting point was 14849°C.

4-Acetoxy-3-methoxylkenzoic acid

'H-NMR (500 MHz, CDC4, ppm):ii2.37 (3H,5), 3.95 (3H,s, methoxyOCHs-3b), 7.17 (1H,d,
Jorth=8.2 Hz, C,H-5b), 774 (1H, d, Jnet=1.8 Hz, G,H-2b), 778 (1H, dd, J;=8.2 Hz, J,=1.8 Hz,
C,H-6b)

The above product watdissolved in chloroform (25 mL) at ambient temperature with a small
amount of dimethylformamide. Thionyl chloride (20 mmol, 1.2. equiv.) was added and heated
under reflux. After half an hour the solvent was remdwedacuo The yellow, oily product was
dissdved in pyridine (10 mL) in an ice bath and glycine methyl ester hydrochloride (20 mmol,
1.2 equiv.) was added under stirring. After 1 hour the mixture was poured into water (150 mL)
and the product extracted with ethyl acetate (75 mL). Combined orggeis lavere washed

with 2 M HCI (100 mL), water (50 mL), saturated aqueous sodium hydrogen carbonate (25 mL)
and brine (25 mL). The organic layer was dried over sodium sulphate and concentrated in
vacuo. The yelloworange oil was purified chromatographicallging silica gel and ethyl
acetate and petrol. The yield was 10.7 mmol equivalent to 63% yield.

Methyl 2-(4-acetoxy3-methoxybenzamido)acetate

H H

! _OCH;,
N™ 2
H

'H-NMR (500 MHz, CDCI3, ppm)li 2.33 (3H,s, methoxyOCHs-1), 3.79 (3H,s, methoxy
OCH;-4b), 3.86 (3Hs, methoxyOCH;-3b), 4.20 (2Hd, J=5.2 Hz, GH2), 6.92 (1Hbr t, J=4.7
Hz, NH), 7.07 (1Hd, J=8.2 Hz, GH-5b), 7.32 (1Hdd, J3=8.2 Hz,J,=1.7 Hz, GH-6b), 7.50

(1H, d, J=1.7 Hz, GH-2b)
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The estrified product (10.7 mmol) was solved in methanol (15 mL) and potassium hydroxid
(30 mmol, 2.8 equiv.was added dmwisein 2 mL of water. The solution was left at room
temperature for 24 hours. Methanol was evaporategdénoand 6 M HCI (6 mL) were added
prior to extraction with ethyl acetate (100 mL). Combined organic layers were washed with
water (2 x 10 mL), drié over sodium sulphate and the solvent removed in vacuo. Metttyl

butyl ether was added to the yellow oil for solidification. The colour was removed by solving
the product in methanol (20 mL) which was run over a charcoal filter. Methanol was removed in
vacuo and the solid was dissolved in ethyl acetate and ntettplutyl ether (20 mL 1:1).
Overnight the product was kept-20°C which induced the formation of white fine crystals. The
product was dried under vacuum at 80°C. The yield was 4.9 mmoladenti to 46% The
melting point was 163.68C.

2-(4-Hydroxy-3-methoxybenzoamido)acetic acid

'H-NMR (500 MHz, DMSGds, ppm): U 3.82 (3H,s, methoxyOCHy), 3.91 (2H,d, J=5.85 Hz,
C2H,), 6.83 (1H,dd, J;=8.2 Hz,J,=1.0 Hz, C¢'H-6b), 7.37 (1Hd, J=8.55 Hz, C'H-5b), 7.44
(1H, app s C*H-2b), 8.62 (1H,br t, J=4.9 Hz, NH), 9.60 (1Hpr s, OH) 12.54 (1Hbr s

COOH)

2.3.2.4 Synthesis of éhydroferuloylglycine

0.98 g of 3(4-hydroxy-3-methoxyphenyl)propionic acid (5 mmol, 1.0 equiv.) was weighed
along with 0.65g (5 mmp 1.0 equiv.) of glycine methyl ester hydrochloride, 0.69 g of 1
hydroxybenzotriazole (5 mmol, 1.0 equiv.), 1.62 @(benzotriazolel-yl)-N, N, N6, N©&
tetramethyluronium hexafluoroborate (5 mmol, 1.0 equiv.) and were solved in 18 mL of
anhydrous N,Nimethyformamide in a nitrogen atmosphere. To start the reactiét mL (15

mmol, 3.0 equiv.) of 4nethylmorpholine \as added dropwise through a septum whilst

magnetically stirring. After 24 hours the reaction mix was poured onto 50 mL of purified water
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and exracted with ethyl acetate (5 x 15 mL). Combined organic phases were washedwvith 2
HCI, saturated sodium hydrogen carbonate solution, purified water and brine. Prior to
evaporation to dryness racuoethyl acetate was dried over sodium sulphate.

Methyl 2-(3-(4-hydroxy-3methoxyphenyl)propanamido)acetate

H-NMR (500 MHz, CDC4, ppm): ii 2.45 (2H,t, J=7.5 Hz, CH-3 ) 2.84 (2H,t, J=7.5 Hz,
CHx2 6) , 3s methoxyOBHY), 3.79 (3H,s, methoxyOCH;), 3.96 (2H,d, J=5.2 Hz, CH-
2), 5.88 (1Hproad single}, 6.62 (1H,dd, J;= 8.8 Hz,J,= 1.9 Hz, C'H-6b), 6.65 (1Hd, Jmnet=
1.8 Hz, GH-2b), 6.76 (1Hd, Jon=8.8 Hz, GH-5b)

The ester (4.6 mmol) was solved in methaddl (nL) and 5 M sodium hydroxédsolution (2
mL) were added. The solution was kept at ambient temperature for 24 hours, thereafter the
solvent was removeith vacuoand the pH was adjusted te32vith 5 M HCI. The product was
extracted with ethyl acetate 65 mL). Combined organic phasesse dried over sodium
sulfate and the solvent evaporatéd vacuo The product crystallisect -20°C and was
recrystallised from ethyl acetate and purified with a charcoal filter. The yield wasv@8%
melting point 0f14815C°C.

2-(3-(4-Hydroxy-3-methoxyphenyl)propanamido)acetic acid

'H-NMR (500 MHz, CROD, ppm):li 2.54 (2H,t, J=8.1 Hz, CH-36 ) , 2t B&1Hg2H,
CHxx206) , 3 s, BedhoxyOEHE-1), 3.91 (3H,s, methoxyOCHs:-3b), 6.67 (1Hdd, J;=8.0
Hz, J,= 1.9 Hz, GH-6b), 6.72 (1Hd, Joth=8.0 Hz, GH-5b), 6.82 (1Hd, Jnet=1.7 Hz, GH-

2b
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2.3.2.5 Study design

Six subjects (n=6), three female and three male, age 84 years, bodynass indexX22.9 +/

2.4 g/, gave their written informed consent prior to the beginning of the human study. They
were all in good health, nesmokers and did not take any medicatemassessed by a health
questionnairéAppendix D: Health assessment and food frequency questionnaire

Volunteers were asked to abstain from polypheitdl food for 36 hours prior to the study
(washout) and 36 hours during the studyfték an overnight fast for 10 hourparticipants
consumed 4g of instant coffee solved in 200 mL d&iot, but not boiling,water with a
standardised breakfast consisting of two slices of toast with margarine and &ae=ewas
allowedad libitum

The stdy designwas approved by the University of Leedsint FacultyEthics Committee

(MEEC 106035

2.3.2.6 Sample ollection andstorage

Six subjecs collected a baseline urine sample prior to the consumption of the coffee. Thereafter
all urine was collected in tiemincrements of @, 48, 812, 1224 and 2436 loursin urine
collection containers containing 3 g of ascorbic acid. Urine was centrifuged at8@ofg for

10 minutes within48 hoursafter collection. The supernatant was stored-20°C in aliquots of

13 mL containing 130 plof a10%aqueousodium azié solution

2.3.2.7 Sample geparation

Instant coffee (2 g) was dissolved in 200 rdemineralised wate(90-95°C) The coffee
solution was diluted 1:5 with mobile phasg 3% demineralisedvater, 5% acetonitrile, 0.1%
formic acid)and chilled at 4°C. Aliquots were centrifuged at 17,000 g and 4°C for 10 minutes.
The supernatant was filtered through 62 syringedriven PTFE filters. Three stock solutions

of coffee were prepared and two aliqaiatere taken for the analysis.

Urine samples were thawed &C4and two aliquots of 990 pL were taken for each time point.

10 pL of internal standard solution (dihydrodimethoxycinnamoyl glycine, final concentration 10
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uM), 10 pL of 50% formic acid and mL of ethyl acetate wre added prior to vortexing the

samples for 1 minute. The samples were left for 15 minutes, vortexed for 1 raimadite
centrifuged at 2000 g af@ for 1 minute. 750 uL of the organic layer was taken. The extraction
was repeated a seabtime. Combined organic layers were driedrabent temperature under

a gentle stream of nitrogen. The sample was reconstitute@0rull mobile phase A95%
ultrapure water, 5% acetonitrile and 0.1% formic abigsonication for 5 minutes.

Samples wererepared to determine the extraction efficiencies of six glycine conjugates.
Therefore pooled urine collected from six participants collected after a 36 hours washout period,
which is described in detail in chapter 4, was used for spiking. Urine (958na %0 pL of the
standard solution to yield concentrations of 1, 5 and 10 uM was mixed. All samples were

prepared in triplicate and processed as described above.

2.3.2.8 High performance liquid chromatography-massspectrometry

The high performance liquid chromatography system was the Agilent 1200 series (Waldbronn,
Germany) with a degasser, binary pump, temperature contralleasamplerand column
compartment, and a diode array detector.

The Agilent 1200 series HPL@as coupld through a divert valve ara heated electrospray
ionisation source to an Agilent 6420triple quadrupole mass spectrometer (Wokingham, UK).
The drying gas was nitrogen generated by a PEAK Scientific nitrogen generator (Inchinnan,
UK).

Chromatographic s$engs for caffeoylquinic acidwere used from a previously published
method by T. Farrekt al, 201168]. In brief, chromatographiseparatiorwasachieved on an
Agilent ZORBAX Eclipse Plus Rapid Resolution C18 100 mm x 2.1 mm i.d., 1.8 pm using a
reverse phase method consisting of mobilasghA (95%demineralisedvater, 5% acetonitrile,

0.1% formic acid) and mobile phase B (95% acetonitrile de¥hineralisedvater, 0.1% formic

acid) at a flow rate of 0.2é1L/min at 30°C Elution was achieved using a gradieh0% B for

the first 17.3 minwgs, up to 51.0 minutes B was increased to 25%, from 51.1 to 56.0 minutes
the gradient was kept at 100% B for washing the column, prior to reequilibration from 56.1 to

65.0 minutes at 0% B. Samples were kept at 4°C aridibjected onto the column in trighte.
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Chromatographic separationf glycine conjugatesvas achieved on an Agilent ZORBAX
Eclipse Plus Rapid Resolution C18 100 mm x 2.1 mm i.d., 1.8 pm using a reverse phase method
consisting of mobile phase A (958&mineralisedvater, 5% acetonitrile,.0% formic acid) and

mobile phase B (95% acetonitrile, 58mineralisedvater, 0.1% formic acid) at a flow rate of

0.3 mL/minat 30°C Elution was achieved using a gradient fro183% B in 3 minutes, 35 % B

from 3 to 6 minutes, 100% B from-BL minutes andeequilibration at 0% B form 117

minutes.Samples were kept at 4°C andriiOinjected onto the column in triplicate.

2.3.2.9 Mass pectrometry

For the ionisation of caffeoylquinic acidsetheated electrospraynisation source was operated
in negative modewith the gas flow set toGLL/min, a nebuliser pressure &0 psi at a
temperature of 35C. Multiple reaction monitoring (MRM) settings were optimised using
commercially available standards a concentration of 10 pg/mL. The following talfleable

2.1) shows the optimised settings for the individual compounds.

Table 2.1: Multiple reaction monitoring settings optimized for the individual

caffeoylquinic acid

Compound Retention Precursor Fragmentor Product Collision
time ion energy ion energy
(min) (m/z) (m/z)
3-Caffeoylquinic acid 6.2 353 120 191 20
179 20
5-Caffeoylquinic acid 14.1 353 120 191 10
179 20
4-Caffeoylquinic acid 19.4 353 120 179 15

173 15
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The first four minutes of the LC flow were sent to waste, freBminutes the settings for 3
CQA, from 816 minutes the settings forGQA and from 16 to 55 minutes the settings for 4
CQA were used, respectively. After 55 minutes theagiyl was switched to positive to
neutralise a potential charge accumulation in the ion capillary.

The heated electrospray ionisation source was opeirateelgative modat optimised settings
for feruloylglycine with the gas flow set to 13 L/min, a nebeti pressure 060 psi at a
temperature of 35C. Multiple reaction monitoring (MRM) settings were optimised using
synthesised standards at a concentratio® @fgfmL. The following tabl€Table2.2) shows the

optimised settings for the individual compounds.

Table 2.2: Multiple reaction monitoring settings optimised for the individual glycine

conjugate
Compound Retention Precursor Fragmentor Product Collision
time ion energy ion energy
(min) (m/z) (V) (m/z) (V)
Vanilloylglycine 4.2 224 130 100 6
123 10
Dihydroferuloylglycine 4.6 252 110 74 12
121 28
3,4-Dimethoxybenzoylglycine 5.0 238 110 194 5
122 25
Feruloylglycine 5.0 250 100 206 6
134 16
3-(3,4 5.4 266 160 74 12
Dimethoxyphenyl)propionyl- 149 18
glycine
3.4 5.8 264 160 220 5
Dimethoxycinnamoylglycine 103 15

2.3.2.10 Quantitative analysis caffeoylquinic acids

External calibration was used to quantify the three caffeoylquinic acids. Calibration curves were
run on day 1 and day 3 including nine calibrants (0.5, 1, 2.5, 5, 10, 25, 50, 100 amifl)200
prepared on the individual days. The linarity wdOR 0 . 9 Bmit of Héteetion (LOD) and

the Ilimit of quantitation (LOQ) are calculated by LOD=(3.3*intercept)/slope and

LOQ=(10*intercept)/slope, respectively. The values are preseniieabie2.3.
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Table 2.3: Summary of limit of detection and limit of quantitation of 3-, 4, and 5

caffeoylquinic acid in pmol

Compound Limit of detection (pmol) Limit of quantitation (pmol)
3-Caffeoylquinic acid 3.0 9.1
4-Caffeoylquinic acid 2.0 5.9
5-Caffeoylquinic acid 14.8 447

Three coffee samples were prepared and two aliquots taken for each samples which were

injected in triplicate on day 2.

2.3.2.11 Quantitative analysisglycine conjugates

Calibration curves were prepared on the day ofatiaysis and included nine calibrants (0.1,
0.5, 1,5, 10, 2040, 60,80and 100uM). 10 pL of each calibrant was injected in triplicate. The
calibration curves were run on three different days (Day 1, 3 ani5} linearity of R0 0. 9 9 .
The limit of detection (LOD) and the limit of quantitation (LOQ) are calculated by
LOD=(3.3*intercept)/slope and LOQ=(10*intercept)/slope, respectively. The values are
presented iTable2.4.

Table 2.4: Summary of limit of detection and limit of quantitation of vanilloylglycine,
dihydroferuloylglycine, 3,4-dimethoxybenzoylglycine, feruloylglycine, 33,4

dimethoxyphenyl)propionylglycine and 3,4dimethoxycinnamoylglycine in pmol

Compound Limit of detection Limit of quantitation
(pmol) (pmol)

Vanilloylglycine 6.6 20.0

Dihydroferuloylglycine 37.2 112.6

3,4-Dimethoxybenzoylglycine 128.9 390.7

Feruloylglycine 5.1 15.4

3-(3,4-Dimethoxyphenyl)propionyl- 2.6 7.9

glycine

3,4-Dimethoxycinnamoylglycine 74.0 224.2

Urine samples were prepared in duplicate and 10 pL of eanplsavas injected in triplicaten

two different days (Day 2 and 4).
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2.4 Results

2.4.1 Synthesis

Several hundred milligrams of 3,4dimethoxycinnamoylglycine, -8,4-
dimethoxyphenyl)propionylglycine, 3dimethoxybenzoylglycine, dihydroferuloylglycine and
vanilloylglycine were chemically synthesised and characteriseéd MR and MS/MS with a
purity of 095 % 'HINMR i speetrd. According to tobtr eknowleelg3 (3,4
dimethoxyphenyl)propionylglycine and dihydroferuloylglycine are new compounds arel h
never been described in literature.

3,4-dimethoxycinnamoylglycine, 3;dimethoxybenzoylglycine, dihydroferuloylglycine,
feruloylglycine and vanilloylglycine we used as standards for the preparation of calibration
curves for external calibration and qugaiton. The amounts synthesd are practical for

weighing i.e.several milligram (23 mg), providing high accuracy.

2.4.2 Caffeoylquinic acid content in instant coffee

3-, 4- and 5caffeoylquinic acids were quantitatively analysed in instant coffee.

Figure 2.2 depicts the individual amounts o&ffeoylquinic acidin 4 g of instant coffee. The
amount of 3 4- and 5caffeoylquinic acids is @0 + 8.4, 103 + 6.0 and 467 * 9m@nol,
respectively. Participants ingested a total amourtaffeoylquinic acidof 730 £ 23.7mmol.

The quantified amounts of caffeoylquinic acids are in line with previous finfiris
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Figure 2.2: Caffeoylquinic acid content in umol in 4g instant coffee equivalent to one cup
of coffee which was cosumed by theparticipant, n=18 (three samples, two aliquots, three

injections), mean * standard deviation
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2.4.3 Novel glycine conjugates in urine post coffee consumption

The synthesised glycine conjugates serve as standards for unequivocal qualitative and
quantitative analysis otaffeoylquinic acid metabolites in urine post coffee consumption.
Therefore the compounds were used to determine the retention times, optittise neaction
monitorings and for quantitation by external calibration.

Figure2.3 depicts the chromatographic separation of the total ion chromatogram.
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Figure 2.3: Total ion chromatogram for six glycine conjugates including the internal
standard, 10 pL injected of a solution of 1 pmol/L of vanilloylglycine (1),
dihydroferuloylglycine (2), 3,4-dimethoxybenzoylglycine (3), feruloylglycine (3), 3,4
dimethoxycinnamoylglycine (4), and 3-(3,4-dimethoxyphenyl)propionylglycine (5, internal

standard).
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The total ion chromatogram shows five peaks, however, six compounds were analysed. 3,4
dimethoxybenzoylglycine and feruloylglycine coelute, but can be distinguished using their

specific multiple reaction monitoring which gid-H)  m/z 238194 and 250134, respectively.

Figure 2.4 depicts the single reaction monitoring of vanilloylglycine m/z-228 which was

used as the quantifier transition since it yielded the highest intensity transition.

Figure 2.4: Single reaction monitoring for vanilloylglycine (M-H)" m/z 224100, 10 yL

injected of a solution of 1 umol/L
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Figure 2.5 depicts the product ion spectrum of vanilloylglycine. The peak at m/z 100 is the
glycine with the acieamide bond fragment, the peak m/z 123 is the phenol moiety with a
methoxy group. The single reaction monitoring m/z-223 is used as the qualifier teiimon.

The minor peaks could not have been identified.

Figure 2.5 Product ion spectrum of vanilloylglycine showing the precursor peak afM-H)"

m/z 224and the two product ions & m/z 123 and 100respectively, at a collision energy of

5V
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Figure 2.6 shows the single reaction monitoring of dihydroferulic acid m/z2%2vhich was

used as the quantifier transition.

Figure 2.6: Single reactionmonitoring for dihydroferuloylglycine (M -H)  m/z 25274
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In Figure2.7 the product ion spectrum of dihydroferulic acid is depicted. The peak at m/z 74 is

the glycine moiety. The undgihg structure of peak at m/z 121 has not been identified, but is

used as the qualifier transition.

Figure 2.8 depicts the single reaction monitoring of dimethoxybenzoylglycine m/z1238

which was used as the quantifier transition.

Figure 2.7: Product ion spectrum of dihydroferuloylglycine depicting the precursor peak

at (M-H)" m/z 252 and two product ions at m/z 121 and 74, respectively, at a collision

energy of 5V
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Figure 2.8: Single reaction monitoringfor dimethoxybenzoylglycine (MH)" m/z 238194
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In Figure2.9 the product ion spectrum of dimethoxybenzoylglycine is depicted. The peak at m/z
194 is the precursor molecule minus the m/z 44 which indicates decarboxylation. The qualifier

peak at m/z 122 was not identified.

Figure 2.9: Product ion spectrum of dimethoxybenzoylglycine depicting the precursor
peak at (M-H)" m/z 238 and two product ions at m/z 194 and 122, respectively, at a

collision energy of 5V o
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Figure2.10 shows the single reaction monitoring of feruloylglycine m/z-238, the quantifier
transition. The retention time is the same as of dimethoxybenzoylglycine. As the the peaks

coelute there is a need to distinguish thkased on the different single raaotmonitoring.

Figure 2.10: Singlereactionmonitoring of feruloylglycine (M-H)" m/z 250134
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Figure2.11 shows the product ion spectrum of feruloylglycine with the quantifier peakzat
206 and the qualifier peak at m/z 134. The peak at m/z 206 is the precursor structure which has

been decarboxylated@0,) , t he qual i fier peakds structure has

Figure 2.11: Product ion spectrum of feruloylglycine with a completely depleted precursor

ion at (M-H)" m/z 250 and two product ions at m/z 206 and 134, respectively, at a collision

o
energy of 5V
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The following figure shows the single reaction monitoring of the(3,3
dimethoxyphenyl)propionyl glycine, the dihydro form of -Bliinethoxycinnamoyl glycine with

m/z 26674.

Figure 2.12 Single reaction monitoring of 3-(3,4-dimethoxyphenyl)propionylglycine (M-

H) m/z 26674
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The product ion spectrunfrigure 2.13) depicts the two major fragment peaks at m/z 149 and

m/z 74. The latter is the quantifier peak at m/z 74 which is the glycine fragment. The qualifier

peak at m/z 149 is the phenol ring with thet&iB

Figure 2.13: Product ion spectrum of 3(3,4-dimethoxyphenyl)propionylglycine depicting
the precursor peak at (MH)" m/z 266 and two product peaks at m/z 149 and 74,

respectively, at a collision energy of ¥ -
(@)
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Figure2.14 shows the single reaction monitoring of -8li#nethoxycinnamoylglycine m/z 264

220, the quantifier transition.

Figure 2.14: Single reaction monitoring for 3,4-dimethoxycinnamoylglycine (M-H)" m/z

264-220
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Figure2.15 shows the product ion spectrum of -8i#nethoxycinnamoyl glycine. The quantifier
peak at m/z 220 and the qualifier peak at m/z 103. Thegdeak is the decarboxylated form of
the precursor peak and the latter is the benzene ring with a C2 tail. Thesprepaak

(m/z=264) is completelgepleted.

Figure 2.15. Product ion spectrum of 3,4dimethoxycinnamoylglycine with a completely

depleted precursor ion at (MH)" m/z 264 and two product ions at m/z 220 rad 103,

/
respectively,at a collision energy of 5V Q
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2.4.4 Glycine conjugates in urine
The recovery of six glycineonjugatedurinary metabolites of caffeoylquinic acid and its

derivatives were assessed and the results are depidiatle®.5.

Table 2.5: Recovery (%) of six urinary metabolites and internal gandard at 1, 5, 10 uM,

n=9 (three samples, three injections)mean tstandard deviation

VA- DHFA.- DMB- FA-GLY DHDM- DMCA-
GLY GLY GLY GLY GLY

1uM 714 + 67.3 67.5+ 1125+ 652+ 117.2 +
1.4 1.4 15 13 2.3 3.6

5uM 63.2 + 62.3 725+ 1158+ 723 % 109.8 +
15 2.1 1.9 1.8 15 2.7

10 uM 67.4 + 75.4 79.6 + 1141+ 811+ 1159+
1.5 2.0 2.2 1.5 2.5 3.1

There is an overall tendency that the recovery ratebedosv the spiked amountvhich could

be due to insufficient extraction or ion suppression effects in the electrospray ionisation source.
However,the recovery fofferuloylglycine and dimethoxycinnamoylglycireee overall higher

and exceedthe spiked amounin the sample. This ctédibe due to ion enhancemeriteets in

the electrospray ionédion source.

Five of six participants completed the human study. One participant was excluded due to non
compliance with the study guidelines sinteexcretion exceedelD0% of the ingestedode of
caffeoylquinic acids. Vanilloylglycine and feruloylglycine were detected and quantified as the
only glycine metabolites. Dihydroferuloylglycine, 3j#methoxybenzoylglycine, and 3,4
dimethoxycinnamoylglycine were detected, but not quantified as twgicentrations were
below the limit of quantitation. Feruloylglycine is the highest metabolite followed by
vanilloylglycine. Vanilloylglycine has been reported for the first time rasirsnary metabolite

of coffee consumption araffeoyhlcid intake.
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Figure 2.16: Urinary excretion of vanilloylglycine (umol) for individual subject(n=5)for 0-4, 48, 812, 1224, and 2436 hours post coffee consumptign

n=6 (two biologicalreplicates, triplicate injections), mean + standard deviation

89.9

S 20
o _
S5 15 - =1l
o € >
c = T
s 10 4 " m3
> T

4

m5

0-4h 4-8 h 8-12 h 12-24 h 24-36 h

Figure 2.17: Urinary excretion of feruloylglycine (umol) for individual subject(n=5)for 0-4, 48, 812, 1224, and 2436 hours post coffee

Consumption, n=6 (two biological replicates, triplicate injectbons), mean + standard deviation
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Graph Figure 2.16) depicts the vanilloylglycine excretion in urine per collection interval per
subject. Most vanilloylglycine was excreted betweer242hours post coffee consumption,
however, substantial amounts have also been excreted betw&2na®d 2436 hours.
Hypothetically, more vanilloylglycine would be excreted after 36 hours, however, only small
amounts of vanilloylglycince have been detected in the baseline urine sample. The graph also
depicts the interindividual variation of the amounts excreted.

Graph Figure 2.17) shows the feruloylglycine excretion in urine per collection interval per
subject. Most feruloylglycine was excreted betweefh28hours post coffee consumption,
however, substantial amounts were also excreted betwe2é H@urs

Graph Figure 2.18) shows the cumulated vanilloylglycine for the five subjects for the
individual urine collection intervals. The average total amount excreted for the five subjects is
33.0 = 32.4nmol for 0-36 hours post coffee nsumption. The amount accounts for 4.6%lar

of the ingested dose.

Graph Figure 2.19) depicts the cumulated feruloylglycine for the five subjects for the
individual urine collection intervals. The average cumulated amount excretethe five
subjects is 38.8 + 8.imol for 0-36 hours post coffee consumption. The amount accounts for
5.3% of the ingested dose.

The total amount of glycine conjugates excreted feé860hours post coffee consumption

account for 9.8% of the dose ingested
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Figure 2.18: Cumulated, meanexcretion of vanilloylglycine umol) for individual subject (n=5) for 0-4, 48, 812, 1224, and 2436 hours post coffee

consumption,n=6 (two biologcal replicates, triplicate injections), mean
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Figure 2.19: Cumulated, meanexcretion of feruloylglycine (umol) for individual subject (n=5)for 0-4, 48, 812, 1224, and 2436 hours post coffee
consumption,n=6 (two biological replicates, triplicate injectians), mean
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2.5 Discussion
Several new cinnamic acid and phenolic acid glycineugaips were chemically synthesis
their structures confirmed byH-NMR and M$ and heir physicochemicalproperties
determined. The glycine conjugates were identified and quantitatively analysed in urine post
coffee consumption by compauis of their specific retention time and multiple reaction
monitoring on a high pressure liquid chrdograply coupled via electrospray iomigson to a
triple quadrupole masspectrometer with the synthesik standards. Two of theynthesisé
glycine conjugates have never been described in literatditeydroferuloylglycine and -83,4-
dimethoxyphenyl)projpnylglycine.
After coffee consumption only feruloylglycine waseviouslyreported as a urinary metabolite
of chlorogenic acids The urinary excretion of feruloylglycine accounted for 5.0% of the
ingested dose according to Stalmattal [7]. It was the second most excreted metabolite after
dihydrocaffeic acie3-O-sulphate which accounted for 9.0 % of the ingested dose. However, for
the first time vanilloylgycine has been detected and quantified as a urinary metabolite of coffee
chlorogenic acidin humans and it accounts for 4.5% of the ingested dose. It is one of the most
excretedmetabolites ofcoffee chlorogenic acidsn urine and of importance when cdkting
the absorption of coffeghlorogenic acidsia the excretion rate in the human body.
Vanilloylglycine differs from feruloylglycine by a C@nit. The chain shortening is attributed to
t h eoxidation process in the hepatic mitochondria describethéofirst time ingreaterdetail
i n Dr A. Ker i mi 6 s [680 Erioroto adnjugatibneveith glycine 2tiel 1
hydroxycinnamic acl der i vati ve i s -oixntdradd wmedpriorctes st h
oxidation the propionyl tail is shortened by two carbon atoms and either two or four hydrogen
atoms depending on the oxidation stage of the compound. The loss of molecular weight
facilitates the urinary excretion which is further enhanced by the subsequent conjugation with
glycine. Both catalysed reactions are located in the mitochondrial matrix of liver and kidney

cells[64]. A suggested metabolic pathway is showFigure2.20.
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Figure 2.20: Suggested metabolic pathway of coffee chlorogenic asith the body with

focus on glycine conjugation. Sulpation and glucuronidation are not shown.Derived and

adapted from Olthof et al., 2003
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3,4-dimethoxycinnamic acid linked to quinic acid via an ester bond has been reported as a
coffee constituenil0] and 3,4dimethoxycinnamic acid was found in plasfdg], recently. As

the 3 and 4 positions are protected by a methoxy group, no functional group, e.g. sulfate or
glucuronide can be attached during phase Il metabolism. Therefore we hypothesised that the
compound is prone to conjugation with glycine at théa=ylic tail and thus excreted in urine.
However, we only found trace amounts of-8ithethoxycinnamoyl glycine in urine. This leads

to the assumption that thepésition is demethylated during metabolism and feruloylglycine is
the main metabolite. The dethylation step would also explain the occurrence of only trace
amounts of 34limethoxybenzoylglycine, but substantial amounts of vanilloylglycine (4

hydroxy-3-methoxybenzoylglycine) in urine.
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Alternatively, 3,4dimethoxycinnamic acid could undergo cagdtion with glutathione by
glutathioneStransferase and thereafter it might enter the mercapturic acid pathway implying
further modifications to the tripeptide tail including loss of glutamic acid and glycine, followed
by acetylation of the remaining ceate [70]. Conjugation with glutathione has also been
reported during the incubatiocof ferulic acid with rat hepatocyt¢gl]. Further studies should
investigate thepresene of 3,4dimethoxyénnamoytN-acetylcysteine which is potentially
excreted in urine after coffee consumption. The conjugate Wthcetylcysteine of
sulforaphane, ra isothiocyanate present in cruciferous vegembleas found in urine after
ingestion of broccoli sprouts faxample[72]. The dihydro form of feruloylglycine has only
been detected in trace amounts and no dihydroform oéliBydthoxycinnamoylglycine was
found. The reduction of the double bond occurs in the colon and is attributed to microbial
reductasegly).

We have shown that hydroxycinnamic acid, the hydrolysis producthlofogenic acidsis
decarboxylated and subsequently undergoes conjugatiot h gl yci ne associ a
oxidation in mitochondria. Vanilloylglycine, differing by the loss ofHZ compared to
feruloylglycine, and was found to be the second most excreted urinary metabolite of

caffeoylquinic acid and its derivatives.
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Chapter 3: Synthesisof hydroxycinnamic acid suphates,
development of a LGMS method for highest urinary metabolites of
caffeoylquinic acid and its derivatives, analysis of caffeoylquinic acid
and its derivatives in coffee, and digestion of coffee and caffeoylquinic
acid and its derivatives with porcine pancreatin

3.1 Abstract

This chapter summarises the synthesis chemical standards, the subsequent development and
validation of a LEMS method for the analysis of major urinary metabolites of caffeoylquinic
acid and its derivates, the analysis of caffeoylquinic acid and its derivatives in a stasedrdi
coffee beverage and the digestion of coffee and caffeoylquinic acid and its derivatives by
porcine pancreatin.

The first part describes the synthesis of three hydroxycinnamid sulptates, e.g.
dihydrocaffeic acieB-O-sulphate, ferulic acied-O-sulphate and dihydroferulic acid-O-
sulphate in hundred milligram amounts for use as standards feME&®ased quantitation via
external calibration. Additionally, a rapid sample mdere and L&MS method was developed

for the quantitative analysis of five major urinary metabolites of caffeoylquinic acid and its
derivatives, i.e.vanilloylglycine, dihydrocaffeic aci®-O-sulphate, dihydroferulic acid-O-
sulphate, ferulic acigd-O-suphate, and dihydroferulic acid. The method was used to assess the
absorption of caffeoylquinic acid and its derivatives in urine obtained from volunteers in a
human study described in detail in chapter 4. Moreover, caffeoylquinic acid and its derivatives,
e.g. 3, 4-, 5-caffeoylquinic acid, 3 4-, 5-feruloylquinic acid and 3;dlicaffeoylquinic acid and
3,5-dicaffeoylquinic acid were quantified in coffee which is consumed by the participants in the
human study described in chapter 4. Furthermore, coffeé; 8nd 5caffeoylquinic acid and-3

,4- and 5feruloylquinic acid have been incubated individually over 60 minutes with porcine
pancreatin, a mixture of digestive enzymes released by the pancreas into the duodenum. Caffeic
acid concentration increasedtmost during the incubation of coffee, however, a small increase
in ferulic acid concentration was also observed during the incubation-,4f 8nd 5
caffeoylquinic acid. No release of ferulic acid was observed whe# &nd 5feruloylquinic

acid have ben incubated with porcine pancreatin. The data indicate that pancreatin has a
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substantial contribution to the hydrolysis of the ester bond between caffeic acid and the quinic

acid moiety in caffeoylquinic acids, in particular og&ffeoylquinic acid, irthe small intestine.

3.2 Introduction

Coffee caffeoylquinic acid and its derivatives are veddsorbed, extensively metabelisand
abundantly excreted in urine post coffee consumption. The major urinary metabolites are
dihydrocaffeic acie3-O-sulphate, ferubylglycine, dihydroferulic acidl-O-sulphate, ferulic
acid4-O-sulphate and dihydroferulic acid according to Stalmasthal. [7]. In chapter 2,
vanilloylglycine was reported for the first time as a metabolite of caffeoylquinic acid and its
derivatives, excreted in similar amounts to feruloylglycine in urine.

Previously, Fumeaugt al.[30] described the synthesis of several hydroxycinnamic acid phase
Il metabolites including dihydrocaffeic aeBiO-sulphate, dihydroferulic acid-O-sulphate and
ferulic acid4-O-sulphate. In order to assess the absorption of coffee caffgioydoacids and its
derivatives, the excretion of urinary metabolites can be quantified after coffee consumption.
Therefore dihydrocaffeic aci8-O-sulphate, dihydroferulic acidli-O-sulphate and ferulic acid
4-O-sulphate were synthegid using a maodified rptocol of Fumeauxet al. [30] to obtain
practical amounts of these chemical standards for thiviB(based quantitation of the major
urinary metabolites via external calibration.

Earlier, several analytical methods for the quantitation of urinary metabolites of caffeoylquinic
acid andts derivatives have been repor{ed 15, 17]. These methods aimed to quantify all the
known urinary metabolites of caffeoylquinic acid atelderivatives and run over a long time of
sixty minutes and are therefore not suitable for the screening of excretion of a larger study
populations (>10). Therefore a new and quick method of sample preparation 48 b&se
quantitation using externahlibration for the major urinary metabolites was developed and is
described in this chapter.

Several caffeoylquinic acids and its derivatives have been quantitatively analysed i ¢offee

9, 15, 17, 73]. The majorones are 3 4-, and 5caffeoylquinic acid, 3 4-, and 5feruloylquinic

acid and 3,4licaffeoylquinic acid, 3/&licaffeoylquinic acid and 48icaffeoylquinic acid. For
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the assessment of the absorption of caffeoylquinic acid and its derivatives thaint anas
quantified in commercially available instant coffee which was administered in the human study
described in chapter 4. The method for the quantitation was previously described byeFarrell
al. [74].

Previous studies assessed the absorption, metabolism and excretion of caffeoylquinic acid and
its derivatives in ileostomists, patients who undartvremoval of their colon due to medical
conditions[15, 17, 19]. The absorption of caffeoylquinic acids and its deiwes in ileostomists

is attenuated compared to healthy peopmstomets only excreted 8 + % of the ingested

dose of caffeoylquinic acids and its derivatiy&§] whereas balthy subjects excreted 29 %4

The cleavage of the ester bond between caffeic acid and quinic acid in caffeoylquinic acid is
partially located irthe small intestind15, 19], however, only a moderate hydrolysis has been
observed in the upper gastrointestinal tract and major esterases were located in thEolon
Pancreatin, a complex mixture of various digestive enzymes inclulidages, trypsin,
peptidases, proteases, RNAses, DNAses, amylases and unspecific carboxylésteraseted

by the pancreas into the duodenum, the upper part of the inestine. In order to better
understand the hydrolyzing effects of pancreatin on coffee, caffeoylgatidt and its
derivativeswere incubated at 3T for 60 minutes with porcingancreatirand caffeic acid and

ferulic acid, respectivel\andwere quarified at 0, 10, 20, 40 and 60 minutes of incubation.
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3.3 Materials and methods

3.3.1 Materials

Vanilloylglycine was synthesisl as described in chapter 2. Feruloylglycine was generously
donated by Prof Alan Crozier, University of Glasgow, UK.-8@igaffeoylquinic acid was a gift
from Dr Thomas Erk, University of Kaiserslautern, Germany andl@&ffeoylquinic acid was
kindly provided by Prof Mike Clifford, University of Surrey, UK.-@affeoylquinic acid was
purchased from Purify Chengdu Biopurify Phytochemicals, Chengdu, China and 4
caffeoylquinic acid was purchased from HWI Analytik, Rilzheim, Germasier8loyquinic

acid andd-feruloylquinic acid were purchased from Purify Chengdu Biopurify Phytochemicals,
Chengdu, China.

All other chemicals were purchased from Sigaddrich, St. Louis, MO, USA. Chemicals for
the synthesis were reagent grade, chemicals which served as dddioddrtGMS quantitation

or enzymatic digestionwere LIS gr ade or of HPLC grade O 99¢
Demineralised water was prepared using a Millipore water purification system, Millipore
Corporation, Billerica, MA, USA.

The MPLC (Thomson Single Step, 16.5 g Cl8shl Column) was purchased from Biotage,

Uppsala, Sweden.

3.3.2 Methods
The demical synthesis was performed in collaboration with Prof Philip Kocienski in the iPDR
laboratory at thédepartment of Chemistrgt the University of Leeds, UK. The structure of all

intermediates and final compounds was determinetHyMR, *C-NMR, and IR.

3.3.2.1 Synthesis of éhydrocaffeic acid-3-O-sulphate
The synthesis of dihydrocaffeic a€sdO-sulphate consists of five individual symsis steps.

The first step introduced a benzyl group as a protecting group at-plositton of 3,4
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dihydrobenzaldehyde. The subsedustep inserted a neopentyl supd group at the -3

position.

At the third step the aldehyde tail was extended by adfddaf a CHCOOEt group, thereafter

the protecting benzyl group is removed by reduction with gaseous hydrogen, prior to the
removal of the protecting neopentyl group and formation of the sodium salt. In the following the
individual procedures are describdedetail.

4-(Benzoyloxy}3-hydroxybenzaldehyde 2] was prepared according to a procedure of
Couladorouset al[75]. 3,4-dihydroxybenzaldehyde (1) (10.0 g, 72.4 mmol, 1.0 equiv) and
anhydrous potassium carbonate (9.0 g, 65.2 mmol, 0.9 equiv) were suspended in 85 mL
dimethylformamide and heated at°@for 4 h. The reaction mixture was allowed to cool to
room temperaturehenzyl bromide (9.09 mL, 76.0 mmol, 1.05 equiv) added and the resulting
dark suspension stirred at room temperature for 18 h. Ethyl acetate (150 mL) and water (150
mL) were added and the layers allowed to separate and the aqueous layer extractedlwith ethy
acetate (100 mL). The combined organic layers were washed with ammonium chloride
(saturated aqueous solution, 150 mL) and brine (150 mL). Activated charcoal was used to
decolarise the solution which was passed through a plug of silica/celite subsgqamedithe

filtrate concentratedh vacuoto give an orange/brown oily solid. Recrystallisation from ethyl
acetate/petrol gave the title compound as afwbfte solid (9.89 g, 43.3 mmol, 60%) with a mp
108109 °C.Spectroscopic dataH NMR (500 MHz, CDC}), **C NMR (75 MHz, CDC}), and

IR] are in accordance with those reporéf].

'H NMR (500 MHz, CDCJ) : & = 9C3i18)37.48 7138 (7H, m, C5H/COH/ArH), 7.04

(1H, d,J = 8.2, C6H), 5.83 (1H, s, OH), 5.20 (2H, s, PhOH

BCNMR (75MHz,CDC)) : G = 191.3 (C3), 154),.1208(C2)7), 146.
129.0 (2C, GH), 128.8 (GH), 128.0 (2C, @&H), 124.6(C5H), 114.5 (C9H), 111.6 (C6H),
71.30 (PhCHO).

| R (sol i i2%00brs, 1745 8, 660s, 1603 s, 1513 s, 1454 $ cm

Neopentyl chlorosulfate (Avas prepared from neopentyl alcohol (3) using a modification of

Widlanskb s p r ¢7€] eAcsalutian of commercial neopentyl alcoh@8)) (25.0 g, 284 mmol,
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1.0 equiv) and pyridine (22.9 mL, 284 mmol, 1.0 equivdiethylether(60 mL) was added

dropwise to a solution of sulfuryl chloride (23.0 mL, 284 mmol, 1.0 equid)athyl ether(115

mL) at 1 78°C. The cooling bath was removed and the reaction mixture allowed to warm to
room temperature over 20 muitesand then stred at room temperature for 2 h. The white
suspension was filtered, the white solid washed digtthyl ether(2 3 100 mL) and the filtrate
concentratedn vacuoto give a colourless liquid. Distillation gave the title compound (50.0 g,
268 mmol, 94%) s a colorless liquidvith a bp of 26i 28°C at 0.3 mmHg.Spectroscopic data

[*H NMR (500 MHz, CDC}), **C NMR (75 MHz, CDC}), and IR] are in accordance with those
reported 76| .

H NMR (500 MHz, CDCY)) : U = 4. 13)71.0% (2His, C%Chs. C1 H

= ZB .0 6:2)1 (2@)1(3-63’ C2H3)3)
2 9 6 4375m, 1188Bs7950 sw936 s185mBSEmM m, 1411

el

¥C NMR (75 MHz, CDC)) :

I R (solid): 3

2-(Benzyloxy)}5-formylphenyl neopentyl sphate (5) was prepared using a modéiion of the
procedure of Fumeauat al.[30]. Neopentyl chlorosulpdte @) (9.81 g, 52.6 mmol, 1.2 equiv)
in dichloromethan€l0 mL) was added dropwise to a yellow solution of pheno(2(@)0 g, 43.8
mmol, 1.0 equiv) anddiazabicycloundeceng(7.86 mL, 52.6 mmol, 1.2 equiv) in
dichloromethan€90 mL) at room temperature and the resulting yellowmwgeasolution stirred
for 21 h.The reaction mixture was washed withML aqueous hydrochloric aciid50 mL),
sodium hydrocarbonatesaturated aqueous, 150 mL) and brine (150, rdtigd over sodium
sulplate,filtered and concentrated vacuoto give an offwhite solid. The crude product was
passed through a plug dfilicate, eluted with dichloromethaneand crystallised from
methyltertbutyl ethémpetrol to give the title compound (14.7 g, 38.8 mmol, 8@%)a white
solid, with a mp 58i 59°C. Spectroscopic dataH NMR (500 MHz, CDC}), *C NMR (75
MHz, CDCL), and IR] are in accordance with those repof8&ji.

'HNMR (500 MHz,CDC}) : U4 = 9.88 (1H,J=20,Co83%ABp(IH,add, 91 ( 1
= 8.5, 2.0, C5H), 7.50/.32 (5H, m, ArH), 7.18 (1H, d] = 8.5, C6H), 5.22 (2H, s, PhGE),

4.06 (2H, s, OB,C(CHy)3), 0.89 (9H, s, OCKC(CHy)y).
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BCNMR (75MHz,CDC)): & = 189.6 (C3), 15%5) IB0.§(C5H),, 139.

130.1 (C4), 129.0 (2C, £H), 128.8 (G/H), 127.8 (2C, &H), 124.0 (COH), 114.1 (C6H), 84.0
(OCH,C(CH)3), 71.43 (PhCHD), 31.9 (OCHC(CHjy)s), 25.9 (3C, OCKC(CHy)3).

I R ( s o B3iraw), 3070an, 2961 s, 2872, s, 2815 s, 2717 s, 1698 s, 1606 s, 1576 s, 1509 s,
1465's, 1430 s, 1380 s, 1298 S ¢cm

(E)-Ethyl 3-(4-(benzyloxy}3-(((neopentyloxy)sulfonyl)oxy)phenyl)acrylaté’) was prepared
using the procedure dfumeauxet al. [30]. Ethyl 2-(triphenylphosphoranylidene)acetdt®)
(20.1 g, 57.7 mmol, 1.0 equiv) was added in a single portion to aldé€sy@®i.8 g, 57.7 mmol,
1.0 equiv) indichlorometlané tetrahydrofuran(1:1; 90 mL) at room temperature and the
resulting pale yellow solutiogtirred for 2.5 hThe reaction mixture was concentratedracuo

to give a white oily solid that was passed through a plugilichte eluting with petroliethyl
acetatg3:1) andcrystallised frommethyltertbutyl ethépetrol to give the title compound (23.7
g, 52.8 mmol, 92%) as colourless neediegh amp 76/ 77°C. The E:Z ratio was assigned
using*H NMR spectroscopy with nd@Zf-isomer being observe&pectrosopic data {H NMR
(500 MHz, CDC})] are in accordance with those reporad].

'H NMR (500 MHz, CDC)) : U i 754 (2H5 &, C3H/C9H), 7.48.43 (2H, m, C5H/ArH),
7.427.32 (4H, m, ArH), 7.05 (1H, dl = 8.6, C6H), 6.32 (1H, d] = 15.9, C2H), 5.15 (2H, s,
PhCHO), 4.25 (2H, qJ = 7.1, OGH,CHy), 4.04 (2H, s, OB,C(CHs)s), 1.33 (t,J = 7.1,

OCH,CH), 0.87(9H, s, OCHC(CHa)s).

BCNMR (75MHz,CDC)) : U = 166.9 (C1), 152.1 (7)), 142.

128.9 (2C, GH), 128.7 (GH), 128.6 (C5H), 128.1 (C4), 127.9 (2CaB), 122.4 (C9H),

118.0 (C2H), 114.4 (C6H), 83.9 @B,C(CHy)s3), 71.2 (PhCHO), 60.7 (CCH,CH;), 31.8
(OCH,C(CHg)3), 25.9 (3C, OCHC(CHg)3), 14.5 (OCHCHy).

IR (solid): 3 = 3047 w, 2968 m, 2903 m, 2874

m, 1420 m, 1398 s 1313 s, 1287 S ¢m

Ethyl 3-(4-hydroxy-3-(((neopentyloy)sulfonyl)oxy)phenyl)propanoaté8) was prepared using
a modificationof Fumeauxet al][30] method.A suspension of palladium on activated carbon

(10% dispersion; 500 mg) and compouf@in ethanol (150 mL) was degassed wjdiseous

5

(
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hydrogenfive times and stirred at room temperature under an atmosphbyelraigenfor 4 h.

The reaction mixture was fdred through a pad of celite, the dark residue washed with
dichloromethandg2 2 100 mL) and the combined filtrate concentrated/acuo.The residual
yellow/orange oil was purified by column chromatograpimsilicate eluting with petrokéthyl
acetate(5:1) to give the title compound (7.91 g, 21.9 mmol, 98%) as a colourleghabil
solidifies on storage ata i 20°C. Spectroscopic datdH NMR (500 MHz, CDC}J), *C NMR

(75 MHz, CDC}), and IR] are in accordance with those repofBei.

'H NMR (500 MHz, CDC)) : U = 7J.=23, COH), R.05 (IH, ddl = 8.3, 2.1, C5H),

6.97 (1H, dJ = 8.4, C6H), 4.13 (2H, s, QGC(CHy)s), 4.12 (2H, q, J = 7.2, QGCHs), 2.89

(2H, t,J = 7.6, C3H), 2.59 (t,J = 7.7 Hz, C2H), 1.23 (t,J = 7.2 Hz, OCHCH), 1.01 (9H, s,
OCH,C(CHy)s).

YCNMR(75MHz,CDC})) : U0 = 173.2 (Cl), 146.2 (C7), 1°
122.2 (C6H), 118.3 (C9H), 84.3 (BI,C(CHs)s), 60.9 (OQCH,CHs), 36.0 (C2H), 32.0
(OCH,C(CHz)3), 30.0 (C3H), 25.9 (3C, OCHC(CHa)3), 14.3 (OCHCH3).

I R (sol i 2900 brs, 2365 s3ZBTBG, 1708 br s, 1624 m, 1594 m, 1519 s, 1398 s, 1297

scm?

Dihydrocaffeic acid 30-sulphate (9 was prepared usingraodified procedure ofFumeauxet
al.[30]. A solution of phenol (8) (2.5 g, 6.94 mmol, 1.0 equiv) and sodium azide (902 mg, 13.9
mmol, 2.0 equiv) indimethylformamide(21 mL) was heated at 60°C for 24 Tihe reaction
mixture was allowed to cool to room temperature and the solvent removed usitajidis(ca

40°C at ca 1 mmHg) to give a offvhite gummy residue that was dissolved in methanol, dry
loaded ontcsilicateand passed through a plug silicate eluting with dichloromethanthanol

(5:1) to give a pale yellow oiMethanol (14 mL) and M aqueous sodium hydroxid28.0 mL,

28.0 mmol, 4.0 equiv) was added and the resulting solution stirred at room temperature for 4 h.
Amberlite CG50 (3.0 g) was added to the reaction mixture and statedom temperature for

30 min. Filtration and concdration in vacuogave an offwhite solid that was purified using
Biotage MPLC (Thomsoiingle Step, 16.5 g C18 Flash Colynusing a gradient of methanol

in wateras eluent to give the title compound (1.92 g, 6.27 mmol, 90%) as a hydroscepic off
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white sold. Spectroscopic dataH NMR (500 MHz, DMSQds) and *C NMR (75 MHz,

DMSO-dg)] are in accordance with those reporiad).

'H NMR (500 MHz, DMSOdg) : U = 6J=92%, QOH)H5,78 (dH, dd] = 8.2, 2.2,
C5H), 6.69 (1H, dJ = 8.1, C6H), 2.65 (2H, t] = 7.6, C3H), 2.17 (2H, tJ = 7.6, C2H).

¥%C NMR (75 MHz, DMSQde) : & = 177.3 (C1), 147.1 (C7), 140.

(C5H), 122.9 (C9H), 116.9 (C6H)9B (C2H), 31.6 (C3H).

Figure 3.1: Synthesis of dihydrocaffeic acie3-O-sulphate
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3.3.2.2 Synthesis of érulic acid-4-O-sulphate

The synthesis of ferulic acidtO-sulphate consists of three individual synthesisps. In the

first step the carboxylic group of ferulic acid is protected by the formation of a methyl ester. In
the second step neopentylghate is introduced at the-pbsition of the phenyl ring which is
followed by the last step where the neopentyit gplit off due to hydrolysis followed by the
addition ofa sodium cation. In the following the individual synthesis steps are described in

experimental detail.
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(BE)-Methyl 3-(4-hydroxy-3-methoxyphenyl)acrylate (13yas prepared using a modification of

the procedure o¥oisin-Chiret et al[77]. Trimethyl orthoformate (38.0 mL, 348 mmol, 1.35
equiv) followed by concentrated sulfuric acid (1.38 mL, 25.8 mmol, 10 mol%) in methanol (40
mL) was added to a solutiari ferulic acid(10) (50.0 g, 258 mmol, 1.0 equiv) in methanol (215
mL) at room temperature and the resulting yellow solution heated untler fef 20 h.The
reaction mixture was allowed to cool to room temperature, pyridine (6.26 mL, 77.4 mmol, 30
mol%) added and the mixture concentratedvacuo Methyltertbutyl ether(250 mL) was
added, the solution washed with M aqueous hydrochloric aci® 2 150 mL), sodium
bicarbonatdsaturated aqueous, 100 mL) and brine (100 mL), dned sodium sulfatdiltered
andconcentratedh vacuoto give a colourless oillhe title compound (43.8 g, 210 mmol, 82%)
was crystallised as a white solid by the additiordiethylether(50 mL) and the addition of
petrol €a 50 mL) until cloud point was observed with stirriagy 400 rpm for 20 hwith a
melting pointat (diethylethefpetrol) 59 60 °C; Lit[77] melting pointof 68°C. Spectroscopic
data fH NMR (500 MHz, CDCJ), **C NMR (75 MHz, CDC}), and IR] are in accordance with
those reportefl77].

'HNMR (500 MHz, CDCJ) : U = 7J.=8%9, G3H)H7,07 (H, dd,= 8.2, 2.0, C5H),

7.02 (1H, dJ= 1.8, C9H), 6.92 (1H, dl = 8.1, C6H), 6.29 (1H, dl = 15.8, C2H), 5.91 (1H, s,
OH), 3.92 (3H, s, OCH), 3.80 (3H, s, OCH).

YCNMR(75MHz,CDClL) : GO = 167.9 (Cl), 148.1 (C8), 1¢
123.1 (C5H), 115.1 (C2H), 114.9 (C6H), 109.5 (C9H), 56.0 (§CH1.8 (OCH).

I R (sol i d2700 brss, 3674 8, 2WDs, 2846 s, 1730 br m, 1605 m, 1512 m, 1227 m

CmT 1

(BE)-Methyl 3(3-methoxy4-(((neopentyloxy)sulfonyl)oxy)phenyl)acrylatél?) was prepared
usingFumeauwet al. modified procedur¢30]. Neopentyl chlorosulpdite (4) (20.0 g, 107 mmol,
1.2 equiv) indichloromethan€20 mL) was added dropwise to a yellow solution of ester (11)
(18.6 g, 89.3 mmol, 1.0 equiv) amiibzabicycloundecen@6.0 mL, 107 mmol, 1.2 equiv) in
dichloromethané180 mL) at room temperatureathe resulting yellow/orage solution stirred

for 21 h.The reaction mixture was washed withML aqueous hydrochloric aci¢ge00 mL),
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sodium bicarbonatésaturated aqueous, 200 mL) and brine (200 mL), doeer sodium

sulphate filtered and concentratdd vacuoto give an offwhite solid. The crude product was
passed through a plug diilicate, eluted with dichloromethaneand crystallised from
methyltertbutyl etheto give the title compound (28.7 g, 80.1 mmol, 90%) as a white, suilia
amelting pointof 105 106 °C.

'H NMR (500 MHz, CDCJ) : & = 7J.=@6&0, ¢3H)H7.38 @H, d = 8.4, C6H), 7.14

(1H, d,J = 2.0, C9H), 7.187.10 (1H, m, C5H), 6.41 (1H, d, = 15.9, C2H), 4.17 (2H, s,
OCH,C(CHg)3), 3.92 (3H, s, OCH}, 3.82 (3H, s, OCH}, 1.01 OH, s, OCHC(CHa)s).

YCNMR (75MHz,CDC}) : U = 167.1 (C1), 151.6 (C8), 143.
123.3 (C6H), 121.1 (C5H), 119.2 (C2H), 111.9 (C9H), 83.CHEC(CHs)s), 56.1 (OCH), 52.0
(OCHg), 32.0 (OCHC(CHg)3), 26.1 (3C, OCHC(CHy)s).

IR (solid): 3 = 3081 w, 2970 s, 2872 m, 1708 s
m, 1409 s, 1370 m ¢m

Ferulic acid4'-O-sulphate(13) was prepared usingraodified procedure ofFumeauwet al[30].

A solution of ester (12) (2.5 g, 6.98 mmol, 1.0 equiv) and sodium azide (907 mg, 14.0 mmol,
2.0 equiv) indimethylformamide(21 mL) was heated at 8G for 24 h.The reaction mixture

was allowed to cool to room temperature and the solvent removed using distitaté®C at

cal mmHg) to give a offvhite gummy residue that was dissolved in methanol, dry loaded onto
silicateandpassed through a plug silicateeluting withdichloromethanthanol(5:1) to give

an offwhite solid Methanol (14 mL) and M aqueous sodium hydroxid@8.0 mL, 28.0
mmol, 4.0 equiv) was added and the resulting solution stirred at room temperature for 4 h.
Amberlite CG50 (3.0 g) wasidded to the reaction mixture and stirrédo®m temperature for

30 min. Filtration and concentratiomm vacuogave an offwhite solid that was purified using
Biotage MPLC (Thomsosingle Step, 16.5 g C18 Flash Colynusing a gradient of methanol

in wate as eluent to give the title compound (2.0 g, 6.29 mmol,)%8@ hydroscopic white
solid. Spectroscopic dataH NMR (500 MHz, DMSQGd,) and**C NMR (75 MHz, DMSQGd,)]

are in accordance with those reportad|.
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'H NMR (500 MHz, DMSOdg) : U = 7J=83, C6H),H.14 (IH, d] = 15.9, C3H),

7.09 (1H, d,J = 1.9, C9H), 6.96 (1H, dd] = 8.4, 2.0, C5H), 6.35 (1H, d,= 15.8, C2H), 3.77
(3H, s, OCH).
“C NMR (75 MHz,DMSQdg) : & = 171.6 (C1), 150.5 (C8)

(C4), 127.4 (C5H), 120.8 (C6H), 119.6 (C2H), 110.6 (C9H), 55.6 (CH

3.3.2.3 Synthesis of ¢hydroferulic acid-4-O-sulphate

The synthesis of dihydroferulic actdO-sulphate consistsfdour individual synthesis steps. In

the first step the carboxylic group of ferulic acid is protected by the formation of a methyl ester.
In the second step neopentylghate is introduced at thepbsition of the phenyl ring which is
followed by reductin of the double bond with hydrogen, prior to the last step where the
neopentyl units split off due to hydrolysis followed by the additiona$odium cation.

In the following the individual synthesis steps are described in experimental detail.

Methyl 3-(3-methoxy4-(((neopentyloxy)sulfonyl)oxy)phenyl)propanoaié4) was prepared
using a modification of the procedure Biimeauxet al[30]. A suspension of pkddium on
activated carbon (10% dispersion; 500 mg) and compound (12) in methanol (150 mL) was
degassed withgaseous hydrogeifiive times and stirred at room temperature under an
atmosphere ofiydrogenfor 4 h. The reaction mixture was filtered through d pé celite, the
dark residue washed witlichloromethan€2 3 100 mL) and the combined filtrate concentrated
in vacuoto give the title compound (9.86 g, 27.3 mmol, 98%) as a colourledsabibolidifies

on storage atai 20°C and was used in the subseqt step with no further purification.

'H NMR (500 MHz, CDCJ}) : U0 = 7J=3B@, C6H),18.84 (IH, d] = 2.0, C9H), 6.78
(1H, dd,J = 8.2, 2.0, C5H), 4.15 (2H, s, ®IC(CHs)s), 3.87 (3H, s, OCH), 3.68 (3H, s,
OCH,), 2.94 (2H, tJ= 7.7, C3H), 2.63 (2H, tJ = 7.7, C2H) 1.00 (9H, s, OCKC(CHs)s).
YCNMR(75MHz,CDC})) : & = 173.0 (Cl1l), 151.0 (cC8),
120.4 (C6H), 113.1 (C9H), 83.3 GBI,C(CHs)s), 55.9 (OCH), 51.7 (OCH), 35.4 (C2H), 31.8

(OCH,C(CHs)3), 30.7 (C3H), 25.9 (OCHC(CH)s).

1 Z
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IR (solid): 3 = 2962 s, 2873 m, 1738 s, 1604

1183 s crh?

Dihydroferulic acid4-O-sulphate (15) was prepared using a modification of the procedure of
Fumeauxet al[3(0]. A solution of ester (14) (2.5 g, 6.94 mmol, 1.0 equiv) and sodium azide
(902 mg, 13.9 mmol, 2.0 equiv) timethylformamide(21 mL) was heated at 80 for 24 h.

The reaction mixture was allowed to cool to room temperature and the solvent removed using
distillation (ca 40°C atca 1 mmHg) to give a offvhite gummy residue that was dissolved in
methanol, dry loaded ontailicate and passed through a plug dfilicate, eluted with
dichloroemetharfethanol(5:1) to give a pale yellow oiMethanol (14 mL) and M aqueous
sodium hydroxidg28.0 mL, 28.0 mmol, 4.0 equiv) was added and the resulting solution stirred
at room temperaturtor 4 h. Amberlite CG50 (3.0 g) was addeto the reaction mixture and
stirred & room temperature for 30 miiltration and concentratioim vacuoyielded an off

white solid that was purified using Biotage MPLC (Thom&ingle Step, 16.5 g C18 Flash
Column using a gradient of methanol imateras eluent to give the title compound (1.76 g, 5.50
mmol, 79% as a hydroscopic white soli8pectroscopic dataH NMR (500 MHz, DMSQds)

and**C NMR (75 MHz, DMSGQd,)] are in accordance with those reporiad].

'H NMR (500 MHz, DMSOds) : © = 7J=288 HZ, C6Hl), 6.7® (1H, dl = 2.0 Hz,

C9H), 6.64 (1H, ddj = 8.3, 2.0 Hz, C5H), 3.70 (3H, s, OQH2.71 (2H, tJ = 7.9 Hz, C3H),

2.23 (2H, tJ=7.9, C2H).

“C NMR (75 MHz, DMSGQdg) : U4 = 177.1 (C1), 150.4 (cC8),

(C5H), 119.6 (C6H), 112.8 (C9H), 55.6 (OgH39.7 (C2H), 32.2 (C3H).

140.
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Figure 3.2: Synthesis of ferulic acid4-O-sulphate and dihydroferulic acid-4-O-sulphate
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3.3.2.4 SamplePreparation

Instant coffee (Nestle Green Bldhdl was purchased from one batch at a local supermarket in
Leeds, UK. The coffee was kept sealed until the analysis and stored in a dark, cool place.
Instant coffee (5 g) was taken from three different jars and mixed by stirring prior to weighing
and dissaltion.

500 mg of instant coffee mixture was weighed and 50 mL of demineralised(@@&85°C)was
addedand stirredThe coffee was immediately chilled on ice and diluted 1:5 with mobile phase

A consisting of 95% demineralised water, 5% acetonitrile-fLE grade) and 0.1% fromic acid
(LC-MS grade) containing 1 mM ascorbic acid. The solution was centrifuged at 17,000 g for 10
minutes and the supernatant filtered through 0.22 pm PTFE. The sample was prepared in

triplicate and 5 pL of each sample was injelatato the column in triplicate.
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Urine samfes were collected into steridid unisex urine collection containers containing 1 g
ascorbic acid for 0, @, 48 and 812 h and 3 g ascorbic acid for -22 and 2436 h,
respectively. Within 48 h aftecollection the urine volume was determined by weight, an
aliquote of 45 mL centrifuged af@ for 10 minutes and 12 mL of the supernatant taken and an
agueous solution of sodium azide added with a final concentration of 0.1% priorziodrte

sample at20°C.

Urine samples were prepared according to a modification of a procedure described by Stalmach
etal.[7].

Prior to LGMS analysis urine samples werefibsted in a fridge overnight and one aliquot of

900 pL from each sample taken, 100 yL 100 uM sinapic acid in mobile phase A containing 1
mM ascorbic acid was added as an internal standard, vortexed for ten seconds, inverted twice,
and centrifuged at 2000 g at 4°C for 10 minutes. The supernatant was filtered through 0.22 um
PTFE into amber vials.

Samples were prepared to determine the recovery ratBe ©ik urinary metabolites. Therefore
pooled urine collected from six participants collected afteé aours washout period, which is
described in detail in chapter 4, was used for spiking. Urine (850 uL) and 50 pL of the standard
solution to yield concentrations of 2, 5, and 50 puM, and 10®f1.00 uM sinapic acid as an
internal standard. Additionally00 puL of blank urine were mixed with 100 pbf 100 uM

sinapic acid. All samples were prepared in triplicate and processed as previously described.

For the pancreatic digestiodn00 mg porcine pancreatin was suspenged mL 20 mM
potassium phosphate buffer pH 7#he suspension was briefly vortexed, and centrifuged at
20,000 g, prior to separating the supernatant. The protein content of the pancreatic solution was
determined using a Bradford protein assay kit incdgdc 96 well plate which was inserted into

a PHERAstar, BMG LABTECH (Ortenberg, Germany) operated at 595 nm.

3-, 4, and 5caffeoylquinic acid and -3 4-, and 5feruloylquinic acid were individually
dissolved in potassium phosphate buffer to give 100sgddk solutions. 1 g instant coffee was
dissolved in 50 mL hot, but not boiling demineralised water. Prior to the incubation for the

pancreatic digestioall solutions were heated at°87 Potassium phosphate buffer (0.4 mL, 20
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mM) was mixed with either 8.mL of coffee, 100 uM 3 4-, 5-caffeoylquinic acid, or 3 4-, 5

feruloylquinic acid and 0.1 mL pancreatin solution. Each solution was prepared in duplicate and
one control with headleactivated pancreatic solution.

The samples were incubated at 37°€@0 minutes in an electrothermal incubator (Eppendorf,
Hamburg, Germany). Aliquots of 100 uL were taken at the beginning, at 10, 20, 40 and 60
minutes and acidified with 10 pL 10 % aqueous hydrochloric acid, vortexed and cooled on ice,

prior to be centriiged at 20,000 g at 4°C for 10 minutes.

3.3.2.5 High pressureliquid chromatography

The high performance liquid chromatography system ave&gilent 1200 series (Waldbronn,
Germany) with a degasser, binary pumpnperature controlled autosampland column
compatment, and a diode array detector fitted withAgilent ZORBAX Eclipse Plus Rapid
Resolution C18 100 mm x 2.1 mm i.d., 1.8.um

Mobile phase A consisted of 95% demineralised water, 5% acetonitrileM@&@rade) and
0.1% formic acid (L@MS grade), mobile Ipase B of 95% acetonitrile (l-8IS grade), 5%
demineralised water and 0.1% formic acid {MS grade). Both solvents were degassed using

an ultrasonic bath (Clifton, Nickel Electro Ltd., WeskuperMare, UK).

For the liquid chromatography of coffedyromatographic settingwere derived and adapted

from a method developed by Farretlal.[68]. In brief, coffee samples were kept &C4and 5

uL were injected in duplicat&he flow rate was set to 0.26 mL/min for a total run time of 65.1
minutes. The gradient started with 0% mobile phase B for hih8tes, was increased to 25%

up to 51.0 minutes, further increased to 100% from 51.1 to 56.0 minutes and dropped to 0%

from 56.1 minutes for ten minutes for reequilibratione Tolumn was thermostated afG0

Urine samples werdept at 2C and 10 uL wee injected in duplicate. Chromatographic seting
were optimized using synthest (vanilloylglycine, feruloylglycine, dihydrocaffeic ae8lO-
sulphate, ferulic acied-O-sulprate and dihydroferulic acid-O-sulphate) and commercially

available standardslihydroferulic acid and sinapic acid as an internal standard).
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The flow rate was set to 0.4 mL/min, total run time of the method was 25 minutes with a
gradient kept at 0% mobile phase B for the first 12 minutes, increased to 40%6mitautes,
furtherincreased up to 100% at 16.5 minutes until 19.5 minutes and dropped to 0% from 20.0

minutes for5 minutes for reequilibration. Ehcolumn was thermostated afG5

Pancreatic digestioramples were kept aP@ and 5 L injected in duplicate. The floweaatas

set to 0.3 mL/min and separation with a 30 minutes gradient starting with 0% mobile phase B,
increased to 8% over 14 minutes, increased to 19% up to 14.1 minutes and kept until 20.0
minutes, increased to 100% from 20.1 to 24.0 minutes and droppétl & 24.1 minutes for 6

minutes for reequilibration. Ehcolumn was thermostated aPG0

3.3.2.6 Mass pectrometry
The Agilent 1200 series HPLGMaldbronn, Germany) was coupled through a divert valve and
a heated electrospray ionisation source to an AgilentO 641triple quadrupole mass

spectrometer (Wokingham, UK).

For the mass spectrometric analysis of coffee caffeoylquinic acid and its derivédi#e/esated
electrospray iomation source was operated in negative mode witource temperature set to
35(°C, a nebulizer pressure of 10 L/min and a pressure of 60/psfiple reaction monitoring
(MRM) settings were optimised usiegmmercially available standardsa concentration of 10
pHg/mL. Table 3.1 shows the optimised settings ftretindividual compounddhe flow of the

first 4 minutes was diverted into waste.
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Table 3.1: Chromatographic settings and multiple reaction monitoring of caffeoylquinic

acid and its derivatives

Compound Time Retention Precursor Fragmentor Product Collision
window time ion energy ion energy
(min) (min) (m/z) (V) (m/z) (V)

3-Caffeoylquinic 4.0 6.2 353 120 191 20
acid 8.0 179 20
5-Caffeoylquinic 8.0 14.1 353 120 191 10
acid 16.0 179 20
3-Feruloylquinic 16.0 16.4 367 120 193 20
acid 23.0 134 20
4-Caffeoylquinic 194 353 120 179 15
acid 173 15
5-Feruloylquinic 28.0 30.8 367 120 191 15
acid 39.0 134 20
4-Feruloylquinic 31.8 367 120 193 10
acid 173 10
3,4 39.0 41.6 515 150 353 20
Dicaffeoylquinic 55.0 173 20
acid

3,5 42.2 515 150 191 20
Dicaffeoylquinic 134 20
acid

After 55 minutes the polarity was switched to positive to neutralise a potential charge
accumulation in the ion capillary.

For the mass spectrometric analysis of urinary metabolites of caffeoylquinic acid and its
derivatives, e heated electrospray isaiion source was operated in negative mode with
source temperature set to 360a nebulizenitrogen flowof 13 L/min am a pressure of 60 psi.
Multiple reaction monitoring (MRM) settings were optimised usirgynthessed
(vanilloylglycine, feruloylglycine, dihydrocaffeic aci8tO-sulphate, ferulic acied-O-sulphate

and dihydroferulic acidl-O-sulprate) and commercially avable standards (dihydroferulic
acid and sinapic acid as an internal standatd) concentrationf 10 pg/mL.Table 3.2 shows

the optimised settings for the individual compounidse eluentflow of the first3 minutes was

diverted into waste.
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Table 3.2: Chromatographic settings and multiple reaction monitoring of vanilloylglycine,
dihydrocaffeic acid-3-O-sulphate, dihydroferulic acid-4-O-sulphate, ferlic acid4-O-

sulphate, feruloylglycine, dihydroferulic acid and sinapic acid (internal standard)

Compound Time Retention Precursor Fragmentor Product Collision
window time ion energy ion energy
(min) (min) (m/z) (V) (m/z) (V)

Vanilloylglycine 3.0 4.2 224 90 100 6
4.5 123 10
108 22
Dihydrocaffeic 45 5.8 261 90 181 12
acid-3-O- 7.0 137 18
sulphate 109 26
Dihydroferulic 7.0 8.6 275 100 195 10
acid-4-O- 15.0 136 16
sulphate 80 14
Ferulic acid-4-O- 10.7 273 90 193 8
sulphate 178 16
134 26
Feruloylglycine 15.0 15.6 250 90 206 6
16.0 163 20
134 18
Dihydroferulic 16.0 16.2 195 90 136 12
acid 16.5 121 26
93 30
Sinapic acid 16.5 16.7 223 90 208 6
(internal 195 193 16
standard) 164 10

After 19.5 minutes the polarity was switched to positivede to neutralise a potential charge
accumulation in the ion capillary.

For the mass spectrometric analysis of the pancreatic digestion saimplesated elémspray
ionisation source was operated in negative mode with a source temperature set 10a350°C
nebulizernitrogen flowof 13 L/min and a pressure of 60 pMlultiple reaction monitoring
settings were optimised usiegmmercially available standardsa concentration of 10 pg/mL.
The following table shows the optimised settings for the individual compotihdgluent flow

of the first 3minutes was diverted into waste.




















































































































































































































































































