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Abstract

This review provides details on the phytochemicals in green coffee beans and the changes
that occur during roasting. Key compounds in the coffee beverage, produced from the
ground, roasted beans, are volatile constituents responsible for the unique aroma, the
alkaloids caffeine and trigonelline, chlorogenic acids, the diterpenes cafestol and kahweol,
and melanoidins, which are Maillard reaction products. The fate of these compounds in the
body following consumption of coffee is discussed along with evidence of the mechanisms
by which they may impact on health. Finally, epidemiological findings linking coffee
consumption to potential health benefits including prevention of several chronic and
degenerative diseases, such as cancer, cardiovascular disorders, diabetes, and Parkinson’s

disease, are evaluated.
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1. Introduction

Myth and legend has it that coffee produced from the red berries of a small broad-leaved
shrub was discovered by a goat herder around 850 AD in the Kefa region of North Africa,
which is now part of Ethiopia.' It was spread by the slave trade to the Arabic empires where
the drink derived from aqueous infusion of the dry seeds gained in popularity due to the
Muslim ban on fermented alcoholic beverages. It was introduced into Europe in the 16"
century. The coffee beverage is now an important item in the lives of billions of people and is
one of the most traded food products in the world, with the brew being the second most
consumed drink after water.?. Coffee is cultivated commercially in plantations in places as
widely separated as Hawaii, Jamaica, Ethiopia, Kenya, Brazil and Vietnam. The mature red
coffee berries (Fig. 1) are picked and the outer pulp, the pericarp, removed either by soaking
in water or, alternatively, the berries are laid out to dry after which the dried outer coating,
the parchment, is removed by abrasion. With both methods the removal of the covering
reveals the green coffee beans (Fig. 2), the cotyledons of the seed. The beans are roasted to a
dark brown/black colour and ground to a powder which is infused with hot water, in an

. . . 1
increasing variety of ways, to produce what we know as “a cup of coffee”.

The generic name Coffea covers approximately seventy species. Small-scale
cultivation of C. liberica, C. racemosa and C. dewevrei and other species occurs in some
African countries but the resultant beverages are generally of low quality and most of the
beans are sold locally rather than exported.> Two species are of economic importance,
namely Coffea arabica, commonly known as Arabica coffee, which accounts for ~60% of
world production, with the remaining ~40% coming from Coffea canephora var. Robusta,’
which is used to produce Robusta coffee. Differences between these two species include:
ideal growing climate, physical aspects, chemical composition, and characteristics of the

beverage. In general, Arabica coffee brew is appreciated for its superior cup quality and
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aroma, whereas Robusta brew possesses a more aggressive flavour and contains higher
amounts of soluble solids, antioxidants and caffeine.” Chemical composition of a coffee brew
depends, besides variety, on several other factors, such as climatic and processing conditions,
roasting, grinding and barista procedures. The pleasant aroma, taste, and brown colour of
brewed coffee are a consequence of the roasting process that leads to profound changes in the

chemical composition of coffee.’®

Although coffee is consumed primarily because of its pleasant flavour and stimulating
properties, more recent investigations indicate potential health benefits associated with the
beverage, including a reduced incidence of several chronic and degenerative diseases, such as
cancer, cardiovascular (CV) disorders, diabetes, and Parkinson’s disease.””’ There is,
therefore, increasing interest in the characterization of specific bioactive compounds in coffee
that might serve as physiologically active agents. The bioactive classes of compounds in
coffee are considered to be chlorogenic acids (CGAs) (Fig. 3), caffeine, the pentacyclic

diterpenes cafestol and kahweol (Fig. 4), trigonelline (Fig 5) and melanoidins.

2. Composition and nutritional characteristics

If coffee beverage in any of its forms is to influence consumer health for better or worse then
the effects must be produced by a component(s) in the beverage not otherwise present in the
diet or provided by coffee in such quantity that other dietary sources are insignificant by
comparison. The composition of the green bean is well documented and has been reviewed

10-13

on several occasions, so only the main points and recent advances are summarised here.

Green coffee is dominated by carbohydrates (~60 % dry weight), including soluble and
insoluble polysaccharides (cellulose, arabinogalactan, and galactomannan) slightly higher in

Robustas, oligosaccharides (stachyose and raffinose), disaccharides (sucrose) and
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monosaccharides (glucose, galactose, arabinose, fructose, mannose, manitol, xylose, and
ribose) some of which are associated primarily with contaminating husk and pericarp rather
than the bean.'*'” The lipid content of green coffee accounts for 8-18 % of its dry matter,
with Arabicas being significantly higher than Robustas. The coffee lipid fraction consists of
75 % triglyceride, other lipids are sterols (stigmasterol, sitosterol), fatty acids (linoleic,
linolenic, oleic, palmitic, stearic, arachidic, lignoceric and behenic), with pentacyclic
diterpenes (cafestol, kahweol) and fatty acyl tryptamides in the coffee wax.'® Proteins,
peptides, and free amino acids account for 9-16% of the dry weight of green coffee beans.
The main amino acids, both protein-bound and free, are asparagine, glutamic acid, alanine,
aspartic acid and lysine."” In addition to caffeine and trigonelline, coffee contains a number of

other N-containing compounds such as theobromine and theophylline (Fig. 5).

Green coffee also contains a variety of (poly)phenols which account for ~6—10% of the
dry weight, higher in Robustas than Arabicas. The main components are CGAs among which
the caffeoylquinic acids (CQAs), especially 5-CQA, dominate along with lower amounts of
feruloylquinic acids and dicaffeoylquinic acids (Fig. 3). They are accompanied by over 50
other structurally related cinnamoylquinic acids and some cinnamoyl-amino acid conjugates

113

and cinnamoyl-glycosides,'’ *'as recently reviewed by Stalmach et al."> Some

cinnamoylshikimic acids have also been characterised and quantified.”

Whereas green coffee has a mild, bean-like aroma, the desirable fragrance associated
with coffee beverages develops during roasting. Typical roasting uses air temperatures in the
range from 180-250 °C, and roasting time can vary between 25 min at the lower temperatures
to 2 min at the higher end of the scale, depending on the technique employed and desired
degree of roasting (Parliment, 2000; Belitz et al., 2009).** The later stages of the roasting
process are exothermic and a significant amount of carbon dioxide and other vapours are

produced raising the coffee bean internal pressure to an estimated 5 to 7 atmospheres, with an
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internal temperature exceeding 180 °C. The coffee bean, thus, functions as a ‘pressure
vessel’ during roasting. As a consequence of these severe reaction conditions, probably the
most severe of any major processed dietary component, roasting leads to profound changes in
the chemical composition with the transformation of occurring naturally substances in green
beans to compounds derived from the Maillard reaction, carbohydrate caramelization, and

pyrolysis of organic compounds.”

Upon roasting a phlethora of volatile substances are produced, albeit only at trace
levels, many being heterocycles rarely found in any quantity elsewhere in the diet. Fourteen
of the ~800 volatiles, 2-furfurylthiol, 4-vinylguaiacol, three alkylpyrazines, four furanones
and five aliphatic aldehydes, are important determinants of odour.** Kahweofuran is a
particularly important volatile as it has an aroma characteristic of roasted coffee beans.

Structures of key coffee volatiles are presented in Figure 6.

During roasting there is also a decrease in coffee bean carbohydrates, proteins, CGAs,
and an almost total loss of free amino acids. Declines also occur in the levels of crude lipids,
minerals, and aliphatic acids, although aliphatic acids might actually increase in roasts of

intermediate severity 23 Compared to CGAs, caffeine is relatively stable during roasting.

The transformation of the CGAs during roasting and soluble coffee
manufacture/brewing is complex. Drastic roasting conditions may produce losses of up to
95% of CGAs with 8—10% being lost for every 1% loss of dry matter.”**’ The
transformations include acyl migration which alters the relative proportions of the isomers,
producing 1-acyl and increasing the 3-acyl and 4-acyl at the expense of the 5-acyl isomer.?
Hydrolysis yields cinnamic acids and quinic acid, and conversion of the released quinic acid
to the full range of quinic acid and quinic lactone (quinide) diastereoisomers. The released
cinnamic acid can be decarboxylated and converted to methyl-, ethyl- and vinyl-phenols,

especially catechols, and 4-vinyl-catechol can ‘dimerise’ to form hydroxyphenylindans (Fig.

Page 6 of 76
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5) (Stadler et al. 1996).® Some CGA diastereoisomers, particularly cinnamoyl-muco-quinic
acids, chlorogenic lactones and alkyl esters are also produced, as well as conversion of
caffeic acid derivatives to hydroxy-dihydrocaffeic acid and amine derivatives, and
dehydration of cinnamoyl-quinic acids to cinnamoyl-shikimic acids. Formation of novel
CGA acetates and O-phenolic quinoyl and shikimoyl esters of CGAs have also been

reported.”*

Although CGAs suffer great losses during roasting, coffee beverage is a variable but
rich, probably the richest, dietary source of CQAs with a single serving of espresso coffee
supplying from 24 to 423 mg (Table 1).*> Non-espresso brews are also rich sources and
many regular coffee drinkers might easily consume 1 g or even 2 g of CQAs per day, greatly

exceeding intake of CGAs from fruits and vegetables.

Coffee brews contain non-digestible polysaccharides, mainly galactomannans and
type Il arabinogalactans that are by definition part of the dietary fibre complex, and these can
be accompanied by sizeable amounts of free galactose and mannose released during brewing
or the manufacture of soluble coffee powder by hydrolysis of polysaccharides. The dietary
fibre content of coffee brews range from 0.14 to 0.65 g/100 mL depending on type of coffee,
the degree of roasting and grinding, and the brewing procedure.3 % As a result of the changes
occurring during the coffee roasting, melanoidins are formed. They account for around 29%
of the dry matter of coffee brew and are generically defined as the heterogeneous, brown-
coloured, nitrogen-containing, high molecular weight end products of the Maillard reaction.’
Their exact composition is not known,”’ but interactions of sugar and polysaccharide
degradation products with amino acids, protein and CGAs are indicated, although some

interactions might be non-covalent.***

The Maillard reaction, thought to be central to melanoidin formation, involves the

condensation of the carbonyl group of the reducing sugars, or other components, with the
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NH,; group of amino acids and proteins. Through a complex network of chemical reactions
that are modulated by pH, temperature and available moisture, a myriad products are formed,
commonly known as Maillard reaction products. The polymeric, brown coloured final
products of the Maillard reaction, the melanoidins, result from cyclization, dehydration,
retroaldolization, rearrangements, isomerization, and condensation of Maillard reaction
products.

Model system studies have led to three compatible proposals for the formation of

coffee melanoidins. Tressl et al.**

suggested that coffee melanoidins are polymers built up of
repeating units of furans and/or pyrroles, formed during the advanced stages of the Maillard
reaction and linked by poorly defined polycondensation reactions. Hofmann** detected low
molecular weight coloured substances which were able to link proteins via the g-amino
groups of lysine or arginine to produce high molecular weight coloured melanoidins whereas
Caemmerer et al.*’ proposed that the melanoidin skeleton is built up mainly of sugar
degradation products, formed in the early stages of a Maillard reaction and/or sugar
caramelisation, polymerized through aldol-type condensation reactions, and possibly linked

by amino compounds. Despite these proposals, the structural characterization of coffee

melanoidins, remains unresolved and a topic of research interest.

It is likely that roasting will also yield products similar to those recently characterised
after caramelization of various sugars including glucose, mannose, galactose and arabinose
that yielded oligomers with up to six carbohydrate units formed through nonselective
glycosidic bond formation, with some oligomers containing hydroxymethyl-furfuraldehyde
moieties. Similar studies with cellulose have established the formation of glucose oligomers

in which the terminal unit has an unsaturated furan structure.***’

Several micronutrients are present in coffee brew, including magnesium, potassium,

and vitamins B3 and E. Depending on the coffee making procedure, filter or espresso, one
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cup of coffee provides 7-24 mg of magnesium and 34-116 mg of potassium per cup of coffee.
During roasting trigonelline, which comprises ~1% of the dry weight of the green bean is
degraded substantially being converted to nicotinic acid (aka vitamin B3 and niacin) and
several pyridine derivatives including 1-methylpyridinium and 1,2-dimethylpyridinium (Fig.
5).%7% Coffee has been reported to provide 1-3 mg of nicotinic acid per cup contributing to

6—18% of the recommended dietary allowance of 16 mg/d for adult men.”

3. Potential bioactives and possible physiological effects

It is axiomatic that to have a biological effect, whether beneficial or otherwise, the
constituents of coffee beverage and/or their in vivo metabolites, must reach an organ or tissue
in a sufficient concentration that is maintained for an adequate period of time. Regrettably,
many claims of benefit are gross over-extrapolations from in vitro studies or uncritical
extrapolations from animal studies that take no account of species differences, metabolism or
dose. If carefully designed and critically interpreted, animal and in vitro studies can provide
valuable insights that are relevant to human health, but a sense of proportion should be

maintained and common sense prevail.
3.1. Chlorogenic acids

CGAs are frequently referred to as powerful antioxidants, and this might be true in vitro.
However, the relative electrode potential at pH 7 of CGAs with a caffeic acid residue is ~540
+20 mV,”" and significantly higher for those with p-coumaroyl or feruloyl residues.
Dimethoxycinnamic acid, although rapidly absorbed from the stomach, is not an
antioxidant.”>>* After coffee consumption by humans, unmetabolised CQAs achieve only
transient and very low nM peak plasma concentrations (C,.) (Table 2),” thus, they cannot

realistically compete with the much greater concentrations of the far more powerful ascorbate
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(40-70 uM, E = 282 + 50 mV) and a-tocopherol (5-30 pM, E = 480 + 50 mV).® Moreover,
these antioxidant vitamins in concert actually destroy free radicals by the disproportionation
of the ascorbate radical anion — phytochemicals such as CGA merely form a comparatively
stable phenoxyl radical. That health benefits might arise from this over-simple direct-
antioxidant hypothesis have repeatedly been challenged,”® >’ and it has now been discarded.
Alternative mechanisms must, therefore, be sought. More recently, (poly)phenols have been
found to exert modulatory effects in cells through selective action on multiple cell-signaling
pathways involved in pathogenesis of degenerative diseases, indicating that the health effects
go beyond simple antioxidant activity.®” In this regard, it has been suggested that CGAs act as
chemopreventive agents by modulating the expression of genes encoding enzymes involved
in phase II metabolism which form part of the endogenous antioxidant defences, playing a

critical role in conversion of reactive electrophiles and xenobiotics into less toxic products.®’

An increase in phase Il enzyme activity induced by phytochemicals or dietary factors
has been linked to cancer chemoprevention.”* Results obtained by Feng et al.*! using a mouse
epidermal cell model showed that 5-CQA at high uM concentrations induces phase II-
enzymes, such as glutathione-S-transferase (GST) and NAD(P)H:quinone oxidoreductase. In
the same study the anticarcinogenic potential of 5-CQA was demonstrated by a suppression
of the proliferation of A549 human cancer cells, but at the non-physiological concentration of

80 uM, more than 1000-fold the plasma C,,, attained after drinking a cup of coffee.

CGAs might exert anticarcinogenic activity via other mechanisms, such as inhibition
of DNA methyltransferase, which catalyzes methylation of DNA at cytosine residues and
plays an important role in epigenetic regulation of gene expression, X-chromosome
inactivation, genomic imprinting and development, cellular aging and cell differentiation.®
Errors in DNA methylation contribute to both the initiation and the progression of various

cancers.* Lee and Zhu® analysed the inhibitory effects of 5-CQA and caffeic acid on

10
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mammalian DNA methyltransferase. The results obtained demonstrated that both 5-CQA and
its hydrolysis product caffeic acid are strong inhibitors of DNA methylation in vitro, with
apparent ICso values of 3.0 and 0.75 pM, concentrations greatly in excess of their plasma

Cmax-

Coffee consumption has been linked with reduced risk of CV diseases and the
protective effect has been ascribed to the CGAs present in the brew.®® CGAs may act as
antithrombotic agents by inhibiting platelet activity: 5-CQA and caffeic acid show anti-
platelet activity with mice platelets in vitro at a concentration of 50 nM and, in vivo after oral
administration to mice at 400 pug/30 g body weight by suppressing the expression of P-
selectin, a biomarker for platelet activation.®’ This intake approximates to a human bolus
dose of ~1 g. For humans, while this intake is achievable after drinking 2-3 cups of a CQA-
rich coffee, it will result in only transient, low nM concentrations of CQAs and caffeic acid
derivatives in the bloodstream (Table 2),”* although higher levels might be anticipated for the

few consumers who drink coffee on a regular basis throughout the day.

The fate and mode of action of CQAs in the body following ingestion has turned out to
be more complex than originally anticipated mainly because very little of the absorbed
molecules retain the structure of the parent CQAs present in the drink.”> Hence, the biological
activities of the ingested CGAs, substantial amounts of which pass from the small to the large
intestine,”® are likely to be confined to the gastrointestinal tract (GIT). Effects elsewhere in
the body are probably mediated by hydroxycinnamate metabolites generated in the wall of
the small intestine and/or systemically after absorption, as well as colonic catabolites of
CQAs absorbed in the distal GIT. The main CGA-related compounds absorbed in the small
intestine and appearing transiently in the circulatory systems with C,, being achieved ~1 h
(T,nax) after coffee intake, are caffeic acid-3'-O-sulfate and ferulic acid-4'-O-sulfate. More

substantial quantities of systemic metabolites originating from the colon, have a delayed 74

11
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0f'4.3-5.2 h, and include dihydrocaffeic acid, dihydrocaffeic acid-3'-O-sulfate, dihydroferulic

acid and dihydroferulic acid-4'-O-sulfate (Table 2) (Fig. 4).”>%

Urinary excretion of the CGA metabolites suggest that dihydroferulic acid-3'-O-
sulphate and feruloylglycine (Fig. 7) are very good biomarkers of the consumption of
relatively small volumes of coffee, because it is the predominant source of CGAs in the
diet.* Trigonelline and 1-methylpyridinium are two further, urinary biomarkers of coffee

intake.®’

Inhibition in vitro of platelet activity has been reported for the CQA colonic catabolites
dihydroferulic acid, dihydrocaffeic acid and 3-(3'-hydroxyphenyl)propionic acid (Fig. 4) at a
concentration of 10 uM."”° Dihydroferulic acid, in particular, appears in the circulatory system
4.7 h after consumption of a cup of coffee with a C,,,, of 385 nM and an apparent elimination
half-life (7;,)" of 1.4 h (Table 2).°° This, coupled with the realistic prospect of repeat
consumption of coffee at, say, 2 to 3 hour intervals, suggests that maximal plasma
concentrations of ~1 puM are feasible, and the involvement of dihydroferulic acid, and other
CQA colonic catabolites (see Table 2) in the potential health benefits of coffee consumption
merits further investigation. In this context Verzelloni et al. ' measured the protective effect of a
series of colonic catabolites, at physiological high nmol/L to low pmol/L concentrations, against
oxidative stress induced in cultured human neuroblastoma SK-N-MC cells. A mixture of three CQA
catabolites, dihydrocaffeic acid, dihydroferulic acid and feruloylglycine, each at 0.5 umol/L, induced

significant protection with an increased survival of 16% compared to untreated control cells.

! A true T, value can be determined only by intravenous dosing of a metabolite. Assessments based
on elimination after oral dosing overestimate the 7, because the metabolite is still entering the

circulatory system when the elimination is being estimated.

12
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Dihydrocaffeic acid shows anti-inflammatory effects in human keratinocyte cell line
HaCaT. At 12.5 uM the CQA catabolite was able to down-regulate UV-light-induced
production of the pro-inflammatory cytokine interleukin-8.” However, it should be noted that
in vivo, only an extremely small amount of dihydrocafteic acid is likely to reach skin tissue
because of its relatively low concentration in the circulatory system (see Table 2),>> and
arguably, its high rate of metabolism by the gastrocytes/enterocytes, hepatocytes and finally

the keratinocytes.

Dihydrocaffeic acid is absorbed by cultured EA.hy926 cells and at a concentration of
12.5 uM it reduces menadione-induced oxidant stress, at 20 uM 2,2'azobis(2-
methylpropionamidine)dihydrochloride-induced oxidation of cis-parinaric acid is reduced,
and at 50 uM endothelial nitric oxide synthase (eNOS) activity is enhanced (Huang et al.,
2004).” Increased eNOS activity might increase NO bioavailability and so improve

endothelial function in vivo.

Green coffee extract and 5-CQA administered orally to spontaneously hypertensive
rats produced potentially advantageous changes in blood pressure and endothelial function.”
However, a green coffee extract given to 10 male human volunteers, so as to provide 140 mg
of 5-CQA per day for four months, while producing a decrease in the level of plasma total
homocysteine did not result in significant differences in either pulse wave velocity or
acceleration plethysmograms between the test drink group and the placebo.” Circulatory

compounds derived from 5-CQA were not monitored in either of these studies.

Some coffee components might interfere with glucose absorption, either directly by
blockading the SGLT1 or GLUT2 transporters, or indirectly by impairing release of glucose
from disaccharides or polysaccharides, or directly by increasing its rate of removal from
plasma. Blockade of the active transporter alone is unlikely to have a major effect because

the glucose will then be transported by the facilitative GLUT2. A sweet tasting 1,5-y-quinide

13
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formed from quinic acid during roasting has been reported in coffee beans at some 0.1-1.7

29,76

g/100 g depending on their degree of roast. This quinide at 1 uM is a potent inhibitor of
SGLT1 in vitro,”” but its stability during coffee brewing and in the GIT, as well as its efficacy

in vivo, are unknown.

In vitro, 5-CQA at 100 pM is not an inhibitor of the SGLT1 or GLUT2 transporters’®
but at 1 mM has been reported to depolarise SGLT1 and produce an 80% inhibition of
glucose transport.” Nevertheless, coffee consumption has been shown in some studies to
suppress the post-prandial plasma glucose peak,go_83 but in other studies has resulted in no
effect or even a detrimental effect, part of which might be attributable to caffeine.**® Two
studies have also looked at effects on incretin hormones, with one showing a significant
reduction in the post-prandial concentration of glucose-dependent insulinotropic-
polypeptide,80 and the other proving negative.86 Further studies are required to clarify the
situation. It should be noted that only rarely have investigators attempted to define the
composition of the coffee used in these investigations, beyond declaring whether or not it was
decaffeinated, and this could be a significant factor in the inconsistent results. It should also

be noted that commercial decaffeinated coffee is not absolutely free from caffeine.

In vitro 5-CQA inhibits porcine a-amylase but with an ICsy of ~80 uM.87 Such 5-
CQA concentrations might be approached in the duodenum after consumption of a CGA-rich
coffee but whether any inhibition would occur in such a matrix is not known. CGA-induced
inhibition of sucrase activity appears not to have been investigated. Post-prandial plasma
glucose levels can be suppressed by increased clearance and more rapid utilization in muscle.
Oral doses of caffeic acid (3 mg/kg b.w.),* isoferulic acid (5 mg/kg b.wt.)*” and 4-
hydroxybenzoic acid (5 mg/kg b.wt.)’® (Fig. 4) have achieved such effects in diabetic rats.
These human gut flora CGA catabolites”" have been found at uM concentrations in human

fecal water.”> The form in which 4-hydroxybenzoic acid appears in human plasma is not

14
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known: caffeic acid occurs as a sulphate conjugate (Table 2) and isoferulic acid is excreted
in urine as a 3'-O-sulphate and 3’-O-glucuronide™ and these phase II catabolites might not

be active even if a sufficient concentration is attained.

Daglia et al.”® studied the anti-adhesive properties of coffee and its potentially
bioactive components, 5-CQA, caffeine, trigonelline, nicotinic acid, and Maillard reaction
products against Streptococcus mutans which is considered to be the major causative agent of
dental caries in humans. Coffee possessed high inhibitory activity against the ability of S.
mutans to adsorb onto saliva-coated hydroxyapatite beads, and among the individual coffee
compounds tested 5-CQA, followed by trigonelline, was the most active.

Several phenolic and cinnamic acids which in vivo could be derived from CGAs have
been shown in vitro to inhibit the opportunistic human pathogen Listeria monocytogenes.”

Of particular interest in this regard is caffeic acid which has an ICs value of ~40 pM, and

occurs in human fecal water at concentrations in the range 7-126 uM.*?

It is becoming increasingly evident with in vitro and ex vivo studies on the protective
effects of coffee, it is crucial to use CGA-derived compounds that appear in the circulatory
system, at real world concentrations, for the assessment of potential health benefits and the

elucidation of the mechanisms involved.
3.2. Caffeine

For many consumers coffee is the principal dietary source of the purine alkaloid, caffeine
(1,3,7-trimethylxanthine)” (Fig 1). The caffeine content of green coffee varies between 0.9-
1.3 and 1.5-2.5 % dry matter for Arabica and Robusta coffees, respectively.” In contrast to
CGA:s, caffeine content of roasted coffee is not markedly reduced, although losses,
presumably due to sublimation, may occur during the heating process, especially if carried

out at higher temperatures.®® Typical caffeine levels in a cup of coffee vary between 50 and

15
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100 mg.” However, more marked variations within different coffee brews have been
reported. The caffeine content of 20 specialty coffees purchased at different coffee shops in
the United States varied from 58 to 259 mg per cup.’® Similarly, analysis the caffeine levels
in 20 commercial espresso coffees in the UK found that the amounts ranged between 51 and
322 mg per cup (Table 1).** These results show that depending on the roasted coffee beans
used and barista techniques, the amount of caffeine per serving can vary more than 6-fold,

which makes it very difficult to assess caffeine intake on a population basis.

Caffeine is rapidly and almost completely absorbed in the stomach and small intestine
and distributed to all tissues, including the brain. C,,, is reached within 60 min after intake
and the apparent 7}, of caffeine is ~5 h.”” Caffeine metabolism occurs primarily in the liver
by the cytochrome P450 isoform CYP1A1. The first metabolic step is the demethylation of
caffeine leading to the three dimethylxanthines: paraxanthine (1,7-dimethylxanthine),
theobromine (3,7-dimethylxanthine), and theophylline (1,3-dimethylxanthine). These
metabolites are then further demethylated in the liver to the corresponding
monomethylxanthines before being oxidised to methyl uric acids and other products’™ as

illustrated in Figure 8.

Once absorbed, caffeine exhibits numerous and well-studied physiological effects”
and exerts most of them through the antagonism of the A; and A, subtypes of the adenosine
receptor. The A; receptors are located in all parts of the brain with higher concentrations in
the hippocampus, cerebral and cerebellar cortex and certain thalamic nuclei, whereas the A;
subtypes are located in the dopamine-rich regions of the brain.”” Adenosine antagonisation
elevates the level of dopamine which is responsible for many of the central nervous system
stimulant and addictive properties of caffeine. Another mechanism of action of caffeine is the
synergistic interaction with adrenalin and noradrenalin, the main neurotransmitters for the

sympathetic nervous system.'® The stimulatory effects of caffeine include enhanced

16
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perception, an increased capacity to remain awake for longer periods, reduced fatigue. More
recently, caffeine has shown to posses positive effects on long-term retention by enhancing
memory consolidation.'®! It also helps reduce symptoms associated with Parkinson’s disease,
and has been suggested as a potential contributor to reducing risk factors involved in

metabolic syndrome, such as obesity.

Parkinson’s disease leads to a progressive loss of dopaminergic neurons of the
substantia nigra in the midbrain, which results in the deterioration of gross and small motor
skills, and tremors. Caffeine improves the performance of the dopaminergic system by
blocking the A, adenosine receptors and thereby stimulating the release of dopamine,'* and
via this mechanism, is thought to reduce symptoms associated with Parkinson’s disease, such

as tremor, and freezing of gait, in animal models and humans.'**'*

Caffeine consumption increases metabolic rate, energy expenditure, lipid oxidation,
and lipolytic and thermogenic activities, and so has potential as an aid in weight loss and
reducing the overall risk for developing metabolic syndrome.” Consumption of 300 mg
caffeine per day has been found to increase energy expenditure by approximately 79
keal/d.'™ Although this increase is modest, the authors of this study propose that such
modifications are sufficient to prevent weight gain and, when consumed regularly as part of a
healthy diet and exercise regime, caffeine-containing beverages may provide benefits for
weight control.

Caffeine might contribute to the overall antioxidant capacity of coffee. Devasagayam

etal.!®

studied caffeine as a protector agent of cell membranes against oxidative damage.
The mM concentrations used in this study, however, were more than 40-fold higher than the
average blood concentrations observed after consuming coffee in normal dietary amounts.'*®

More recently, Lee'"” measured the protective effect of caffeine and its metabolites, at

physiological umolar concentrations, on LDL peroxidation. Neither caffeine nor its
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dimethylxanthine metabolites exhibited antioxidant activity while, in contrast, 1-
methylxanthine and 1-methyluric acid (Fig. 8), were highly eftective antioxidants in vitro

being able to prevent LDL oxidation.

There are also negative aspects linked to caffeine intake that must be considered. The
activation of adenosine receptors by caffeine has negative consequences on CV health, such
as increased heart rate and blood pressure.'® Caffeine in excess, can result in a state of
excitement and anxiety including adverse reactions like tachycardia, headache, palpitations,
insomnia, restlessness, nervousness, and tremor. Dose-response varies between individuals,
and even a single cup may cause sleeplessness with a racing mind for some people, while for
others drinking ten times this amount the effects can still be pleasant and not interfere with
sleep. The substantial differences in the effects of caffeine between individuals are at least
partly the result of genetic variations of susceptibility.lo9 In addition, regular coffee drinkers
develop a certain tolerance to the adverse impacts of caffeine, especially on adenosine
antagonism and sleeplessness. The development of tolerance may have unpleasant
consequences. People who drink coffee on a regular basis and decide to interrupt coffee
consumption can experience withdrawal effects. The absence of the adenosine antagonist
may cause headaches due to intracranial vasodilation''’, and this coupled with reduced
catecholamine and serotonin activity may lead to fatigue, mild depression and impaired

cognitive function.''""''?

The typical 2.5-4.5 h apparent 7'/, of caffeine in adults can be extended up to 30 h in
the body by women taking an oral contraceptive, pregnant women, the developing foetus,
young children, and those with liver disease. These groups are, therefore, much more
susceptible to the effects of caffeine toxicity. Acute intoxication is characterised by
dehydration, tachycardia, extreme anxiety, hallucinations, flushing, and delirium. Further

fatal consequences are epileptic seizure, cardiac arrhythmia and ultimately ventricular

18



Page 19 of 76

Food & Function

fibrillation. The fatal dose for humans depends on individual sensitivity but in rare instances
can be as little as 2 g." In general, fatal caffeine overdose involves the ingestion of caffeine-
containing medications rather than caffeinated foods or beverages.” However, some cases of
death after ingestion of high amounts of energy drinks and caffeinated energy mints have
been attributed to caffeine.''*"'® Although the amounts present in coffee make it unlikely to
be a source for caffeine intoxication, isolated cases of caffeine toxicity have been attributed
to excessive coffee intake.'"’ Pregnant women have a slower caffeine metabolism with an
extended apparent 7, of up to 10 h. In addition, caffeine freely crosses the placenta and
enzymes involved in caffeine metabolism are lacking in both the placenta and fetus.” The
effect of caffeine consumption on pregnancy complications, such as spontaneous abortion
and impaired fetal growth, has been studied extensively but epidemiological data are
conflicting. While some studies did not detect a significant association between caffeine

M8119 more recent investigations have found a

intake and the risk of spontaneous abortion
significant association at intake levels of >300 mg/d."**'** Maternal caffeine intake has also
been linked to a higher risk of low birth weight in some'***'** but not all epidemiological
studies.'*>'?® Some of the inconsistency in the observations might well arise from using a
‘cup of coffee’ as a measure of caffeine consumption. Although the threshold at which the
risk is significantly higher is not well characterised, results from the CARE study group
suggest a reduced fetal growth for women consuming >100 mg/d.'*” Sengpiel et al.'**
reported similar results with a decrease in birth weight of 21-28 g for each daily 100 mg of
maternal caffeine intake. Current advice in the UK from the Food Standards Agency is for

pregnant women to restrict caffeine to below 200 mg per day.'*®

Summarizing, the actions of caffeine may be seen as a double-edged sword and the
balance between beneficial effects and negative impacts on well-being depend largely on the

individual susceptibility to caffeine.
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3.3. Trigonelline

Trigonelline is present in green coffee at ~1% dry weight, with slightly higher values found
in Arabica coffees than in Robustas.'*’ During the roasting process trigonelline is partially
degraded to nicotinic acid and several pyridine derivatives, as mentioned in Section 2.
Depending on coffee variety and degree of roast trigonelline levels in roasted coffee vary
between 0.2 and 0.9 mg/g of ground coffee.**"*! Amounts in coffee brew depends largely on
the coffee making procedure and appear to range between 40-110 mg per serving.™'*>'*?

Several studies investigated the bioavailability of trigonelline in humans and animals.
Results obtained from a bioavailability study with humans who consumed one cup of coffee,
containing 808 pumole of trigonelline, showed that the pyridine alkaloid attained a C,q, of ~6
uM after ~3 h and had an apparent T}, of ~5 h."** Urinary excretion of trigonelline 0-8 h
post-ingestion of coffee was 57% of intake for males and 46% for female volunteers,
showing that substantial amounts had passed through the circulation without being subjected
to phase Il metabolism (Table 3). Trigonelline was detected 15 min after ingestion of coffee,
pointing towards absorption occurring initially in the stomach. The coffee also contained 172
pmole of 1-methylpyridinium (Fig. 5) which reached a C,,,c of ~0.8 uM with an earlier 7,4,
than that of trigonelline ranging from 1.0-1.7 h. The apparent 7, of 1-methylpyridinium was
also more rapid than that of trigonelline at ~2.2 h while urinary excretion of 1-
methylpyridinium was 69% of intake both males for females.'**

Their levels of urinary excretion (Table 3) indicates that, unlike the CGAs, both
trigonelline and 1-methypyridinium pass through the body without undergoing substantial
phase Il metabolism. In keeping with this possibility, a study on the absorption of trigonelline
from the small intestine of germ-free and specific pathogen-free rats demonstrated that the
pyridine alkaloid is not degraded by the GIT microflora and that most is absorbed from the

. . 135
small intestine.
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Regarding potential biological activities, trigonelline has been shown to possess,
hypoglycaemic, neuroprotective, anti-invasive, estrogenic, and antibacterial activities. After a
4 week treatment of diabetic rats with trigonelline (50 mg/day/kg b.w.), blood glucose, total
cholesterol, and triglycerides were significantly reduced. Furthermore, there were altered
insulin levels, insulin sensitivity index and insulin content in the pancreas, all showing values
similar to a non-diabetic control group."*® Trigonelline regulates key enzymes of glucose and
lipid metabolism, such as glucokinase, glucose-6-phosphatase, fatty acid synthase, and
carnitine palmitoyl transferase in diabetic rats."”’” In a randomized crossover study with
healthy, male humans a 500 mg dose of trigonelline led to significantly lower glucose and
insulin levels 15 min after an oral glucose load compared to a placebo.*

Trigonelline at 30 and 100 uM prevented, in a dose dependent manner, dendritic and
axonal atrophy in rat cortical neurons induced by the neurotoxine amyloyl-B-peptide [AB (25-
35)]. Moreover, orally administered trigonelline (500 mg/kg b.w.) improved memory in mice
treated with AB (25-35)."*® Recently, Gaur et al."*’ studied the neuroprotective effects of a
fenugreek extract, containing 82% trigonelline, in rodent models of Parkinson’s disease.
There was a significant increase in the number of ipsilateral rotations in 6-hydroxydopamine-
induced unilateral lesioned rats that orally ingested the extract (30 mg/kg b.w.) compared to
the control group. The extract also induced a significant reversal of motor dysfunction caused
by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-induced lesions in C57BL/6 mice in pre-
treatment (1 h) but not in post-treatment (1 h) experiments.

Cell invasion is one of the key steps in the development of cancer metastasis.'** The
effects of trigonelline on the proliferation and invasion of cancer cells were studied using rat
ascites hepatoma cell line AH109A. At the physiological concentrations of 2.5-4.0 uM
trigonelline inhibited the invasion of hepatoma cells in a dose responsive manner but did not

impact on proliferation. Anti-invasive activity was also determined by incubating AH109A
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cells with serum from rats fed 100 pumole trigonelline/100 g b.w. by gavage. Serum obtained
2 h after intake most strongly inhibited invasion of AHI09A cells and significant inhibition
was also measured in serum collected 3 h and 6 h after intake. These results suggest that
trigonelline absorbed from the GIT retains its effectiveness in the bloodstream. Both
trigonelline and trigonelline-loaded rat serum suppressed reactive-oxygen-species (ROS)-
potentiated invasive activity of pre-treated cells but did not scavenge intracellular peroxides.
This indicates that a mechanism other than a direct antioxidant effect is involved in
trigonelline-mediated suppressive effects on ROS-potentiated invasion.'*!

Trigonelline stimulates proliferation of MCF-7 breast cancer cells and significantly
enhances cell growth in vitro at concentrations as low as 100 pM. This effect was attributed
to the activation of the estrogen receptor which classifies trigonelline as a novel
phytoestrogen. Soy phytoestrogens play a dual role in the development and progression of
breast cancer. Exposure to genistein, prior to tumor formation reduces the risk of developing
breast cancer.'*” In contrast, the isoflavone acts as an estrogen antagonist after tumor
formation and stimulates mammary gland differentiation in rats.'** It will be interesting to
determine if trigonelline exerts similar effects, not just in rats but also in humans which in
many aspects of their physiology are some what different to rodents.

The transcription factor Nrf2 plays a key role in cancer development and
chemoresistance as its overexpression confers stability to cells and it is thought to be an
adaptive cell reaction to chemical and oxidative insults. This makes Nrf2 activation a
potential target in anticancer therapy'** as it leads to protection against DNA damage and a
reduction in tumorigenesis'*’ but Nrf2 activation is also a means by which cancer cells resist
chemotherapy. Trigonelline is an effective inhibitor of Nrf2 and in the process it has been
reported to increase the sensitivity of chemoresistant pancreatic and colon cell lines to

anticancer drugs.'*®
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As noted earlier, trigonelline impacts on the adhesive properties of Streptococcus
mutans, the major causative agent of dental caries in humans, by reducing the ability of the
bacterium to adsorb onto saliva-coated hydroxyapatite beads. Trigonelline is also a potential

antimicrobial agent against the highly invasive pathogen Salmonella enterica."*’

Summarizing, trigonelline is a pyridine alkaloid, found in substantial amounts in
coffee, with therapeutic potential as a hypoglycemic and neuroprotective agent and it also has
anticarcinogenic effects. However, at this juncture its use as an anticarcinogenic agent is

controversial.

3.4 Kahweol and cafestol

The diterpenes kahweol, cafestol and 16-O-methylcafestol (Fig. 2) occur as fatty acyl esters
in coffee, contribute to the bitter taste of the beverage where they are found in quantities
highly dependent on the brewing technique. They are abundant in boiled and unfiltered coffee
but are almost completely removed when the coffee brew is filtered either immediately prior
to consumption or during the manufacture of soluble coffee powders. Scandinavian boiled
coffee, French press and Turkish coffee contain from 6 to 12 mg per cup, whereas filter
coffee, and instant coffee contain less than 0.6 mg per cup. Although espresso coftee has high
concentrations of kahweol and cafestol it is considered as an intermediate source of these
compounds (~4 mg/cup) due to its small serving sizes.” While the presence of these

diterpenes has been implicated in the cholesterol-raising effect of coffee,'**

they have also
been shown to possess chemopreventive potential.'* The mode of action includes induction
of phase II detoxifying enzymes, and regulation of Nrf2/ARE signalling pathways, thereby

enhancing the endogenous defence systems against oxidative damage.>"*°

3.5. Melanoidins
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Coffee brew is considered one of the main sources of melanoidins in the human diet."”!
Although coffee melanoidins, which are products of roasting, do not fall within the strict
definition of dietary fibre because they are not true polysaccharides naturally present in the
green beans, there is mounting evidence that in vivo they actually behave as dietary fibre,
being largely indigestible by humans and fermented in the gut. The structural separation
between coffee melanoidins and true dietary fiber, i.e. the coffee polysaccharides remaining
underivatized after roasting, is very difficult.' Comparing melanoidins with the various
types of natural polysaccharides, has revealed a structural similarity with cereal
arabinoxylans.'*® The overlap between dietary fibre and melanoidins is of interest from a

51 the amount of coffee

nutritional perspective. According to Fogliano and Morales,
melanoidins reaching the colon ranges from 0.5-2.0 g per day for moderate to heavy coffee
drinkers. Considering that the recommended daily intake of soluble dietary fibre is 10 g and
that most of people fail to reach this target as estimated from their consumption of the

classical sources, melanoidins intake might contribute significantly to the health benefits

associated with coffee at the colon level.">*

Melanoidins have been studied extensively for their possible beneficial effects on
health. Different potential biological activities have been ascribed to this heterogenic class of
coffee compounds namely, antioxidant and metal chelating activity, antimicrobial activity,
anticariogenic activity and the ability to modulate colonic microflora, as well as,
antihypertensive, and antiglycative activity. However, there is no evidence to suggest that
even the low mass melanoidins are absorbed intact in the circulatory system, and in vitro
studies where melanoidin fractions have been i) applied to microsomes or cultured liver

42,155,156

cells, ii) tested for their ability to prevent glycation of bovine serum albumin'’ and

ii1) assayed at concentrations > 1 mg/mL for inhibitory activity against angiotensin-I
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enzyme,'*® are of little help in evaluating their dietary significance in vivo. In contrast,
effects exerted in the oro-GIT without the need for absorption might be significant.

Melanoidins could reach high concentrations in the GIT where the data of

1."°? suggest they might exert beneficial effects by preventing the formation

Tagliazucchi et a
of oxidised lipids and decreasing the absorption of these cytotoxic lipid peroxidation

products. However, in this study, no effort was made to exclude oxygen from the incubation

medium and it is debatable to what extent such oxidation would occur in vivo.

High molecular weight melanoidins (HMWMs) isolated from coffee brew has been
suggested to be potentially anticariogenic. This property was ascribed to the ability of the
HMWMs to inhibit both the adsorption of Streptococcus mutans to saliva-coated
hydroxyapatite beads and the formation of biofilms on microtiter plates.'®® Studies on
melanoidins using model systems have shown that they are able to influence the contractility
of gastric smooth muscles with the HMWM fraction from coffee brew being able to evoke
contractions of rat circular gastric smooth tissue by activating cholinergic receptors.161 This
finding implies that melanoidins might increase the colon motility, which is linked with

reduced colorectal cancer risk

Studies on the effects of coffee melanoidins on different pathogenic microorganisms
have shown that they exhibit dose-dependent antimicrobial activity. Moreover, Gram-
negative bacteria were more sensitive to the antimicrobial activity of the melanoidins than
Gram-positive strains.'®® The antimicrobial activity of coffee melanoidins has been ascribed
to their metal chelating properties and Rufian-Henares and de la Cueva'® proposed three
different mechanisms: (i) at low concentrations, melanoidins may exert a bacteriostatic
activity mediated by iron chelation from the culture medium; (i) in bacterial strains that are
able to produce siderophores for iron acquisition, melanoidins may chelate the siderophore-

Fe’" complex, which could decrease the virulence of such pathogenic bacteria; and (iii)
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melanoidins may have bactericide activity at high concentrations by removing Mg ions

from the outer membrane, promoting the disruption of the cell membrane.

Melanoidins are not digested in the upper GIT and they are mainly recovered in the

facces.'® Nunes and Coimbra*' demonstrated that coffee melanoidins have a good prebiotic

164 165
1. 1.

potential, while Gniechwitz et al.”" and Reichardt et al. ™~ showed that coffee melanoidins
behave as a soluble dietary fibre since they are fermented by the microorganisms in the gut
and enhance bacterial growth, mainly of the Bacteroides-Prevotella group. Nevertheless, a
selective stimulation of bifidobacteria and lactobacilli has so far not been observed with

coffee melanoidins.'**

Taking into account all the properties outlined above, crude melanoidins appear to
have potential as health beneficial compounds. Because the various melanoidin fractions used
in these studies are crude it is not possible to judge whether the effects are due to novel
substances formed during coffee roasting, pre-existing green bean polysaccharides, or non-

covalently adsorbed CGAs.

In summary, although in vitro and in vivo studies using reference compounds have
proved that several components occurring in coffee exhibit biological activities, the
physiological properties of coffee itself will probably differ and vary because the beverage is
a complex and variable mix of hundreds of compounds and its bioactivity may be influenced
by possible matrix, synergistic and/or antagonistic effects. As a further complication, with
the possible exception of trigonelline and 1-methylpyridine, only a small percentage of the
ingested compounds enter the circulatory system and reach tissues, and very little of the

absorbed material retains the original structure present in the beverage.

4. Health effects
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Large literatures exist which mention possible or proposed health implications of coffee
drinking, but there is very little sound evidence for either harm or benefit. Inevitably, cross-
sectional or longitudinal associations with self-reported coffee consumption dominate the
literature, while experimental evidence is more limited. Coffee drinking may simply be a
marker a range of other lifestyle factors. While most epidemiological studies published in the
period 1980 to 2000 reported that coffee consumption may be associated with greater risk of
coronary heart disease and several types of cancer, some more recent investigations have not
confirmed these findings. On balance, the currently available information from
epidemiological research suggest that coffee consumption is associated with a lower risk of
several chronic diseases including type 2 diabetes, CV disease and cancer, as well as
neurodegenerative conditions such as Parkinson disease.”'®® Whether these associations
relate to biological or social influences of regular coffee consumption is uncertain, although

some experimental evidence would support suggestions of a mechanistic link.

A major difficulty in interpreting epidemiological data is that surveys were not
designed specifically to quantify coffee consumption, so assessing exposure is usually very
crude, and abstainers may have a variety of medical and personal attributes which introduce
confounding factors. The considerable variability in the composition of the coffee beverage
coupled with significant differences in cup size makes it impossible accurately to define the
intake of any of the potentially bioactive constituents unless in prospective studies accurate
analyses are made of what the participating subjects consume. In retrospective studies there
is the further problem of the added imprecision associated with recall. These constraints
make it very difficult to determine the real world biological significance of the statistical
relationships arising from epidemiological studies of coffee consumption. It must also be
recognised that studies focussing on coffee, or indeed any other single commodity or

commodity group, cannot fully take account of possible physiological effects associated with
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potential bioactive constituents from other dietary components. A critical assessment of the
possible significance of these other dietary components is beyond the scope of the present

review.
4.1. Coffee and antioxidant status

Several intervention studies analysed the effect of coffee consumption on the antioxidant
activity of plasma. Acute coffee intake resulted in a significant increase in total radical-
trapping antioxidant parameter (TRAP) and ferric ion-reducing antioxidant power (FRAP) of
plasma when compared to water consumption.'®” These changes in the antioxidant status in
vivo are unlikely to be a direct consequence of the antioxidant activity of coffee, and are more
likely to be the result of coffee compounds being able to augment endogenous antioxidant
defences, such as an increase in GST activity and glutathione. After daily consumption of
coffee for 2 weeks, significant increases in glutathione concentration (15%) in plasma and in
colorectal mucosa (8%) have been observed.'®® Similar findings for plasma glutathione
concentration were reported after the daily ingestion of five cups of coffee over a period of 7
days.'® In a later study consumption of unfiltered coffee showed a weak but significant
increase in GST activity.'” Thus, under some circumstances coffee might contribute to the
endogenous systems which prevent oxidative damage to cell components, DNA, proteins, and
lipids, which contribute to the pathogenesis of degenerative diseases, such as cancers,

cardiovascular and neurodegenerative diseases.
4.2. Coffee and type 2 diabetes

Based on meta-analysis of epidemiological studies there is a relationship between regular
coffee intake and a lower risk of type 2 diabetes mellitus (DM)."”"'7* A prospective cohort
study in the Netherlands including 17,000 men and women reported a lower relative risk of
developing type 2 DM of 50% for those who consumed at least seven cups of coffee per day

compared to those who drank two cups or less in terms of absolute risk' > Similar results
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were found in a smaller 18 year cohort study of Swedish women with a daily coffee intake of

three cups compared with the consumption of two cups or less.'”*

The two largest prospective
cohort studies to examine the relationship between coffee consumption and type 2 DM were
the Health Professionals Follow-up Study (41,934 men) and the Nurses’ Health Study
(84,276 women) in the USA. Men who drank at least 6 cups of coffee daily had a 54% lower
relative risk of developing type 2 DM than men who did not drink coffee, while women who
drank >6 cups of coffee daily had a 29% relative lower risk than female non-consumers. This

inverse relation between coffee consumption and type 2 DM was observed for caffeinated as

well as decaffeinated coffee.’

A subsequent meta-analysis of 18 prospective studies on coffee intake and type 2 DM
found an inverse log-linear relationship between coffee consumption and subsequent risk of
diabetes. Every additional cup of coffee consumed per day was associated with a 7% lower
risk of diabetes.'” However, not all prospective cohort studies have observed a significant
link between coffee intake and risk of developing type 2 DM. The inverse relation found in
epidemiological studies is supported by results obtained in intervention studies that found a
positive effect of coffee on diabetic markers such as serum glucose or insulin levels.**®' In
contrast, other investigators failed to detect an effect of acute coffee intake on these glucose

metabolism markers.'”®!”

Although results of the effect of coffee on diabetes are not always clear-cut, and some
intervention and epidemiological studies have revealed no effect, most of the more recent
studies observed a significant risk reduction of 30-60%, in the same range as observed with
pharmacological approaches.'®® Nevertheless, until the relationship between long-term coffee
consumption and type 2 DM is better understood and any mechanism involved identified, it is

premature to make claims about coffee preventing type 2 DM.

4.3. Coffee and cardiovascular diseases
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Several earlier studies have linked coffee consumption with an increased risk in developing
CV disease. However, these findings are controversial and more recent studies indicate that
the risk of CV disease may be related to the ingestion of the diterpenes cafestol and kahweol,
which have been shown to raise serum total and LDL cholesterol reversibly, and can be found
at high amounts in boiled and unfiltered coffee.'**!"®!” The diterpenes are present in much
lower amounts in filter and instant coffee.” The overall consumption of boiled coffee has
decreased as of late and a recent meta-analysis including 21 cohort studies report a lower risk
of CV disease in women who were moderate coffee drinkers.!® Nevertheless, most
prospective cohort studies have not found a significant association between coffee
consumption and CV disease risk’ while a few have reported negative effects. A prospective
cohort study in Norway analysed the risk of coronary heart disease mortality after 6 years and
12 years of follow up. The authors comment: ‘The fairly strong association between coffee
consumption and mortality from coronary heart disease in Norway has been distinctly
weakened by six more years of follow up. The association was completely absent when the
first six years of observation were excluded and cholesterol concentration was adjusted for’.
They attribute this change in the relationship to an education programme that has led to a

reduced consumption of diterpene-rich boiled coffee.'®!

Results from the Honolulu Heart Study reported a doubling of the risk of thrombotic
stroke in hypertensive men who consumed at least 700 mL of weal American-style coffee per
day."™ Beside cafestol and kahweol, caffeine might exert negative effect on CV health. Long-
term coffee consumption was not associated with stroke in the Nurses’ Health Study but
decaffeinated coffee was associated with lower risk of stroke after adjustment for caffeinated
coffee consumption.'™ One case-control study found a J-shaped relation between coffee
consumption and the risk of developing an acute coronary syndrome (myocardial infarction

or unstable angina). Heavy coffee consumers (>600 mL/day) had a three times higher risk of

30

Page 30 of 76



Page 31 of 76

Food & Function

developing acute coronary syndrome than those who did not drink coffee, while moderate
coffee consumers (<300 mL/day) had a 30% lower risk than those who did not drink
coffee.'® Combined positive and negative action of different coffee compounds might
explain the J-shaped correlation found in this study. Results from intervention studies on
coffee and CV risk biomarkers confirm negative effects for caffeinated coffee whereas
beneficial effects are often observed with decaffeinated coffee consumption.'® In a double-
blind, crossover study with 20 healthy subjects consuming either caffeinated or decaffeinated
espresso coffee at 5 to 7-day intervals resulted in a significant increase in systolic and
diastolic blood pressure but only with caffeinated coffee. Similarly, flow-mediated dilatation
decreased progressively and significantly following ingestion of caffeinated espresso coffee
but not after ingestion of decaffeinated coffee.'® Natella et al.'® evaluated the anti-platelet
activity of coffee compared to caffeine in a crossover intervention study on ten healthy
subjects after ingesting either 200 mL of coffee containing 180 mg caffeine or 180 mg
caffeine capsules. Arachidonic acid-induced platelet aggregation was inhibited after coffee
intake but not after caffeine capsules. These results suggest that other compounds, such as

CGAs, might be responsible for the anti-platelet effects observed after coffee intake.

The results of epidemiological and intervention studies on the effects of coffee on CV
risk vary and coffee seems to have a mix of beneficial and harmful effects. Nevertheless,
long-term studies suggest that harmful effects are unlikely for moderate coffee consumption
and it is possible that other compounds in coffee counteract the negative effects of caffeine

and diterpenes on CV health.
4.4. Coffee and cancer

There are numerous epidemiological studies relating coffee consumption to the risk of cancer
and there is currently substantial evidence suggesting that coffee may be associated with

lower risk of some cancers. Strong and consistent protective association has been found
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between coffee consumption and reduced risk of endometrial and hepatocellular cancer. In
the case of breast and colorectal cancer, a modest or borderline negative association with
coffee consumption was reported whereas no association was found for pancreatic, ovarian,

prostate or gastric cancer.®'%*'¥’

Several case-control studies on coffee and the risk of endometrial cancer conducted in
Italy and Japan have produced data indicating 50-60% lower risk for coffee consumption of
three or more cups per day and a statistically significant linear association between the
amount of coffee consumed and the relative risk.'"®"" Similar results were obtained in a
Japanese population-based cohort study of 53,724 women during 15 years of follow-up
which also found a 60% lower risk among those consuming at least three cups of coffee per

day, compared to those who drank less than two cups.'”!

A significant reduction in risk of hepatocellular cancer (HCC) was observed among
habitual coffee consumers in several cohort and case control studies. Two Japanese cohort
studies, one including more than 90,000 men and women during 10 years of follow up, and
the other including more than 100,000 men and women over 10-12 years, found a significant
inverse association between coffee drinking and HCC risk.'”*'** Results from these studies
suggest that the consumption of one or more cups of coffee on daily basis reduces the
possibility of developing HCC, or death due to HCC, by 50%. Both studies found a clear
dose dependent association between the risk of HCC and the amount of coffee consumed.
Results of case control studies corroborate these findings.'®® Among these, one hospital-based
control study conducted in Italy concluded that compared to non-coffee consumers, the risk
of HCC was lower by 20% with an intake of 1-2 cups per day, by 60% for 3-4 cups and by
70% for >5cups.'”* Most of these data were summarised in two meta-analyses that concluded
that an increase in coffee consumption of one cup per day was associated with a 22-25%

lower risk of liver cancer.'”>'*® Bravi et al.'® noted the concern that subjects with liver
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conditions may selectively reduce their coffee consumption. However, the consistency of an
inverse relation between coffee drinking and HCC across study design and geographic areas

weighs against a major role of bias or confounding factors.

Although a significant amount of potentially anticarcinogenic coffee compounds such
as CGAs reaches the colon,®® controversial results have been reported on coffee consumption
and risk of colorectal cancer. A review of 15 case control and three cohort studies concluded
that coffee consumption was associated with lower risk for some case-control studies, but that
results were inconsistent in the cohort studies.'”” No consistent dose-response was observed
among the studies and no relationship emerged for rectal cancer. Subsequently, two meta-
analyses, one including 24 case-control studies and the other 25 case-control and 16 cohort
studies, revealed a moderate inverse relation between colorectal and colon cancer for case-
control studies, but no association was found with rectal cancer.'”®'? Another recent study,
on the dose-response effect of coffee consumption and colorectal cancer, confirmed these
findings and reported a significant inverse association between colorectal and colon cancer
with a daily intake of at least 4 cups of coffee.*”® Although not all studies have produced
consistent findings, the accumulated evidence suggests at least a modest inverse association

between coffee and the risk of colorectal and colon cancer.

Several studies have analysed the effect of coffee consumption on breast cancer but
no association was found for case-control or cohort studies among post-menopausal
women,*'™" but, risk of breast cancer may be lower among premenopausal coffee-drinkers.”"
In addition, a strong negative association was observed between coffee consumption and
breast cancer among high-risk women carrying BRCA gene mutations. Women with BRCA
mutations have an estimated risk of developing breast cancer as high as 80% by the age of
70.2°> However, women with BRCA mutations who habitually drank six or more cups of

coffee per day showed a 70% risk reduction compared to non-coffee drinkers.*”* No
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association was observed for decaffeinated coffee, suggesting that caffeine might be
responsible for the protective effect although an involvement of trigonelline may also be

feasible (see Section 3.3).

Overall, mounting evidence supports a protective association between coffee
consumption and endometrial and hepatocellular cancer. A modestly favourable effect was
observed on the risk of colorectal and colon cancer, whereas protective effects in breast
cancer have only been reported among premenopausal women and women carrying BRCA

mutations.

4.5. Coffee and Parkinson’s disease

Results from epidemiological studies reveal a consistent inverse association between coffee
consumption and the risk of Parkinson’s disease. A meta-analysis of eight case-control and
five cohort studies conducted in four countries between 1968 and 2001 concluded that coffee
drinkers had a 31% lower risk of Parkinson disease than non-coffee drinkers.””* Interestingly,
the two cohort studies that included only men, the “Honolulu Heart Study” and the “Health
Professionals’ Follow-up Study”, found a strong inverse linear relation between the number
of cups of coffee consumed and risk of Parkinson’s disease with 49% lower risk per three
additional cups per day, whereas the cohort study that included only women (Nurses’ Health
Study) found no such “three additional cups per day” effect. The sex difference observed
could be due to hormonal effects and, in fact, further analysis of the “Nurses’ Health Study”
revealed that coffee was associated with a lower risk of Parkinson’s disease among women
who did not use postmenopausal hormones, but a greater risk among hormone users.””* These
findings were corroborated by the results obtained from the “Cancer Prevention Study II”
cohort, which showed a significant inverse association between coffee consumption and

Parkinson's disease mortality in men. In women, however, this association was dependent on
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postmenopausal oestrogen use, with a risk reduction of 53% for women drinking four or
more 600 mL cups of coffee per day compared with non-drinkers and a risk increment of
31% among oestrogen users.’’® Although the cause of this adverse effect of oestrogen is not
yet understood it might be linked with the fact that oestrogen replacement therapy has been
found to inhibit CYP1A-mediated caffeine metabolism.””’” These events might also be related

to the trigonelline content of the ingested coffee (see Section 3.3).

The “protective” effect of association of coffee on Parkinson’s disease, if causal,
could be ascribed to its caffeine content. Parkinson’s disease is a neuropathological disorder
involving the degeneration of dopaminergic neurons in the substantia nigra, with the
subsequent loss of their terminals in the striatum. Caffeine and other A, adenosine receptor
antagonists have been shown to protect against dopaminergic neurotoxicity in animal
models.?**?” A possible explanation is that caffeine aids improvement of the performance of
dopaminergic system by blocking the A, adenosine receptors thereby stimulating the

. 102
dopamine release.

Results obtained to-date in epidemiological studies indicate a reasonably consistent
association between coffee consumption and a lower risk of Parkinson’s disease. However,
the mechanisms involved are not fully understood and it is premature to recommend
increasing coffee consumption to prevent Parkinson’s disease, especially in women taking
postmenopausal hormones. It is possible, however, that this inverse association is spurious, if
people affected by tremor reduce coffee consumption before or after the diagnosis of

Parkinson’s disease.

5. Conclusions
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Coffee is one of the most popular beverages in the world and, consequently, its impact on
human health is of great interest. Viewing the wide range and depth of evidence already
collected, it is clear that any impacts of coffee on long-term health, whether protective or
detrimental, must be very small indeed, and can only relate to long-term exposure. A large
part of the uncertainty, and conflict, in the epidemiological evidence is because research has
not specifically focussed on beverages at a design stage so the level of detail collected in

surveys is inadequate to quantify and characterise long-term consumptions.

It is possible from mechanistic experiments that some specific constituents of coffee
may have negative health impact, while others provide balancing protection. Among the vast
array of compounds present in coffee brew, the biologically active classes are usually
considered to be CGAs, melanoidins, caffeine, trigonelline and the diterpenes cafestol and
kahweol. These compounds have been shown, at least in vitro, to possess various properties
including antioxidant, chemopreventive, antihypertensive, hypoglycaemic, antiglygative, and
anticariogenic activity. However, as they pass along the GIT they are metabolised and, with
the possible exception of trigonelline, it is their metabolites, rather than the parent
compounds, which predominate in the circulatory system. There may well be other
compounds which have a protective role, and their effects need not be very large in order to

have public health importance.

Epidemiological studies have associated coffee consumption with beneficial effects
including reduced instances of type 2 DM, hepatocellular, endometrial, colorectal and
premenopausal breast cancer. Results on the effect on CV disease are conflicting but negative
effects of caffeine, kahweol and cafestol seem to be reduced or counteracted by CGAs. A
reduced risk of Parkinson’s disease was found in men but only in women who never used
postmenopausal oestrogen. Before these encouraging epidemiological observations can be

confirmed, and used as a sound basis for dietary advice, further research is needed on the
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bioavailability and pharmacokinetics of coffee components in order to elucidate the
compounds responsible for those effects and mechanisms involved. It is essential also that
future prospective epidemiological studies define more accurately the dose of the various
potentially bioactive components that are consumed — ‘a cup of coffee’ is not a well defined
measurement. Given the vast consumption of coffee by a huge proportion of the world’s

population, any small shift towards a more healthful balance could have huge value.
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Figure Legends

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

Fig. 6.

Fig. 7.

Fig. 8

Coffee fruit at different stages of maturity. Picture supplied by Dr. Tim Bond,

AVT Tea Services Ltd., London, UK.

Green coffee beans, the cotyledons of the seed after removal of the fleshly
pericarp from the mature fruit. Picture supplied by Dr Eduarda Cristovam,

Mathew Algie Co. Ltd., Glasgow, UK
Structures of the main CGAs in green coffee beans.

Structures of the purine alkaloid caffeine and the pentacyclic diterpenes kahweol

and cafestol

Structures of phenylindans formed during roasting by the degradation of the
caffeic acid-containing CGAs; trigonelline, and nicotinic acid and methylated
pyridinium derivatives formed from trigonelline during roasting; the mammalian

metabolites of caffeine, theobromine, paraxanthine and theophylline

Structures of some of the volatile compounds, which have a major impact on the
aroma of roasted coffee beans. Kahweofuran is reputed to have a coffee-like

small even in isolation.
Human metabolites of 5-CQA.

Pathways for the metabolism of caffeine by humans to di- and
monomethylxanthines, the corresponding tri-, di- and monomethyl uric acids and
three uracil derivatives formed by opening of the five-membered ring. After

Arnaud.”®
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Table 1 Levels of CQA isomers and caffeine in espresso coffees purchased from 20 coffee

shops in Glasgow, United Kingdom (after Crozier et al.>)

Total CQA Caffeine
Volume of 3-CQA  4-CQA 5-CQA per serving  per serving

Coffee shop coffee (mL) (mg) (mg) (mg) (mg) (mg)
Pattiserie Francoise 52 95 112 216 423 322
S’mug 32 62 78 160 300 173
Costa Coffee 25 48 61 118 227 157
Little Italy 23 37 59 121 217 129
Paperino’s 50 65 52 99 216 205
Peckhams 70 65 52 99 216 140
Chapter 1 26 45 58 112 215 140
University Cafe 49 40 54 93 187 230
Baguette Express 45 30 40 74 144 140
Kember & Jones 43 37 46 92 141 90
Heart Buchanan 24 22 37 67 126 156
Jellyhill 63 26 29 56 111 151
Coffee @ 491 49 23 31 55 109 98
Beanscene 48 19 25 49 93 77
Tinderbox 25 19 24 46 89 75
Café Cinnamon 59 17 23 41 81 242
Crepe 4 Croissant 34 17 23 41 81 95
Morton’s 35 13 16 27 56 73
Antipasti 36 8 15 21 44 72
Starbucks 27 5 7 12 24 51
Range 23-170 5-95 7-112 12-216 24 — 423 50 — 322
Median 43 36 37 67 126 140
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Table 2 Pharmacokinetic parameters of CGAs and metabolites circulating in plasma of
healthy volunteers, 0-24 h after the ingestion of 412 pmol of CGAs and derivatives

contained in a 200 mL serving of instant coffee (after Stalmach et al.”)*

Apparent
CQAs and metabolites Chax (nM) Ty (h) T, (h)
5-O-Caffeoylquinic acid 22+1.0 1.0+£0.2 0.3+0.3
3-O-Caffeoylquinic lactone-O-sulphate 27+3 0.6 +0.1 0.5+0.1
4-0-Caffeoylquinic lactone-O-sulphate 21+4 0.7+0.1 0.4=+0.1
3-O-Feruloylquinic acid 16£2 0.7+0.1 0.9+0.1
4-O-Feruloylquinic acid 14+2 0.8+0.1 09+0.1
5-O-Feruloylquinic acid 6.0+1.5 09+0.1 0.8+0.1
Caffeic acid-3'-O-sulphate 92+ 11 1.0+0.2 1.9+04
Ferulic acid-4'-O-sulphate ° 769 06=0.1 49+1.0
46+ 13 43+03
Dihydroferulic acid 385+ 86 47+03 14+04
Dihydroferulic acid-4'-O-sulphate 145+ 53 48+0.5 4.7+0.8
Dihydrocaffeic acid 41+£10 52+0.5 1.0+04
Dihydrocaffeic acid-3'-O-sulphate 325+99 4.8+0.6 3.1+0.3

*Data expressed as mean values = SE (n = 11). C,,, — peak plasma concentration; 7}, - time after

ingestion to reach C,,,; Apparent T;,, — apparent elimination half-life after oral dosing

® Double C,,,, and T, values are due to the biphasic absorption profile of ferulic acid-4-O-sulphate
resulting from absorption in both the small and large intestine
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Table 3 Plasma pharmacokinetic parameters of trigonelline and 1-methylpyridinium circulating in plasma of male and female volunteers

after the ingestion of 350 mL of filter coffee containing 808 umol (110 mg) of trigonelline and 172 pmol (16 mg) of 1-methylpyridinium

contained in a 200 mL serving of instant coffee (after Lang et al."**y

Crax (UM) Tpax (h) Apparent T, (h) 0-8 h urinary excretion (% of intake)
Pyrimidine derivatives Male Female Male Female Male Female Male Female
Trigonelline 55+£0.7 6.5+0.1 23+£1.0 32+1.0 46+1.6 55+2.1 57+4 46 +3
1-Methylpyridinium 0.8+0.2 0.8+0.1 1.0£0.4 1.7£05 23+£05 21403 69+ 4 62+7

*Data expressed as mean values = SD (males n = 7; females n = 6). C,,,. — peak plasma concentration; 7}, - time after ingestion to reach C,,..; Apparent

T/, — apparent elimination half-life after oral dosing
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Kahweol Cafestol

Fig. 4. Structures of the purine alkaloid caffeine and the pentacyclic diterpenes kahweol and cafestol
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Fig. 5. Structures of phenylindans formed during roasting by the degradation of the caffeic acid-containing
CGAs; trigonelline, and nicotinic acid and methylated pyridinium derivatives formed from trigonelline during
roasting; the mammalian metabolites of caffeine, theobromine, paraxanthine and theophylline
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Fig. 6. Structures of some of the volatile compounds, which have a major impact on the aroma of roasted
coffee beans. Kahweofuran is reputed to have a coffee-like small even in isolation.
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Coffee: Biochemistry and Potential Impact on Health

Iziar A. Ludwig®, Michael N. Clifford®, Michael E.J. Lean®, Hiroshi Ashihara® and
Alan Crozier”

This article reviews the diversity of compounds found in coffee beans, the effect of
roasting and the potential impact of coffee beverage on health
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