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Message from DG VIII — EU Commission

E. BARATTINI

It gives me great pleasure to represent the European Commission at the 19" session of the
International Conference on Coffee Science, here in Trieste. This, in itself, is the
demonstration of our interest in the ASIC activities and more in general in coffee matters.

I would like to thank the ASIC Board, especially Dr Andrea and Ernesto ILLY, for organising
this today.

The European Commission, in the name of the European Community and its Member states,
has been associated with coffee negotiations and international agreements since its origins.
Our interest in this arises from our contractual commitments to our partners in development,
large producers of coffee.

My intervention today will be focused on three main areas:

ot The international Coffee Agreement 2001;
oi The coffee market situation and the ways that the ICA 2001 may have an impact on it;
oi The European Commission policy for development and research in the field of coffee.

At first glance, the new International Agreement of 2001, formally agreed on September 28"
2000, follows the scheme of its predecessor of 1994; however it differs on a number of
additional items as:

o{ encouraging members to develop a sustainable coffee economy;

o fulfilling the international obligations in labour standards;

oi promotion of production and consumption of coffee;

oi promotion of coffee quality;

ot providing a forum for the private sector, as consultative body;

o/ promotion training and information in order to assist transfer of technologies;

of preparation, analysis and recommendation of projects on behalf of the coffee
economy.

Among these new activities and objectives, I wish to draw your attention on two aspects that
seem particularly important for our debate today:

ol the private sectors participation and the promotion of the coffee quality.

The 2001 coffee pact has been the first of a new generation of commodity agreements where
the private sector has been called to play a key role. Its involvement is expected to generate a
more intensive and effective contribution, in order to set up a strategy to meet the real needs
of all the stakeholders. However, in order to ensure an efficient and coherent action, it would
be essential that an adequate response would follow from all sides, producing and consuming
countries.

Why this interest? Because we believe that through the globalisation process, a great
opportunity is offered for a real co-operation at all levels between North and South.



Today, the coffee market is fixed at its lowest level since the beginning of the 90s. Looking at
the situation historically, we observe that in constant current terms, the composite indicator
price has dropped from 130 cents per pound during a period when ICO quota system was
operational in the 80s, to about 51,8 cents on 10 May 2001, a drop of nearly 80 cents.

Despite many attempts to reverse the trend, the impact of these measures on the markets has
been quite disappointing. I refer to the retention scheme implemented by a number of ACPC
countries. One of the main difficulties was, in our opinion, the insufficient level of co-
operation between the public and the private sector due to a lack of resources available,
generating consequently a limited number of participants.

This is why the private sector should be ready to support public initiatives. Governments, on
their side, should create adequate ground for an easy development of private initiatives and
facilitate the access to the services. This kind of co-operation must find, of course, its natural
cradle within an international and multilateral forum as ICO.

In conjunction with the private sector, I have also stressed the importance of the promotion of
the quality in coffee. This is one other item that I wish to emphasise, as the new agreement
identifies it as a separate objective.

To date a number of initiatives are developing, particularly in the Central American region, to
produce “gourmet coffees” sold on the markets with a premium. One alternative to redress the
price level.

If supported by only a limited number of producers, this action may present the risk that in the
medium term, two speed coffee markets could be developed: one mass-production, at low
quality and cheap, and another destined to “niche” markets, high quality and remunerative. In
these terms, this strategy does not affect the total volume of coffee traded and consequently
has poor chances to make a positive influence.

In order to reach an impact at global level, we should seriously think to act in concert within
all parties, in order to reach a higher minimum quality standard of coffee traded, and
consequently reduce the volume of product hanging over the market.

Therefore we strongly support the initiative undertaken by the International Coffee
Organisation aiming at discussing during the next forthcoming Council session, possible
higher quality standards for coffee. The introduction of such a scheme is under serious
scrutiny and we hope that members may overcome the difficulties inevitably linked with this
strategy.

The improvement of quality, of course, implies also a price increase. A legitimate fear is that
consumers may not accept the “premium” for a better quality and turn themselves to alternate
cheaper productions. It is in the interest of the consumer to find a good quality product, not to
reject it. With low prices, consumers will be likely to suffer from deteriorating quality in
mainstream coffee, as the standards inevitably decline. At medium and longer term, the risk is
that the offer will become rarefied.

Therefore, 1 believe that a very large number of consumers will be ready to afford, if
necessary, the price difference. As doctor Illy already mentioned, the wine market fits very
well as an example. The differentiation of products has stimulated consumer interest rather
than dampened it. This phenomenon is rejected in wide price variations that can be observed
in wine. This contrasts with coffee, where the ratio between lower grades and top speciality



coffees is always quite reduced. The key to mature markets therefore is to seek added value
by offering individual high quality products, both Arabica and Robusta.

However, higher quality lays down the problem of handling the low-grade coffees. In a press
release of January 2001, the Speciality Coffee Association of Europe (SCAE) has estimated
that 2% of exports and over 50% of coffee retained for local consumption consists of triage
coffees, defined as mainly black and immature beans. It considers that the elimination of such
coffee through diversion to alternative uses or even destruction would make a big contribution
to a healthier coffee market.

Likewise the SCAE has proposed that countries should establish a minimum export standard
for coffee, with lower grades diverted to alternative uses as: fertiliser, animal feed mixtures,
fuel. Other possibilities could also be envisaged.

No more than a week ago, the international press reported that the ACPC is ready to destroy a
consistent volume of low quality produced coffee. Once again, the International Organisation
will serve as catalyst for this proposal during the forthcoming Council.

All these initiatives could be beneficial for the coffee market, at the only condition that a
close co-operation should be installed among all the stakeholders, particularly between public
and private sectors, co-ordinated within an international forum as the coffee Organisation.

The third item I stressed in my introductory remarks, was the information I wished to give on
the European Commission policy for development and research in the coffee sector, in order
to sensitise on our programs and actions.

The European Union is one of the major actors in international co-operation and development
assistance. In total, the European Commission and the EU Member states provide about 50%
of total international Official Development Assistance (ODA) mostly in form of grants.

However, EC Development policy is more than financial assistance alone. The European
market absorbs an important share of developing countries' exports. It's the case of coffee
with a share of more than 55%.

As already expressed, it should be recognised that globalisation and liberalisation reforms
threaten to enhance the vulnerability of poorer small coffee, cocoa or other commodities
farmers, due to extreme price fluctuations and frustrate efforts at promoting poverty
alleviation.

Nevertheless, at the same time, this process provides also potential opportunities for
development in trade, investment and access to know-how.

It is in this background that the European Commission guided by its Member States,
responded to this challenge searching for more effective and more sustainable policy actions.

As stressed on many occasions, the main objective of Community development policy is to
reduce and eventually to eradicate poverty. This objective entails support for sustainable
economic, social and environmental development, promotion of the gradual integration of the
developing countries into the world economy and a determination to combat inequality. These
objectives correspond to the goals set in the Maastricht Treaty and have represented, of
course, the general guideline of the EC action.



To be more effective, the EC's new policy aims at concentrating the activities on a more
restricted number of areas. This should allow achieving a better dialogue with our partners.
Six areas concerning trade, regional integration, macroeconomic support transport, food
security, rural development and institutional capacity building, have been identified.

Consequently, at multilateral level, the Commission is active in the following areas:

o initiatives to improve integration of developing countries in WTO;

of ongoing alliance building with developing countries and other partners in order to
launch a new round of negotiations;

of use of EC commercial policy instruments. On 26 February 2001 the European Union
decided to liberalise imports of all products from least-developed countries except
arms and munitions “everything but arms” or EBA. In doing so, the EU extended free
access to all intensive agricultural products, doing away with all remaining tariffs.

The Commission is now appealing to other developed countries to follow.

With regards to commodities, in particular, the EC is present in all agreements, in order to
strengthen the dialogue with producing countries. In addition, the different preferential
Agreements concluded by the EU with the African, Caribbean and Pacific countries (ACP)
take into account the problem of price volatility and introduce some mechanisms aiming at
stabilising the export earnings. In the former Lomé Agreement this scheme was better known
as STABEX.

STABEX was a short/medium term instrument; aiming at compensating the shortfall of
export earnings in commodities. In the past years, significant resources were made available
for the support.

However, over the application period, the aims of Stabex changed progressively from income
compensation to support for structural sector reforms. It appeared that the short-term financial
compensations for export earning losses could not sufficiently contribute to introducing
necessary structural reforms On the contrary, compensations turned out, in some cases, to
slow down or prevent appropriate reform policies. Gradually, the emphasis of development
aid from EDF shifted to support to sector policies and reforms.

With the recent Agreement of Cotonou, signed in June 2000, a new system has been
introduced with the purpose to safeguard macroeconomic, local reforms and policies that are
at risk, as a result of a decline in revenues. Therefore, the new Partnership Agreement
stipulates that support will be given in case of short terms fluctuations in export earnings and
a simultaneous worsening of the public finances.

In practice, the new system is based on an allocation of resources decided at the moment of
the initial programming of EDF. Each country receives a five-year allocation for unforeseen
circumstances. Thus, the volume of possible extra aid from the system will be known early
and can be taken into account in a country's development plan.

The system is more targeted at supporting the overall performance of the economy, as aid can
also be used in a general manner to support macroeconomic reforms or any other economic
policy that is relevant to the country.

In addition to the general policy guiding the development aid that I have briefly outlined,
reference must be made also to the relevant involvement of the Commission in the scientific



research and the protection of the human health.
I am referring to the Ochratoxin problem.

To date, no maximum limit is foreseen for OTA in coffee. However, the Commission
recognises the need that all possible efforts should be made by all interested parties, in order
to prevent the formation of OTA or to limit the presence in the food derived, thereof.

The European Commission is today considering the necessity of the establishment of a
maximum limit for coffee by the end of 2002. A draft regulation is under preparation and it is
hoped that it will be adopted quite soon. In the regulation is also foreseen that regular
exchange of views between the professional organisations/interested parties and the Member
States will be organised in order to discuss the efforts undertaken to reduce OTA content.
Such a forum has taken place for the first time last Tuesday 8 May.

For the financial resources allocated from the Commission in scientific research, I wish to
mention some initiatives undertaken in the coffee sector, where several projects are under
execution These actions concern:

1. Integrated approach to prevent Ochratoxin A (OTA) in East Africa.

2. The project is expected to produce detailed information and clearer understanding of
the mechanism of OTA production in coffee beans. It will lead to the development of
protective cultures inhibitory to the growth of OTA producing moulds. (Kenya
Tanzania, Ethiopia). Total amount: 760.000 €.

3. Coffee farm sustainability and economic viability be generating tree products,
improving coffee quality and providing valuable environmental services. Region:
Central America. Amount: 730,000 €.

4. Coffee wilt disease. Develop a global strategy for durable resistance in agro systems
prevailing in Africa. (Uganda, Congo RDC). Amount: 720,000 €.

5. Development of bioprocess for the conservation, detoxication and valorisation of
coffee pulp. The global objective is to recycle the coffee pulp and coffee husk by
biotechnological processes. Region: Latin America, especially Mexico and Brazil.
Amount: 390,000 €

6. Search for and creation of coffee varieties resistant to Coffee Berry Disease. East
Africa, Phase I and II. Amount: 1,060,000 €

7. Nematode resistance in coffee cultivation in Central America. Phase I and II. Amount;
900,000 €.

Total of the present commitments: 4,560,000 €.
IN CONCLUSION
Through appropriate instruments introduced by the Coffee Agreement 2001, matched with

other initiatives agreed at international and multilateral level, we have seen that new ways are
at our disposal to fight the present situation characterising the coffee market.



We will have to intensify our efforts to implement a comprehensive approach and more
emphasis must be given to the important collaboration between the public and private sector
in order to act in a coherent manner. In addition a wise policy on coffee quality, may
influence positively the markets.

These efforts will have to build stronger ownership of policy initiatives to reduce poverty, not
only in coffee, but more generally in all other relevant sectors, by our partner countries in
Africa, Asia and Latin America.
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Science, Coffee and Sustainable Development
Research focusing on quality to encourage economic growth
in developing counties

A.ILLY

President of ASIC

Trieste has always been considered one of the leading cities for coffee in the world and is now
confirming this role by hosting over 300 scientists (both academics and researchers) from the
field of coffee worldwide — both from consumer countries, that is mainly the west, and
producing countries, that is the south, involving a total of 41 countries. From 14" to 18" May
Trieste will, in fact, host the 19™ ASIC Conference (Association Scientifique Internationale
du Café) — founded in Paris in *66 with the aim to promote, coordinate and optimize scientific
research into coffee. Due to the encouragement and coordination effected by this Association,
coffee is currently one of the materials undergoing the most research throughout the world.

The work performed by this scientific coffee-oriented community — involving above all
physiology, chemistry, technology and agronomy — is becoming increasingly important as the
results from decades of work not only demonstrate the positive impact of coffee on people’s
health more clearly — contrary to what was believed in the past — but also provides more
concrete know-how that can be applied in producing countries to ensure improved quality at
the origin. This is an important orientation that can help remedy the serious depression
currently underway in the green coffee market.

Prices decreased by around 25% in the year 2000 alone, reaching the lowest ICO commodity
price index since 1993 in November. As of 31/12/01, prices on the New York Stock
Exchange fell from 116.50 to 56.20 cents per pound, subsequently undergoing a slow
recovery.

The reason for this depression — the worst to occur over the last 30 years and which have had
severe social and political effects — is excessive production, caused by the fact that new
countries are now producing coffee and the other countries have increased production,
although consumption has not increased. Following the boom years between 94 and 97 —
generated by large deficits in production and increased speculation, when Arabic coffee prices
increased to such and extent they exceeded 300 cents per pound — prices are now so low that
it is impossible to even cover costs, thereby often drastically affecting already poor enemies.

There is no immediate solution to this problem. Cartels or partnerships have been
implemented and disbanded a number of times, proving ineffective and extreme measures for
both consumer and producing countries and have no positive effects in the long-term.
Concentrating on decreasing production costs would only cause a negative effect on quality
and lead to a decrease in consumption, which on one hand, would affect the entire production
industry and, on the other, kill off smaller coffee growers. Due to the relative decrease in
prices caused.

The Solution could be increasing the values of a product through quality, as occurred with
wine — which coffee is certainly no inferior to.

The recent provision implemented by the ACPC (an Association comprising most coffee-



producing countries) regarding adoption of measures aimed at increasing and encouraging
coffee consumption throughout the world (Miami — 23/4/01) is a step in this direction.

The scientific community and all those involved in coffee production must therefore
undertake to concentrate their efforts in this direction — improving and directing investments
into research, technology and increasing awareness.

The first means of ensuring increased consumption could be the fact that consumers begin to
understand that coffee has a positive effect on health. The pleasant taste of coffee could be the
second means, above all if we take into account the fact, as a rule, the higher the quality of a
coffee, the lower is its caffeine content. Our desire to drink coffee is lessened when the
caffeine our organism exceeds a certain level. However, consumers are also willing to pay
more coffee that tastes good, thereby encouraging and funding improvement in quality to a
greater extent.

Coffee must therefore no longer be considered a “commodity”. Producers of primary
materials must be provided the knowledge we have gained and increase the remuneration. For
this purpose, scientific research takes on an ethic and economically important role in the
sustainable — development of many emerging economies that currently risk collapse.

The Asic Conference in Trieste is an important and encouraging sign of this, as a large
number of producers have provided contributions — both to fund research in producing
countries and to ensure that scientists from poorer coffee-growing countries were able to
participate. This consequently demonstrated that they understand research can help correct the
distorted vision of a shortsighted market, which would sign its own death sentence by
neglecting quality.

Andrea Illy
President Asic
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La scienza, il caffeé lo sviluppo sostenibile
La ricerca al servizio della qualita per stimolare la crescita
economica nei paesi emergenti

Andrea ILLY

Trieste, da sempre riconosciuta come una delle capitali mondiali del caffe, in questi giorni
conferma questo ruolo ospitando piu di 300 scienziati (accademici e ricercatori) del caffe
provenienti da tutto il mondo, sia dai paesi consumatori, quindi tendenzialmente occidentali,
sia dai paesi produttori; quindi dal Sud del mondo, per un totale di 41 paesi. E qui, infatti, nel
capoluogo giuliano che dal 14 al 18 si sta svolgendo il 19mo convegno d’ASIC (Association
Scientifique Internationale du Caf¢) nata a Parigi nel '66 con lo scopo di promuovere,
coordinare e ottimizzare la ricerca scientifica sul caffé. Grazie anche all'attivita di stimolo e di
coordinamento di quest’associazione, Si puo dichiarare che oggi il caffé ¢ una delle materie
prime piu studiate al mondo.

Il lavoro di questa comunita scientifica del caffé - che spazia soprattutto nei campi della
fisiologia, chimica, tecnologia ed agronomia - assume sempre maggiore importanza perché i
risultati di decenni di ricerche non solo stanno dimostrando sempre piu chiaramente 1'impatto
favorevole del consumo di caffé sulla salute, contrariamente alle credenze del passato, ma
fornisce conoscenze sempre piu concrete ed applicabili ai paesi produttori per il
miglioramento della qualita all’origine. E un indirizzo importante che pud contribuire a sanare
la profonda crisi in cui si trova il mercato del caffé verde.

Nel solo anno 2000 i prezzi hanno subito un calo di circa il 25%, raggiungendo a novembre il
livello piu basso dal 1993 dell'indice medio composto ICO. Alla borsa di New York, dal
3/1/2000 i prezzi sono crollati da 116.50 ct/lb (centesimi di dollaro per libbra) a 56.20 ct/Ib
del 17/4/2001, per poi risalire debolmente.

Le cause di questa crisi, la peggiore degli ultimi 30 anni, con il suo grave indotto socio-
politico ¢ la sovrapproduzione, dovuta all'avvento di nuovi paesi produttori e all’incremento
produttivo di altri, alla quale non ha corrisposto una pari crescita dei consumi. Dopo le
flammate degli anni *94-’97, originate da un consistente deficit produttivo e amplificate dalla
speculazione, in cui le quotazioni del caffé Arabica erano riuscite a superare addirittura i 300
ct/lb, i prezzi ormai sono talmente bassi che non coprono nemmeno i costi, e l'impatto di cio
ricade su economie spesso gia estremamente deboli.

Non ci sono soluzioni immediate. La creazione d’accordi o di cartelli piu volte intrapresi e
abbandonati, sono misure estreme che si sono gia dimostrate poco efficaci e che non
favoriscono né 1 paesi consumatori né i produttori e non creano valore a lungo termine.
Puntare sull’abbassamento dei costi di produzione andrebbe a scapito della qualita e
porterebbe ad una contrazione de consumi che da un lato investirebbe l'intera filiera
produttiva e dall'altro strangolerebbe 1 coltivatori piu piccoli a causa dell'ulteriore
abbassamento dei prezzi die cid comporterebbe.

Come gia accaduto per il vino, del quale il caffé non ¢ meno pregiato, la soluzione potrebbe
trovasi nell’incremento del valore del prodotto attraverso la qualita.



La recente risoluzione dell'ACPC (associazione che raggruppa la maggioranza dei paesi
produttori) sull'adozione di misure per incrementare e promuovere il consumo di caffé nel
mondo (Miami - 23/4/2001) va in questa direzione.

La comunita scientifica e tutti gli attori della filiera produttiva devono allora impegnarsi a
concentrare 1 propri sforzi in questa direzione, rafforzando e indirizzando correttamente i
propri investimenti nella ricerca, nella tecnologia e nella divulgazione della conoscenza.

La percezione da parte del consumatore dell’influenza positiva del caffe sulla- salute puo
costituire un primo elemento di stimolo de consumi La piacevolezza della bevanda ne puo
costituire un secondo, soprattutto se si considera che, in genere, piu elevata ¢ la qualita di un
caffé, minore ¢ il suo contenuto di caffeina. Quest’ultima, se supera una certa soglia
all’interno del nostro organismo, provoca come reazione fisiologica la diminuzione del
desiderio di consumo di caffe. Ma la piacevolezza della bevanda costituisce anche un fattore
che il consumatore ¢ disposto a pagare di piu, stimolando e finanziando cosi l'ulteriore
miglioramento della qualita.

Quindi, il caffe deve uscire dalla logica della “commodity”. Ai produttori della materia prima
bisogna trasferire le conoscenze acquisite e riconoscere un prezzo piu elevato La ricerca
scientifica assume, allora, un ruolo etico ed economico importante per lo sviluppo —
sostenibile — di molte economie che rischiano il collasso.

Un segnale importante e incoraggiante in questo senso, proviene anche dal convegno di
Trieste per il quale molte aziende produttrici hanno dato dei contributi sia per finanziare
lavori di ricerca nei paesi produttori, sia per consentire a scienziati dei paesi piu poveri di
partecipare ai lavori, dimostrando di comprendere che attraverso la ricerca ¢ possibile
correggere le distorsioni di un mercato miope che trascurando la qualita del prodotto
firmerebbe la propria condanna.

Andrea Illy
Presidente Asic
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Health Benefits of Coffee

B. SCHILTER, D. HOLZHAUSER, C. CAVIN

Food Safety Group, Nestlé Research Center, Vers-chez-les-Blanc, 1000 Lausanne 26,
Switzerland. E-mail: benoit.schilter@rdls.nestle.com

INTRODUCTION

It is widely recognised that diet is a key determinant of human health. Many epidemiological
and experimental studies have implicated dietary factors in the cause and prevention of
important chronic human diseases. For example, an increased risk of colon cancer has been
associated with high consumption of red meat while numerous epidemiological studies have
found that diets rich in fruits and vegetables correlate strongly with a reduced risk of
developing cardiovascular disease and cancers. A broader range of health benefits, including
prevention of osteoporosis, cataracts, diabetes and neurodegenerative diseases, is also
expected to result from large intake of fruits and vegetables.

The mechanisms involved in the prevention or delay of chronic human diseases by fruits and
vegetables are not yet elucidated. The presence of relatively high concentrations of certain
vitamins, minerals, trace elements and dietary fibres is thought to play a significant role. In
addition, it is increasingly recognised that fruits and vegetables contain a range of non-
nutritional compounds possessing biological activity compatible with protective functions.
Many plausible mechanisms of protection have been proposed and are currently under
investigation. Improved immune function and antioxidant activity are examples of general
mechanisms which may contribute to the prevention of several types of chronic diseases such
as cancer and coronary heart disease. Modulation of detoxifying enzymes, control of
inflammation and inhibition of tumor promotion are mechanisms important for cancer
prevention. Alterations of cholesterol metabolism, control of blood pressure and decreased
platelet aggregation are examples of mechanisms which may confer protection against
cardiovascular disease and stroke. Food plants such as garlic or brassica, which have been
identified as potentially protective against certain chronic human diseases, have been shown
to contain such biologically active compounds.

In this context, coffee appears to be a very interesting food plant. It has a long history of use
and in contrast to most other traditional foods, it has been the subject of extensive scientific
research addressing its potential impact on human health (Debry, 1994; Schilter et al., 2001;
Gray, 1998). Reviews of this information have indicated that evidence supporting a direct link
between coffee intake and adverse health effects has been limited and inconsistent (Debry,
1994; Schilter et al., 2001; Gray, 1998). On the contrary, human epidemiology strongly
suggests the possibility for protective health effects.

In the present paper, some emerging evidences supporting the possibility of coffee-mediated
health benefits have been extracted from the large and complicated literature on coffee and
health. Putative mechanisms are proposed in light of recent research conducted in
experimental in vivo and in vitro models. Although scientific confirmation is clearly needed,
it is argued that like for other food plants, available data on the health effects of coffee are
compatible with a contribution of this common beverage to a healthy and balanced diet.



COFFEE, HEALTH AND SAFETY

Although coffee has a long history of human food use of over 1000 years, until recently most
of the studies on its health effects have focused on potential adverse effects. From the large
epidemiological database on coffee and health, no significant trend associating moderate
coffee consumption with potential adverse effects has emerged (Debry, 1994; Schilter et al.,
2001; Gray, 1998). Epidemiological studies addressing the impact of coffee intake on health
outcomes of public health importance such as cancers, cardiovascular disease, osteoporosis
and developmental effects have been largely inconsistent. Where present, effects were usually
weak and not dose-dependent. Plausible mechanisms are often missing. Based on this
literature, it appears that in general, moderate coffee consumption ranging from 3-5 cups a
day is unlikely to be of any health concern (Debry, 1994; Schilter et al., 2001; Gray, 1998).

While most of the human data converge to show that moderate coffee consumption is safe, the
information presently available does not allow to accurately evaluating the risk associated
with higher levels of consumption (Schilter et al., 2001). It is important to note that in the
situation of high intake, residual confounding factors may significantly bias the data. Many
studies have indirectly seen that heavy coffee consumption was associated with lifestyles
known to be important risk factors for vascular diseases, malignancies and developmental
adverse effects. A recent study (Leviton et al., 1994) indicated that heavy coffee drinkers were
more likely to smoke and less likely to take vitamin supplements or to consume a healthy diet
(high vegetable, high vitamins, high fibres, low fat). The authors of this study proposed that
heavy coffee drinkers may be at increased risk for a number of diseases not because of coffee
consumption per se, but because of other aspects of their lifestyle.

HEALTH BENEFITS OF COFFEE

Coffee consumption has been associated with reduced risk of several diseases including
certain cancers, Parkinson’s disease, hepatic diseases, kidney stones (Curhan et al., 1998;
Leitzmann et al., 1999) and suicide (Klatsky et al., 1993; Kawachi et al., 1996). In the
following sections 3 examples are discussed in more details. For all of them, epidemiological
evidence is briefly reviewed and plausible hypotheses for mechanisms are proposed.

Coffee and cancer
Epidemiology

The epidemiology of colorectal cancer provides the most supportive evidence of a potential
coffee-dependent protection against cancer development. The relationship between coffee
consumption and the incidence of colorectal cancer has been addressed in numerous studies
conducted in different geographical areas implying various types of coffee brew. The data are
inconsistent but many case-control studies have revealed inverse (protective) associations
between coffee drinking and the risk of colorectal cancer. In its review of 1991, IARC
concluded that “although it is not possible to exclude bias and confounding as the source of
the apparent inverse association, the collective evidence is compatible with a protective
effect” (World Health Organisation International Agency for Research on Cancer, 1991). A
meta-analysis of coffee consumption and risk of colorectal cancer was published recently
(Giovannucci, 1998). The results from 12 case-control studies showed an inverse association
between coffee consumption and risk of colorectal cancer while five cohort studies did not
support any positive or negative link. Although definitive conclusion cannot be drawn
because of inconsistencies between case-control and cohort studies, this meta-analysis



suggests strongly a lower risk of colorectal cancer associated with substantial consumption of
coffee (>4 cups a day).

The epidemiology of pancreatic cancer is an other interesting example in the context of coffee
and health. Numerous studies have examined the potential link between coffee drinking and
the risk of pancreatic cancer. Although most of the studies do not support any association,
some have raised the possibility of a weak increase in pancreatic cancer for heavy coffee
drinkers (World Health Organisation International Agency for Research on Cancer, 1991).
Further studies and more recent analysis of the etiological factors for pancreas cancer have
revealed that the weak effects of coffee, if any, are likely to be related to confounding factors
such as smoking and therefore coffee consumption is not considered to represent a significant
risk factor for cancer of the pancreas (Nehling and Debry, 1996; Silverman et al., 1998;
Weiderpass et al., 1998). In a recent case control study, a U-shaped relationship was found
between the level of coffee consumption and the risk of pancreatic cancer (Nishi et al., 1996).
These authors concluded that as compared to abstinence, small to moderate amounts of coffee
might prevent pancreatic cancer, whereas large amounts may increase the risk of developing
this disease. This dose-response trend was confirmed through a meta-analysis involving 14
studies published between 1981 and 1993 (Nishi et al., 1996). The lowest relative risk of
pancreatic cancer was found at low consumption levels ranging from 1 to 4 cups a day.

Putative mechanisms

With respect to the prevention of colon cancer, it has been postulated that coffee might inhibit
the excretion of bile acids which are believed to be promoters of such disease. There is some
circumstantial evidence to suggest that such a mechanism may occur. It is well documented
that the coffee diterpenes cafestol and kahweol (C+K) increase serum cholesterol in man and
experimental animal (Schilter et al., 2001; Ugert and Katan, 1997; Huggett and Schilter,
1995). This could be a consequence of a reduction in bile acid secretion. However, the
hypercholesterolemic effects of C+K is found mainly as a result of the consumption of large
amounts of boiled coffee, a brew known to contain the highest concentrations of diterpenes
(Schilter et al., 2001; Ugert and Katan, 1997). In the contrary, reduced risk of colon cancer
has been observed in several geographical areas including some regions where the exposure
to C+K is likely to be small due to the traditional consumption of brews low in diterpenes
(World Health Organisation International Agency for Research on Cancer, 1991;
Giovannucci, 1998). Based on experimental model studies, alternative protective mechanisms
have been proposed. Overall, these data provide support for the chemoprotective effects of
coffee and coffee components.

Antioxidant activity

There is increasing evidence that oxidative damage is involved in various pathological
processes such as cancer. In addition there has been a substantial body of data indicating a
role for oxygen radical scavengers, such as dietary antioxidants, in reducing chronic disease
including cancer. Several coffee constituents have been recently shown to possess strong
antioxidant properties in vitro and in vivo (Stadler, 2001; Homma, 2001; Schilter et al., 2001).
Antioxidant activity could therefore be a key mechanism supporting the chemoprotective
effects of coffee on cancer development.

The antioxidant activity of coffee is attributed to the presence of compounds occurring
naturally in green beans such as chlorogenic acids (caffeic, cinnamic, ferulic and isoferulic
esters of quinic acid) and purine derivatives (e.g. caffeine). Roasting profoundly modifies
coffee composition. With respect to antioxidants, it results into the production of chlorogenic



acid degradation products such as caffeic acid, a well documented antioxidant (Stadler, 2001;
Homma, 2001). Caffeic acid has been shown to be further degraded into phenylindans which
although formed at low levels (ppm) possess high antioxidant activity. In addition,
melanoidins, a poorly characterised class of compounds, are formed at roasting from the
reaction of free monosaccharides with chlorogenic acids or amino acids. Melanoidins have
been suggested to possess radical scavenging activity. There are likely to be other
uncharacterized antioxidants that are formed during the roasting process. In several
experimental models, roasting has been shown to increase the antioxidant potential of coffee
(Stadler, 2001). Different antioxidant mechanisms have been found with coffee, including
trapping of active oxygen, radical scavenging and transition metal chelation (Stadler, 2001;
Homma, 2001).

The contribution of antioxidants to the overall chemoprotective effects of coffee is still
difficult to define. Although many studies have demonstrated antioxidant and
antimutagenicity effects of coffee and coffee components in in vitro and in vivo test systems,
others have found pro-oxidant and mutagenic activities in vitro (Stadler, 2001; Schilter et al.,
2001). However, it is important to keep in mind that data on antioxidant activity are highly
dependent upon the test system and conditions applied (Stadler, 2001). Mutagenicity of coffee
has been attributed to the pro-oxidant activity of its polyphenolic constituents. At high
concentrations, and in presence of large amounts of transition metals and high oxygen
tension, polyphenols can reduce atmospheric oxygen to finally form hydrogen peroxide
(H,0,), a strong reactive oxygen species (ROS). Such a pro-oxidant activity has been
documented with other dietary polyphenols and antioxidants, for example from wine and
black tea (Stadler, 2001). The biological significance of the pro-oxidant and mutagenic
activity of coffee has therefore to be interpreted with caution since the in vitro assays used do
not reflect adequately conditions present in physiological situations. In this context, it is
important to note that in contrast to the results of the in vitro studies, in vivo experiments in
rodent have not shown any evidence of mutagenicity (Nehling and Debry, 1996).

One cup of coffee has been reported to contain between 200 and 550 mg of total polyphenols
(Bravo, 1998). This indicates that coffee may make a significant contribution to the overall
human polyphenol intake. Further investigation addressing polyphenol absorption,
distribution, metabolism and biological actions will be required to assess their actual effects in
vivo and to evaluate their actual impact on human health.

Stimulation of cellular detoxification processes

Other potential mechanisms of chemoprotection have emerged from experimental
investigations. For example, coffee has been shown to induce glutathione S-transferases
(GSTs), a group of enzymes involved in detoxification processes (Abraham and Singh, 1999).
The coffee specific diterpenes cafestol and kahweol (C+K) may contribute significantly to
these effects. They have been reported to be anti-carcinogenic in several laboratory animals
(Schilter et al., 2001). Experimental evidence has indicated that this protective activity may be
related to the ability of C+K to induce detoxifying enzymes such as glutathione S-transferases
(Schilter et al., 2001; Schilter et al., 1996; Cavin et al., 1998). Recently it has been suggested
that besides a stimulation of detoxification processes, a reduction of carcinogen activation
could also play an important role in the chemoprotective effects of C+K (Cavin et al., 1998).
With respect to the hepatocarcinogen aflatoxin B1 (AFB1), C+K was shown to decrease the
expression of AFBl-activating cytochrome P450s in the rat liver and to strongly induce
glutathione S-transferase sub-unit Yc2 which efficiently detoxifies aflatoxin 8,9-epoxide
(AFBO), the most genotoxic metabolite of aflatoxin B1 (Cavin et al., 1998). Further studies
performed in human liver epithelial cell lines stably transfected to express AFB1-activating



cytochromes P450s indicated that C+K may also prevent the genotoxic effects of AFB1 in
human (Cavin et al., 2001). In these test systems, 2 independent mechanisms were identified,
an induction of GST-mu known to be involved in AFBO detoxification and a direct inhibition
of the activity of the cytochrome P450 2B6, one of the enzyme responsible for the activation
of AFB1 in human (Cavin et al., 2001). Recent investigations have suggested that the
potentially beneficial effects of C+K are not restricted to xenobiotic metabolizing enzymes.
Preliminary data have indicated that C+K may stimulate cellular response against oxidative
stress. For example, C+K has been shown to increase the intracellular production of
glutathione, one of the major antioxidant of the cells. In addition, C+K has been shown to
strongly induce GST Yp, an enzyme involved in the inactivation of H,O, (Schilter et al.,
1996; Yin et al., 2000).

The effects of C+K are not limited to the liver. C+K have been shown to produce effects on
drug metabolising enzymes in the colon resulting in an inhibition of 2-amino-1-methyl-6-
phenylimidazo(4,5-f)pyridine (PhIP) DNA adduct formation (Huber et al., 1997). PhIP is a
pyrolysis product found in cooked meat and fish. It produces colon cancer in rat and has been
implicated in the etiology of human colon cancer.

The overall impact of C+K on human health is difficult to predict. At high levels, C+K has
been documented to raise serum cholesterol in human (Ugert and Katan, 1997; Schilter et al.,
2001). Safe levels of exposure to the cholesterol-raising diterpenes cafestol and kahweol have
not been officially established. However, based on clinical human information, an exposure
corresponding to 10 mg diterpenes/day is considered to have negligible hypercholesterolemic
effects (Ugert and Katan, 1997; Schilter et al., 2001). Comparing this figure with occurrence
data in various coffee brews reveals that except for boiled and French press coffees which
contain relatively high levels of diterpenes, up to 5 cups of coffee a day are unlikely to have
any appreciable effects on blood cholesterol. The level at which C+K may be expected to
exert chemoprotective effects in human is not known. Animal data have suggested that effects
on xenobiotic metabolizing enzymes may occur at doses which do not have any significant
effects on blood cholesterol (Huggett and Schilter, 1995).

Coffee and liver diseases
Clinical and epidemiological data

Coffee consumption has been repeatedly found in clinical and epidemiological studies to
reduce the levels of serum y-glutamyltransferase, a marker of hepatobiliary pathologies (Ugert
and Katan, 1997; Schilter et al., 2001), suggesting a possible protective effect on hepatic
diseases. Such a hypothesis has been supported by other investigations. Several
epidemiological studies have observed that coffee consumption was associated with a reduced
risk of developing alcohol-induced cirrhosis (Klatsky et al., 1993; Corrao et al., 1994; Klatsky
and Amstrong, 1992). In the first report, it was observed that drinking 4 or more cups of
coffee a day reduced 5-times the risk of developing alcoholic cirrhosis as compared to non-
coffee drinkers (Klatsky and Amstrong, 1992). In a recent study, the beneficial effect of
coffee on alcoholic cirrhosis was further confirmed (Epidemiologic Group of the Italian
Society of Alcohology, 2001). In addition, this study addressed the joint action of coffee
consumption and hepatic viral risk factors of cirrhosis on the resulting risk of developing the
disease. Coffee was found to antagonize the promoting effects of hepatitis B and C infection
on cirrhosis development, suggesting a protective effect of coffee on non-alcoholic cirrhosis.
Further work is required to clearly demonstrate these chemopreventive effects. For instance, it
has to be clarified if the inverse association between coffee intake and cirrhosis observed in



epidemiological studies is real or if it is a consequence of coffee aversion in patients
developing severe cirrhosis. Furthermore, the mechanism of action has to be established.

Putative mechanisms

The development of liver diseases induced by excessive alcohol consumption is thought to
result from both nutritional deficiencies and ethanol-mediated toxic effects (Lieber, 2000;
Poli, 2000). The direct toxic effects of ethanol are complex and relate partly to its pro-oxidant
properties. In vivo and in vitro data have revealed that the pro-oxidant effect of ethanol
depends upon its metabolism through the alcohol-inducible cytochrome P450 CYP 2E1 (CYP
2E1) (Lieber, 2000; Poli, 2000). Ingestion of large amounts of alcohol is associated with an
increased CYP 2El-dependent biotransformation of ethanol into acetaldehyde with a
concomitant generation of reactive oxygen species. These free radicals will bind to
macromolecules (e.g. lipids) leading to toxicity. In addition they will react with intracellular
thiols, reducing cellular antioxidant defenses through a depletion of glutathione. Inhibitors of
CYP 2E1 expression have been shown to reduce the production of free radicals and to prevent
or treat alcoholic liver diseases.

Antioxidant activity and stimulation of defenses

Several well documented biological effects of coffee and coffee components may provide
plausible hypotheses for protection mechanisms against cirrhosis. As discussed in the
previous section, coffee contains high levels of antioxidants which could scavenge oxygen
radicals generated by CYP 2E1-mediated ethanol metabolism (Stadler, 2001; Homma, 2001).
In addition, it has been recently found that the coffee diterpenes C+K may improve cellular
defense against oxidative stress through an increased in intracellular glutathione and through
an induction in expression of enzymes involved in the detoxification of reactive oxygen-
species (e.g. GST Yp) (Schilter et al., 2001, Schilter et al., 1996).

Effects on cytochrome P450 CYP 2E1

Other potential mechanisms refer to effects of coffee on CYP 2EI. It has been observed in
liver systems that C+K alter certain cytochrome P450 activities through at least 2 different
mechanisms: 1) a direct inhibition of the enzymatic activity (e.g. human P450 2B6); 2) an
inhibition of enzyme expression (e.g. rat P450s CYP3A2 and CYP2C11) (20,21). The impact
of coffee or coffee components on P450 2E1 activity or expression is not known. Based on
the data obtained on other P450s, it is considered that effects on CYP 2E1 may constitute an
alternative plausible hypotheses for a mechanism involved in the chemoprotective effects of
coffee against alcoholic cirrhosis.

Coffee and Parkinson’s disease
Epidemiology

Parkinson’s disease (PD) is a neurodegenerative disorder leading to slowness of movement
(bradykinesia), tremor and rigidity. The disease is common, affecting 1% of the population
over 55 years (3% over 65). PD is characterized by the progressive degeneration of cells in a
restricted part of the brain called the substantia nigra. Little is known about its etiology and
much effort is devoted to the identification of risk factors which are likely to be of both
genetic and environmental nature. The major risk factor for PD found up to now is age. Other
determinants, such as occupational exposure to pesticides or dietary factors, are still under
debate.



With respect to coffee consumption, potential links with PD are still equivocal. However,
several studies have observed that coffee consumption was inversely associated with PD
occurrence (Grandinetti et al., 1994; Hellenbrand et al., 1996; Fall et al., 1999; Jimenez-
Jimenez et al., 1992; Ross et al., 2001). For example, In a case-control study, the past dietary
habits of 342 PD patients were compared with those of controls from the same
neighbourhood. Amongst differences, it was observed that patients consumed less coffee, but
not tea, than controls (Hellenbrand et al., 1996). In a prospective cohort study (Ross et al.,
2001) initiated 30 years ago and comprising a total of 8004 Japanese American men, coffee
and caffeine intake was assessed at enrolment and 6 years later. Incident cases of PD were
identified using well established criteria. Adjustments were performed for potential
confounding factors including alcohol consumption and cigarette smocking which has been
often found to be associated with lower risk of PD. Because of its prospective design, its
rigorous assessment of dietary intake, its good follow-up and adjustment for several potential
confounding factors, this study can be considered of good quality. A dose-response
relationship was found: higher amounts of daily coffee intake were associated with lower
relative risks of PD. This relationship was also found with caffeine. The adjusted relative risk
of developing PD was 5.1 for non-coffee drinkers as compared with those who drank 28
ounces (about 900 ml) or more of coffee per day.

The epidemiological data reported above on coffee and PD have to be interpreted with
caution. The observational nature of the studies does not allow concluding on causal
relationship. Although intriguing, further confirmation is necessary before any definitive
conclusion can be drawn. For example, it has to be assessed whether the effects observed
reflect a specific action of coffee or coffee components, or if they are a consequence of
preclinical PD on food consumption behaviour (Jimenez-Jimenez et al., 1992; Honig, 2001).

Putative mechanisms

Based on the available information on the biological effects of coffee, several hypotheses for
mechanisms can be drawn.

Adenosine A2 receptor antagonism

Adenosine receptor agonists reduce locomotor activity in rodents, possibly through inhibition
of dopamine neurotransmission. Recent evidence have indicated that adenosine A2 receptor
antagonists may improve motor deficits in primates treated with 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), a neurotoxin known to induce a PD-like disease (Kanda et al.,
1998; Ross et al., 2001). Caffeine is an adenosine A2 antagonist. Coffee/caffeine would
therefore decrease clinical manifestation of PD, without having any direct biological effects
on the pathogenesis of PD. Limited data in animal models support this hypothesis (Popoli et
al., 1991; Ross et al., 2001).

Coffee as a source of niacin

Coffee contains relatively high levels of niacin. This vitamin is required for the synthesis of
the cofactors nicotinamide-adenine dinucleotide (NADH) and nicotinamide-adenine-
dinucleotide-phosphate (NADPH), which are involved in the glutathione-reductase mediated
reduction of free radicals in the brain, including the substantia nigra. NADPH is also involved
in the biosynthesis of dopamine. Intravenous treatment of PD patients with NADH and
NADPH has been reported to lead to some clinical improvement (Birkmayer et al., 1993).
Two case-control studies have indicated that niacin contained in coffee may be



neuroprotective (Hellenbrand et al., 1996; Fall et al., 1999), while this hypothesis was not
supported by a propective cohort study (Ross et al., 2001).

Antioxidant effects

Dopaminergic cells are highly susceptible to oxidative stress. Stress defence mechanisms in
these cells are limited and dopamine-mediated oxidative stress (through auto-oxidation and
monoamine oxidase B metabolism) is significant (Schulz et al., 2000). There are increasing
evidence for a role of progressive oxidative stress in the pathogenesis of PD. As discussed
above, coffee may prevent oxidative stress via its antioxidant constituents. In addition, it may
stimulate the production of cellular antioxidants such as glutathione and induce enzymes
involved in the detoxification of reactive oxygen radicals. Data obtained with the diterpenes
C+K are in agreement with such hypotheses. Data regarding both cerebral disposition and
biological effects of C+K and other coffee components are necessary before drawing any
conclusion regarding the relevance of antioxidant effects as a plausible mechanism explaining
the possible preventive effects of coffee on PD development.

CONCLUSION

Up to recently, research on coffee and health has focused on the potential deleterious effects.
Evidence to support a direct link of coffee with adverse effects has been limited and
inconsistent. In fact, human epidemiology supports the safety of moderate coffee
consumption and suggests the possibility for protective effects. Coffee has been associated
with a reduction in the incidence of various diseases including Parkinson’s disease, liver
diseases and certain cancers. Plausible mechanisms can be proposed. They rely on the
biological effects of coffee constituents such as polyphenolic antioxidants, diterpenes and
caffeine. Similarly to other plant foods considered as potentially chemoprotective such as
garlic or brassica, the data available support coffee to be a contributor of a healthy and
balanced diet.
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Non-caffeine di-Cinnamoylquinide Constituents of Roasted Coffee
Inhibit the Human Adenosine Transporter
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ABSTRACT

Preliminary screening of a non-xanthine constituent of roasted coffee, 3,4-diferuloyl-1,5-
quinide (DIFEQ), a derivative of the chlorogenic acids, i.e. isomeric mono- and di-substituted
coumaroyl-, caffeoyl-, and feruloyl- esters of quinic acid, showed inhibition of the adenosine
transporter at low micromolar concentration. Displacement of [’TH]NBTI binding by DIFEQ
in cultured U-937 cell preparations, expressing the human adenosine transporter protein,
showed a Kj of 0.96 + 0.13 pM. 3,4-Dicaffeoyl-1,5-quinide and 3,4-dicoumaroyl-1,5-quinide
had similar affinities, indicating that all dicinnamoylquinides formed in the roasting process
of coffee are adenosine uptake inhibitors. Inhibition of the adenosine transporter results in
increased extracellular levels of adenosine. This could protect cells from various tissue
insults, and possibly counteract the effects of adenosine antagonists, such as caffeine. This is
supported by the fact that acute administration of DIFEQ, at 30-300 mg/kg i.p., dose
dependently reduced locomotion in mice. This suggests that DIFEQ-like compounds in coffee
are able to modulate the stimulant effect of caffeine, and may contribute to health-related
effects of coffee.

INTRODUCTION

Until now most coffee studies have focused on the effects of caffeine (Fredholm et al., 1999).
However, both epidemiological and psychometric studies have revealed health-related effects
of coffee consumption that cannot be explained by the effects of caffeine alone. One example
is the effect of coffee on heart disease. A study of the relation between coronary heart disease
and coffee intake in 20,000 individuals living in Finland found that death from coronary heart
disease was higher among non-coffee consuming individuals than those who drank 5-6 cups
of coffee per day (Kleemola et al., 2000). Further, coffee consumption up to 5 cups a day, but
not tea, reduced coronary disease in 11,000 men and women in Scotland (Woodward et al.,
1999). Another example is the subjective, immediate feeling of relaxation after a cup of hot
coffee, an effect that is not evoked by the correspondent dose of caffeine. The feeling of well
being and energetic arousal reported in healthy volunteers increased dose-dependently with
increasing strength of freshly brewed coffee, but it did not correlate with the level of caffeine
(Quinlan et al., 2000). Further, in a test of psychomotor performance in 19 healthy volunteers,
100 mg caffeine given in tea or hot water, but not when given in decaffeinated coffee, raised
the threshold frequency to detect a flickering light (Hindmarch et al., 1998). Thus, there
seems to be a pharmacologically active agent in coffee that is not only different from caffeine
but may have the opposite effect.

We postulate that non-caffeine constituents of roasted coffee mediate some of the health
effects of coffee, and that this agent may belong to the chlorogenic acid class of compounds.
Chlorogenic acids are common in plants and fruits, including green coffee beans, where they
can constitute over 10% of the dry weight (Clifford, 1975). Chemically, chlorogenic acids are



esters of various hydroxycinnamic acids and quinic acid (a sugar-like molecule). However,
coffee is unique in that the roasting transforms some chlorogenic acids into new compounds
with capacity to enter brain. The high temperature of the roasting process causes the loss of a
water molecule from quinic acid, forming an intramolecular ester bond and also a large
number of structural isomers (Scholz et al., 1990, 1991). These new derivatives (quinides) are
neutral compounds, because they lack the carboxylic group. Dicaffeoylquinic acids constitute
1-2% of green Robusta and Arabica coffee beans (Herrmann, 1989). Assuming that all quinic
acids having an unsubstituted 5-position are converted to the corresponding quinides, the total
amounts of quinides present in an average fresh cup of brewed or instant coffee would equal
or exceed that of caffeine.

Few pharmacological effects of quinides are known. Almost 20 years ago Boublic (1983)
reported that 250 mg of instant coffee in 170 mL, approximately one fifth of that contained in
a cup of coffee, displaced half the binding of the opioid receptor antagonist, naloxone.
Subsequent efforts to identify the molecular entity responsible for the anti-morphine activity
suggested it to be an isomer of feruloylquinide, i.e. an ester between 3-methoxy-4-
hydroxycinnamic acid and one of the alcohol groups of quinic-1,5-lactone Wynne et al 1987).
We have synthesized the disubstituted analog, 3,4-diferuloyl-1,5-quinide (DIFEQ), as a model
compound of lipophilic quinides. Preliminary screening of DIFEQ on 64 different
neurotransmitter receptors revealed that DIFEQ, in addition to blocking the binding of
naloxone, also binds to the adenosine transporter protein.
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We now report the binding characteristics of DIFEQ on the human adenosine transporter and
the acute effects of DIFEQ in open field behavior in mice. In order to ascertain the presence
of DIFEQ or DIFEQ-like compounds in roasted coffee, the inhibitory activity of ethyl acetate
extracts of a single cup of coffee at the human adenosine transporter binding site was
determined.

METHODS

Synthetic samples of DIFEQ and its analogs were prepared in 5 steps from quinic acid and
ferulic acid by the method of Wynne as described by Huynh-Ba (1995a,b). Inhibition of
[*H]adenosine transport was performed according to Gu et al (1993). Affinity of DIFEQ for
the adenosine transporter was measured by its ability to displace (S)—[3H](4—nitrobenzyl)—6—
thioinosine ([*’H]-NBTI) binding in homogenates of U-937 cells, expressing the human es
transporter (Marangos et al., 1982). Nonspecific binding was defined by co-incubation with
10 uM NBTI. Coffee extracts were prepared from 25 g regular or decaffeinated Colombian
whole beans (Coffea arabica) or 10 g instant coffee in 200 mL hot water by extraction of an
acidified solution with ethyl acetate. Extracts were dissolved in methanol (100 mg/mL), serial
diluted with buffer, and assayed for their displacement of ["HNBTI binding in U-937 cell



homogenates. Eight month old mice (C57BL6/J) were tested in automated open field activity
monitors measuring 27 x 27 cm (Med Assoc, Georgia VT). Locomotor activity was measured
in 4 male and 4 female animals per dose and defined as the total horizontal distance traveled
in a 5 min interval starting 10 min after intraperitoneal administration of DIFEQ (Florio et al.,
1997). Because of low solubility in water, DIFEQ was dissolved in 10% solution of Tween
80, an agent that does not produce behavioral effects in rodents (Castro et al., 1995).

RESULTS

Inhibition of [*H]adenosine transport in U-937 cell culture showed an inhibition constant K; of
1.3 £0.4 uM (n = 2). Displacement of [*H]-NBTI binding to the human adenosine transporter
by DIFEQ showed an affinity constant K; of 0.96 = 0.13 uM (n = 6). The displacement curves
had a Hill slope of 0.94 + 0.02. Caffeine had no affinity for the transporter (K; >120 uM).
Affinities of DIFEQ for the adenosine A; and A, receptors were K; 33 £ 5 uM and K; >500
uM, respectively. The affinities of DIFEQ and its analogs for the adenosine transporter are
shown in Table 1.

Table 1. Affinities of Mono- and Di-cinnamoylquinides for
the Human Adenosine Transporter

Compound Acronym  Structure’ R’ R* Affinity” (K; uM)
3-caffeoyl-1,5-quinide 3-CAQ OH OH > 100
4-caffeoyl-1,5-quinide 4-CAQ OH OH 52.7
3-feruloyl-1,5-quinide 3-FEQ OMe OH 6.6
4-feruloyl-1,5-quinide 4-FEQ OMe OH 214
3.,4-dicaffeoyl-1,5-quinide DICAQ OH OH 24+0.7
3.,4-diferuloyl-1,5-quinide DIFEQ OMe OH 0.96+0.13
3,4-dicoumaroyl-1,5-quinide DICOQ H OH 0.94 +0.07

Y Aromatic meta and para substituents of each of the one or two cinnamoyl ester groups
Y Displacement of [PTHINBTI binding in U-937 cell homogenates

Of the mono-cinnamoylquinides tested, only 3-FEQ showed low micromolar affinity for the
human adenosine transporter. The more abundant 3-CAQ and 4-CAQ were virtually inactive.
However, all the di-substituted quinides showed considerable activity with DICOQ and
DIFEQ being the most potent compounds.

The ability of the extractable content in a single cup of coffee to inhibit the adenosine
transporter binding is shown in Table 2. All extracts showed similar activities (12—16 mg/L),

regardless of their caffeine content.

Table 2. Affinities of Ethyl Acetate Extracts for the Human Adenosine Transporter

Coftfee Amount Extract Quality Affinity® (K; mg/L)b
Arabica whole bean 25¢g 0.82¢g regular 12.6
Arabica whole bean 25¢ 0.76 g decaffeinated -—-

Arabica instant 10g 0.80 g regular 12.4
Arabica instant 10g 0.72 g decaffeinated 15.6

Y Displacement of ["HJNBTI binding in U-937 cell homogenates
' The corresponding value for DIFEQ was 0.50 mg/L



The acute behavioral effects of DIFEQ and its brain content at various times after
intraperitoneal administration in mice is shown in Table 3. The actual levels of DIFEQ
present in the brain after 100 mg/kg i.p. are also shown in Table 3. Analysis of the elimination
rate from 10-60 min resulted in a half-life of 14 min.

A significant reduction in the spontaneous locomotor activity was seen at the highest dose that
lasted for the whole 90 min test period. At the 100 mg/kg dose only the first 15 min showed a

significant reduction in locomotor behavior relative to control animals.

Table 3. Effect of DIFEQ on acute locomotor activity and brain levels in mice®

Time Brain level®  Locomotor act. 0 mg/kg® 100 mg/kg® 300 mg/kg®

10 32 £22 1436 + 245 1080 =91 947 £ 145
15 14 £7 1193 £ 386 751 + 84 793 + 125
20 --- 897 = 180 838 £ 55 652 + 133
30 7 £3 818 £ 136 686 £ 82 307 £ 125
60 1.1+£0.5 659 £ 100 551+£90 43 +£22
90 --- 437 £ 117 380 + 57 44 +£28

a)Average distance (cm) of 8 animals during 5 min in an open field
Y Amount of DIFEQ (ng) found in whole mouse brain after 100 mg/kg ip
9 Administered dose per kg body weight of DIFEQ (10 mg/mL) in 10% Tween 80

The inhibition of spontaneous open field locomotor activity after 100 mg/kg ip is clearly
correlated with the experimental levels of DIFEQ found in brain. However, the behavioral
effects of the 300 mg/kg dose did not show any relationship to brain levels (Figure 1).

A 100 mg/kg
60 @
@ 300 mg/kg
i ]
A
400 - ) [ )

200 A

LOCOMOTOR DECREASE (cm/ 5 min

0 2 4 6 8 10 12 14
DIFEQ IN BRAIN (ng)

Figure 1. Correlation of Decreased Locomotor Activity and Brain Levels of DIFEQ in
the Mouse

DISCUSSION

We have demonstrated that a series of neutral constituents of coffee, putatively formed in the
roasting process of green coffee beans, inhibit the human adenosine transporter. The



antagonist activities of 3,4-dicinnamoyl-1,5-quinides at the adenosine transporter binding site
surpasses the affinity of caffeine for the adenosine A,a receptor by a factor of 3 (Fredholm et
al., 1999). On the basis of weight, coffee extracts inhibited the adenosine transporter binding
25-fold less potently than DIFEQ, regardless of whether it was prepared from regular or
decaffeinated whole beans or instant coffee. Since caffeine has no affinity for the adenosine
transporter (Marangos, 1982), the binding activities of coffee extracts are presumably the
result of DIFEQ-like constituents in roasted coffee.

Green coffee beans contain considerable quantities of 3,4-dicaffeoylquinic acid, 3,5-
dicaffeoylquinic acid, 4,5-dicaffeoylquinic acid (Herrmann, 1989). Of these, only 3,4-
dicaffeoylquinic acid can form a 1,5-quinide, due to the stereochemical requirement that the
S-position must be free of substituents for the intramolecular 1,5-lactone bond to be formed.
Assuming that all available 3,4-dicaffeoylquinic acid is converted to DICAQ in the roasting
process, the amount present in 25 g roasted Arabica coffee would be 60 mg DICAQ. An
average cup of Robusta coffee would contain 170 mg DICAQ (Herrmann, 1989). Thus, both
the amount and potency of DICAQ for the adenosine transporter equals that of caffeine for the
adenosine Aja receptor.

Inhibition of the adenosine transporter would have the same effects as an adenosine receptor
agonist, counteracting the antagonistic activity of caffeine (El Yacoubi et al., 2000). The
reduced locomotor activity seen during the first 25 min after DIFEQ administration of the 100
mg/kg dose match the brain levels of DIFEQ, in line with an increased level of adenosine in
brain. The behavior after the 300 mg/kg dose, however, does not seem to be mediated by
brain levels and is probably not the sole result of central effects. Both brain and plasma levels
were quite low, which would explain the necessity for such a high dose to be given. It is not
known whether the low bioavailability of DIFEQ is specific for the mouse or whether it holds
true also for humans. DIFEQ is a lipophilic compound with a calculated log P value of 3.61,
which would ensure a readily passage through the blood-brain barrier. DIFEQ is an ester and
as such subject of esterases in blood, rapidly transforming DIFEQ into quinic acid and ferulic
acid, which could explain the low levels of the parent compound found in mouse blood and
brain.

Recent studies of adenosine transport inhibitors, as well as adenosine agonists, have
demonstrated a wide range of important health related effects. Inhibition of the adenosine
transporter prevents the intracellular metabolism of adenosine and prolongs the presence of
high levels of adenosine (Thorn and Jarvis, 1996; Jacobson et al., 2000). This increased level
of adenosine in brain causes stimulation of adenosine receptor subtypes, similar to the effects
seen from unselective adenosine receptor agonists (Dunwiddie and Masino, 2001). Adenosine
uptake inhibitors, such as dipyridamole, mioflazine and draflazine (Hammond et al., 2000),
have been used as cardioprotective agents in heart surgery and after heart attacks (Van Belle,
1993; Rongen et al., 1995). The dual adenosine uptake inhibitor and phosphodiesterase
inhibitor, propentofylline, is a promising anti-Alzheimer agent (Ringheim, 2000). Further,
adenosine or adenosine agonists have shown positive results on wound healing (Grant et al.,
1999), and protection against cell damage during chemotherapy (Fishman et al., 2000; Ohana
et al., 2001). Thus, a compound (or a mixture of compounds such as DIFEQ or DICAQ),
present in brewed or instant coffee in quantities sufficient to increase extracellular levels of
adenosine in brain and periphery, have the potential to cause similar effects.

In conclusion, we report here that DIFEQ, a non-xanthine derivative of chlorogenic acid, has
low micromolar affinity for the human adenosine transporter protein. The potency of DIFEQ
is surpassing that of caffeine for the adenosine Aja receptors. DIFEQ is a lipophilic
representative of a large number of neutral, isomeric compounds formed in the roasting



process of coffee, and therefore, raises the possibility that the cardio- and liver-protective
effects from coffee consumption seen in epidemiological studies, are the consequence of
increased extra-cellular adenosine levels. The similar potencies for DICAQ and DICOQ
suggest that the combined activities of DIFEQ-like constituents of coffee has the potential to
reach pharmacologically active levels as a result of normal coffee consumption, and possibly
modulate the stimulant effects of caffeine.
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SUMMARY

Absorption, metabolic fate and availability for antioxidant protection in humans of dietary
plant constituents, such as flavonoids and related polyphenols, are still not fully explained.
Moreover, the definition “plant phenols” includes thousand of compounds with different
chemical structures corresponding to different antioxidant activities. As chemical structure is
an important determinant in their bioavailability. the profile of phenolic compounds in plasma
can be quite different from that of the original dietary source due to metabolisation and bio-
transformation.

Recently, a number of beverages derived from vegetables have been tested for their in vitro
and in vivo antioxidant activity (white and red wine, green and black tea, beer).
A straightforward analysis of these studies confirm that (i) the capacity of a food to
transfer its antioxidant activity is linked to several know and unknown
chemical/biochemical/physiological characteristics, (ii) the effect of food phenols on the
redox balance in vivo can not be a simple extrapolation of its activity in vitro.

Coffee contains several phenolic components, other than tocopherols, endowed with
antioxidant capacity: chlorogenic acids (esters of some cinnamic acids with quinic acid), and
caffeic, ferulic, p-coumaric acids in free form. Black tea contains catechins and thearubigins
and theaflavines, which are oxidation products of cathechins formed during enzymatic
oxidation by polyphenol oxidase in fresh tea leaves.

In this study we concentrated on the capacity of coffee to affect the plasma redox homeostasis
in humans, using tea as positive control.

In two different sessions, a standard amount (200 ml) of brewed coffee or black tea was
administered in fasting conditions to 10 healthy non-smoker moderate-coffee drinkers.
Beverages were taken within 10 min from brewing. Plasma at time 0, and 1 and 2 hours after
coffee/tea administration was analysed for: uric acid; alpha-tocopherol and glutathione
(reduced and oxidised); total antioxidant capacity, by measuring the competition with the
bleaching of two different target molecules (r-phycoerithryn and crocin) triggered by the
peroxyl radicals generated by thermal decomposition of 2,2 azo-bis (2 aminopropane)-
chlorohydrate (AAPH).

The ingestion of 200 ml of coffee in bolus produced a 5.5% increase (P<0.05) in the plasma
antioxidant capacity (by the r-phycoerithryn test) at t=1, maintaining a 4% increase after two
hours. The 4.7% increase 1 hour after the tea administration did not reach statistical
significance, as a consequence of different individual responses. As for coffee, the antioxidant
capacity measured by the crocin test gave a similar trend in the modulation of antioxidant
activity, even if the differences were not statistically significant. No effect was seen in the
case of tea drinking using this test.



The explanation of the discrepancy between the two methods employed can be found in the
capacity of some molecules to affect the plasma concentration of uric acid, coupled with a
different sensibility to uric acid of the two methods. In fact, only tea drinking produces a
significant increase of plasma uric acid, a component of the group of molecules with
antioxidant activity contributing to the AC as measured by the r-phycoerithryn test, but not by
the crocin test. The other parameters of antioxidant status do not change significantly, except
for a significant increase of alpha-tocopherol 2 h after tea drinking.

From all that, we can advance the hypothesis that the increase of plasma antioxidant capacity
(by crocin test) induced by coffee is due to antioxidants derived from coffee, while in the case
of tea the (although not statistically significant) increase is due to the increase of uric acid.

At the moment we are not able to justify why tea drinking induces an increase of uric acid and
coffee drinking not. However, phenolic composition and quantitative distribution in different

phenolic classes can be responsible for this phenomenon.
&

INTRODUCTION

Some dietary plant constituents, such as flavonoids and related phenolic, are considered
powerful antioxidants in vitro (Sichel et al., 1991; Wang et al., 1996; Hiramoto et al., 1996;
Bors et al., 1990; Ghiselli et al., 1998; Castelluccio et al., 1995; Nardini et al., 1995; Natella
et al., 1999), and are supposed to b responsible for the inverse relationship between fruit &
vegetable intake and risk of degenerative diseases (CHD, cancer). Polyphenols are also
endowed with biological activities, such as modulation of enzymes, activation of transcription
factors and in general of gene expression.

However, their absorption, metabolic fate and, availability for antioxidant protection in
humans are not fully understood. Moreover, the definition “plant phenolics” includes
thousand of compounds with different chemical structures corresponding to different
antioxidant activities. In addition, the chemical structure (number of phenolic rings, aromatic
substitution, glycosylation, conjugation with other phenolics or organic acids) is an important
determinant in their bioavailability. As a consequence, the profile of phenolic compounds in
plasma can be quite different from that of the original dietary source due to metabolization
and biotransformation.

Recently, a number of beverages derived from vegetables have been tested for their in vitro
and in vivo antioxidant activity (white and red wine, green and black tea, beer) (Duthie et al.,
1998; Vinson et al., 2001; Natella et al., 2001; Hodgson and Puddey, 2000; Leenen et al.,
2000; Miura et al., 2001; Gasbarrini et al., 1998; Ghiselli et al., 2000).

A straightforward analysis of these studies confirms that

oi the capacity of a food to transfer its antioxidant activity is linked to several know and
unknown chemical/biochemical/physiological characteristics (see the case of green
and black tea with and without milk) (Serafini et al., 1996);

ot the effect of food phenolics on the redox balance in vivo can not be a simple
extrapolation of their activity in vitro.

The aim of this study was to assess the capacity of coffee (American style) in affecting the
plasma redox homeostasis in humans in fasting conditions, using tea as positive control.



Coffee contains several phenolic components, other than tocopherols, endowed with
antioxidant capacity. Among the phenolic compounds identified are chlorogenic, caffeic,
ferulic, and p-coumaric acids. On the basis of 10 g coffee per cup of brew, a cup content of
chlorogenic acids can range from 15 to 325 mg. An average value of 200 mg/cup has been
reported for American coffee. Black tea contains catechins and thearubigins and theaflavines,
which are oxidation products of catechins formed during enzymatic oxidation by polyphenol
oxidase in fresh tealeaves.

METHODS

Coffee brew was prepared by using a commercial automatic brewing machine (60 g of roasted
and ground coffee per liter of water). The coffee brand was Lavazza Qualita Rossa. Tea
(20 g/1) was prepared by 5 min infusion in water at 100°C. The tea brand was Twining Earl
Gray.

Ten healthy non-smoker moderate-coffee drinkers (2-4 cups per day) were recruited among
the staff of the INRAN. A standard amount (200 ml) of brewed coffee was administered in
fasting conditions. In a different session (2 weeks apart) black tea was administered as
positive control. Beverages were ingested within 10 min from brewing. Subjects were asked
to avoid antioxidant supplements, and to have a diet low in “coffee, wine, chocolate, tea, fruit
& vegetable” in the two days preceding the experiments. Plasma was separated from blood
collected just before coffee/tea administration (time 0) and 1 and 2 hours after coffee/tea
administration.

Blood was withdrawn in vacutainers with EDTA (1 mg/ml) and samples were centrifuged to
separate plasma.

The following tests were performed on plasma samples:

oi total antioxidant capacity, AC, assessed by measuring (a) the loss of fluorescence of r-
phycoerithryn when exposed to a constant flow of peroxyl radicals, generated by the
thermal decomposition of AAPH (TRAP test) (Ghiselli et al., 1996); (b) the
competition with the bleaching of a carotenoid, the crocin (crocin test) triggered by the
peroxyl radicals generated by thermal decomposition of 2,2 azobis (2 aminopropan)-
chlorohydrate (AAPH) (Tubaro et al., 1996);

of alpha-tocopherol (Lang et al., 1986),

o uric acid utilizing a kit by Boehringer Manneheim;

oi SH-groups (Ellman, 1959).

RESULTS AND DISCUSSION

The ingestion of 200 ml of coffee in bolus produced a statistically significant increase (5.5%,
P<0.05) in the plasma antioxidant capacity (TRAP) at t=1 (Table 1), maintaining a 4%
increase after two hours. The 4.7% increase of TRAP 1 hour after the tea administration did
not reach statistical significance, as a consequence of different individual responses.

As for coffee, the crocin test gave a similar trend in the modulation of antioxidant activity,
even if the differences were not statistically significant. On the contrary, a statistically
significant decrease (P<0.005) was seen after tea drinking using this test.

Among the three antioxidants tested in this study — alpha tocopherol, SH groups and uric acid
— only this last, and only after tea drinking, increased significantly (Table 1).



The two methods employed to measure AC differ for their capacity to be affected by uric acid
(plasma uric acid contribution to TRAP is about 60%, while its contribution to the crocin test
is equal to zero).

In our study tea drinking produces a significant increase of plasma uric acid. The same
increase is not produced by coffee. Plotting together TRAP, crocin and uric acid (Figure 1), it
appears evident that the increase of TRAP after tea drinking overlaps the increase of uric acid.

In the case of coffee drinking, the increase of plasma antioxidant capacity, as measured with
both methods, is clearly independent from uric acid, suggesting that other compounds
(possibly polyphenols) directly participate to the AC.

Table 1. Plasma concentration of some parameters of antioxidant status
(mean =+ standard error of 10 subjects)

Coffee Tea

baseline 1h 2h baseline 1 h 2h
a-tocopherol, 7.210.6 7.4£0.5 7.6x0.5 7.210.5 7.7£0.5 | 8.0£0.5*
pg/ml
SH groups, 398£16 412+14 409+17 432+15 437+14 413£12
uM
Uric acid, 5.1+0.3 5.240.3 5.1£0.3 52403 | 5.4+0.4%* | 5.440.3*
mg/dl
Crocin, 1.224£0.07 | 1.31£0.09 | 1.20£0.08 | 1.36+0.07 | 1.26%0.10 | 1.22+0.05
mM Tx eq *ok
TRAP, 1.45+£0.07 | 1.53£0.07* | 1.51£0.06 | 1.494£0.05 | 1.56%0.05 | 1.52+0.05
mM ROO- eq

* P<0.05 from baseline by paired t-test
** P<0.005 from baseline by paired t-test
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Figure 1. Plasma total antioxidant capacity and uric acid




As a conclusion we can advance the hypothesis that the increase of plasma antioxidant
capacity induced by coffee is due to antioxidants derived from coffee, while in the case of tea
the increase of TRAP (although not statistically significant) is due to the increase of uric acid.
In previous studies we found:

ot a 15% increase of plasma uric acid 1 hour after by beer drinking (whole or
dealcoholized) in humans (Ghiselli et al., 2000);

oi plasma uric acid 8% higher in rats drinking beer than in controls drinking water
(Gasbarrini et al., 1998);

o{ a more pronounced increase in plasma concentration of uric acid after a meal
supplemented with wine (+23%) than after a meal supplemented with an
hydroalcoholic solution (+10%) (Natella et al., 2001).

Apart from the well known effect of ethanol on plasma uric acid (Yamanaka and Kamatani,
1997), its increase after administration of phenol-rich foods/beverages has been ascribed to
the interference of phenols with secretion and re absorption of uric acid (Gibson et al., 1984).

At the moment we are not able to fully justify why tea drinking induces an increase of uric
acid and coffee drinking not. However, our hypothesis is that the different phenolic pattern of
coffee and tea is responsible for the different response of uric acid in plasma.

In conclusion, the increase of TRAP after tea administration in humans seems to be linked to
uric acid increase (probably due to tea polyphenols), while the increase of TRAP after coffee
administration could be directly linked to coffee polyphenols.

Moreover, our results confirm that the mere measure of “antioxidant capacities” can lead to
confounding results in in vivo studies, where chemical characteristics and in vitro activity of
an antioxidant-rich food can not be transposed.
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SUMMARY

There is now a large literature on the beneficial effects of caffeinated coffee on performance
and mood. Recent claims have been made that the effects of caffeine do not reflect a benefit
but merely the removal of negative effects of caffeine withdrawal. If such claims are true then
this undermines the substantial literature on the behavioural benefits of consuming caffeinated
coffee. It is essential, therefore, to provide a systematic account of this issue. Those who do
not consume caffeinated products cannot have caffeine withdrawal. Comparison of non-
consumers with regular consumers who have had caffeine withdrawn provides information on
whether withdrawal does influence mood and performance. Similarly, if effects of caffeine
can be demonstrated in this group then this casts serious doubts about the caffeine withdrawal
explanation of the behavioural effects of caffeine. Three studies were conducted to examine
these issues. Overall, results from these large-scale studies showed no evidence of negative
effects of caffeine withdrawal on mood and performance. They also show improved mood
and performance in both non-consumers, who by definition are not withdrawn, and withdrawn
consumers.

INTRODUCTION

A large number of studies have examined the effects of caffeine on mental performance and
many of these have demonstrated beneficial effects (see Lieberman, 1992, for a review). It is
also well established that caffeine is especially beneficial when alertness is low (Lorist et al.,
1994; Smith, 1994) and this has been examined by considering its effects at night (Smith et
al.,, 1993), in the early morning (Smith et al., 1992), after lunch (Smith et al., 1990),
prolonged work (Smith, 1994) and when subjects are suffering from a cold (Smith et al.,
1997). Some of these studies have also shown that even low doses (<200 mg) can be
beneficial when alertness is reduced. Furthermore, the practical importance of such effects has
been demonstrated in a study that examined caffeine and the driving performance of sleepy
drivers (Hrme and Reyner, 1996). This study clearly demonstrated that 150 mg caffeine
(equivalent to 2 cups of coffee) significantly reduced driving impairments, subjective
sleepiness and EEG activity indicating drowsiness.

James (James, 1994) has questioned whether the superior performance seen in caffeine
conditions are due to actual enhancement or merely reflect performance being impaired in the
caffeine-free conditions. A major piece of evidence against this view is that there is a vast
animal literature on behavioural effects of caffeine, and these results cannot be accounted for
by removal of caffeine withdrawal. Smith (1994) has suggested that the evidence for negative
effects of caffeine withdrawal is not strong and this has been confirmed in recent studies of
caffeine withdrawal and headaches (Smith, 1996; Rubin and Smith, 1999; Dews et al., 1999).
There is a similar lack of evidence for negative effects of caffeine withdrawal on performance
and Rogers et al. (1995) conclude that “... in a review of recent studies we find no
unequivocal evidence of impaired psychomotor performance associated with caffeine
withdrawal”. Indeed, Rogers et al. (1995) have shown that the beneficial effects of caffeine on
performance can be demonstrated in non-users, and users who had caffeine withdrawn for



varying periods of time (1.5 hr, 13 hr and 7 days). This confirms previous findings showing
that caffeine has comparable effects when it is given after abstinence of 1 hr (Smith et al.,
1994; Warburton, 1995) or 12 hrs (Smith et al., 1992).

One of the problems in comparing studies of caffeine and caffeine withdrawal is that they
have used different paradigms, have different designs and vary in experimental power. Smith
(1999) conducted a study to examine effects of caffeine and caffeine withdrawal in the same
experiment. The first part of the study involved a normal caffeine challenge. James argued
that any positive effects of caffeine actually reflect negative effects of withdrawal in the
caffeine-free condition. To directly examine withdrawal effects half the subjects then to
continued using caffeinated products for a week whereas the others were provided with
caffeine-free drinks. If there are negative effects of caffeine withdrawal these should show up
at this stage of the study. James argued that after 7 days the negative effects of caffeine
withdrawal should have gone. If a caffeine challenge is then repeated with these subjects there
should now be no beneficial effects of caffeine because the negative effects of caffeine
withdrawal have gone. An alternative view is that caffeine will improve performance, both
following short-term withdrawal and 7 days of withdrawal, and that it will be difficult to
demonstrated effects of caffeine withdrawal per se. Smith’s experiment tested these views
and it had the following methodological features. First, two doses of caffeine were compared
with placebo in a double-blind study. The fact that larger doses of caffeine produce bigger
effects than the smaller doses also produces problems for the withdrawal explanation. If a
person is given a dose that is equivalent to their normal intake they have not had caffeine
withdrawn. Yet the literature shows that additional caffeine may lead to beneficial effects.
Secondly, tests that were known to be sensitive to effects of caffeine were used. Finally,
caffeine abstinence is difficult to assess unless saliva samples are taken and that was done
here. The results confirmed that performance of psychomotor tasks is improved following
consumption of caffeinated coffee. The improvement was generally in the form of dose
response, with 3 mg/kg caffeine being associated with the best performance. These results
were apparent both before and after withdrawal, which suggests that the beneficial effects of
caffeine cannot be accounted for by impairments in the caffeine-free condition. The view is
further supported by the absence of negative effects when caffeine is withdrawn. A direct test
of James explanation of the effects of caffeine on psychomotor performance shows, therefore,
that there is little support for his view.

Another method of examining whether removal of negative effects of caffeine withdrawal
underlies the positive effects of caffeine on performance is to compare regular consumers and
non-consumers (who by definition cannot have caffeine withdrawal). We have recently
conducted three studies which have examined this topic. In the first, over 250 volunteers who
have abstained from caffeine for 12 hours have been compared with over 60 volunteers who
do not consume caffeinated drinks. The data from these groups show no differences in mood,
performance or the reporting of headaches (Figures 1-3). Identical results have been obtained
in another large-scale study looking at different performance tests.

Two studies have then examined the effects of caffeine on the performance and mood of non-
consumers and withdrawn regular consumers. Both show identical significant beneficial
effects of caffeine in non-consumers and withdrawn consumers (Figures 4 and 5). Overall,
these large-scale studies show no evidence of negative effects of caffeine withdrawal on mood
and performance. They also show improved mood and performance in both non-consumers,
who by definition are not withdrawn, and withdrawn consumers.



218 -

216 A

214 -

212 A

ALERTNESS

206 -

204 -

202 A

200 I I
NON-CONSUMERS REGULAR CONSUMERS

N=62 N =254

Figure 1. Non-Consumers and Withdrawn Regular Consumers: Alertness in the
Morning (high scores = greater alertness; no significant difference between groups)



432 +

430 +

428 +

NUMBER DONE
S

424 +

422 +

420 I I
NON-CONSUMERS REGULAR CONSUMERS

N =62 N =255

Figure 2. Non-Consumers and Withdrawn Regular Consumers: Number Done Five-
Choice Serial Response Task (high scores = better performance; no significant
difference between groups)



NON-CONSUMERS REGULAR CONSUMERS
N=173 N =217

Figure 3. Non-Consumers and Withdrawn Regular Consumers: Headache (note low
incidence of headache; no significant difference between groups)



220 +

215 + -

210 +

205 +

200 -

ALERTNESS
©
(3]

190 +

185 +

180 +

175 +

170 I I I I
CAFF DE-CAFF CAFF DE-CAFF
NON-CONSUMERS CONSUMERS

Figure 4. Non-Consumers and Withdrawn Regular Consumers: Effects of Caffeine on
Alertness (high scores = greater alertness; caffeine has a significant effect in both

groups)



137 1

136 -

135 -

134 -

133

132 A

131 -

130 -

129 A

128 : : : !
DE-CAFF CAFF DE-CAFF CAFF

NON-CONSUMERS CONSUMERS
Figure 5. Non-Consumers and Withdrawn Regular Consumers: Effects of Caffeine on

Semantic Memory — Number Done (high scores = better performance; caffeine has a
significant effect in both groups)



Another way of investigating the effects of caffeine without the confounding effects of
withdrawal is by examining the effects of caffeine in those who have recently consumed
caffeine and who, by definition, cannot be withdrawn. Our earlier research has shown that
effects of caffeine can be demonstrated when testing is carried out only two hours after
consumption of caffeine. We have now replicated this effect and also demonstrated beneficial
effects of caffeine on the encoding of new information in volunteers who have been
consuming caffeinated coffee over the course of the day. This is consistent with our earlier
result showing that there were few differences in the acute effects of caffeine in those who
consumed caffeinated beverages for a week and those who consumed de-caffeinated drinks.
Overall, results from these large-scale studies showed no evidence of negative effects of
caffeine withdrawal on mood and performance. They also show improved mood and
performance in non-consumers, withdrawn and non-withdrawn regular consumers.
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SUMMARY

The literature review suggested that the effects of caffeine on human memory are inconsistent
and inconclusive compared with well-established caffeine effects on measures of attention
and reaction time. When the literature is reviewed in relation to the dissociations in human
memory identified by mainstream memory research it appears that although there are no
global effects on memory, caffeine does reliably improve semantic memory (i.e. retrieval of
‘general knowledge’) and executive function (as measured by performance on logical
reasoning tasks). The literature review also suggested that the effects of caffeine may be
mediated by mediated by personality characteristics and time of day. A double blind, placebo-
controlled study was able to replicate the finding that caffeine improves semantic memory and
executive function performance but did not provide any evidence that caffeine interacts with
baseline physiological arousal or time of day.

INTRODUCTION

There is accumulating evidence that caffeine has effects on cognitive performance and a large
body of literature now describes significant short-term improvements in alertness, vigilance
and reaction time after consumption of caffeine (e.g. Smith, 1994; Lieberman, 1992). In
contrast however, evidence for an effect of caffeine on human memory is inconclusive and
disparate and studies variously report that consumption of caffeine has no significant effect on
memory, causes a decrement in memory performance or improves memory. Consequently,
despite a small number of well-controlled studies that have produced positive results it is
widely surmised (e.g. James, 1998) that memory is an area where caffeine has negligible
effects. It is suggested however that there are a number of reasons why such a conclusion may
be considered premature.

Firstly, caffeine research has generally failed to acknowledge the distinctions in memory
structure and processes that have been identified in psychological research. Evidence from
cognitive psychology (Baddeley, 1997) suggests that a structural level human memory is
composed of short-term memory and various types of long-term memory. Caffeine research
to-date has tended to draw conclusions about the effects of caffeine on memory as whole by
testing one component of the human memory system, usually short-term memory.

There is also a considerable body of psychological research to suggest that there are different
processes which human memory uses to lay-down and retrieve information contained in
memory e.g., explicit memory (conscious use of memory), implicit memory (unconscious use
of memory), recall and recognition (Eysenck and Keane, 1995). With the exception of recall,
very little research to-date has attempted to investigate what effects caffeine might have on
these different memory processes.



In reviewing the large body of literature that refers to caffeine and memory it is hoped to
identify any memory structures or processes where caffeine has a consistent effect, any areas
where the literature is inconclusive and any areas where there is, as yet, no data available. Due
to the large amount of empirical evidence that supports the existence of discrete memory
structures and processes (see Eysenck and Keane, 1995; Baddeley, 1997) the review will use
the dissociations identified by contemporary cognitive psychology and cognitive
neuropsychology as a framework for discussion. The review will not then attempt to provide
an exhaustive catalogue of every study which has considered the effect of caffeine on human
memory but will review only those which clearly acknowledge or are compatible with the
major memory structures and processes that have been dissociated in mainstream memory
research.

SENSORY MEMORY

Experimental evidence (e.g. Sperling, 1960) suggests that there are very short term, memory
stores for visual and for auditory stimuli that are likely to have a role in allowing the
perceptual system sufficient time to process very briefly presented stimuli (Baddeley, 1997).
Sensory memory stores stimuli for approximately one third of a second before they dissipate
and are referred to as iconic memory for the visual stimuli and echoic memory for the
auditory stimuli. Both have been studied extensively in cognitive psychology but no
published studies to-date have investigated whether sensory memory is affected by ingestion
of caffeine.

SHORT-TERM MEMORY

The concept of a relatively short-term memory store was first described in detail by James
(1890) who reported the existence of relatively short-term memory store characterised by
limited capacity and short duration. Presently the capacity of the store, referred to as short-
term memory, is thought to be approximately 7 pieces of information which can be stored for
a duration of less than 5 seconds without any form of strategic rehearsal. The nature of short-
term memory (STM) has been the subject of a vast amount of interest in both cognitive
psychology and neuropsychology and it is perhaps not surprising that much of the literature
pertaining to caffeine and memory also focuses on the potential effects caffeine might have on
STM. The most commonly used method of studying STM is the free recall task where
participants are simply shown a list of words and asked to recall them when the last word has
been shown.

On the basis of studies that have used immediate free recall tasks to investigate the effects of
caffeine on STM it is suggested that this is component of memory where caffeine has very
little effect. Six studies have found no effect of caffeine (Loke et al., 1985; Loke, 1988;
Mitchell and Redman, 1992; Smith et al., 1993; Barraclough and Foreman, 1994; Rogers and
Dernoncourt, 1998) and only one has found a decrement (Terry and Phifer, 1986). Retrieval
of information from STM can also measured using the Sternberg memory scanning paradigm
(Sternberg, 1975) in which participants are asked to judge, as quickly as possible, whether a
test digit or letter is contained within a series of briefly-presented multi-digit combinations.
Studies using this task have also produced inconsistent results (Kerr, 1991; Hogervorst, 1998;
Hindmarch et al., 1998).

WORKING MEMORY

The concept of a unitary STM has been rendered obsolete by the work of Baddeley and Hitch
(1974) and Baddeley (1986) whose experimental work suggests that STM itself is composed



of three discrete sub-components. On the basis of these sub-divisions Baddeley (1986) has
proposed the working memory model which is widely accepted in cognitive psychology and
neuroscience as being the foremost model of short-term memory as it specifies not only the
qualities of short-term memory but also the mechanism by which STM can be used in
everyday tasks.

Baddeley proposes that that working memory has three discrete components; the phonological
loop, the visuo-spatial sketchpad and the central executive. The components of working
memory model are the phonological loop (responsible for holding speech-based information
for 1.5-2.0 sec. or longer if certain strategies are used), the visuo-spatial sketchpad, which is
thought to hold visuo-spatial information and the central executive which is responsible for
co-ordination of the systems and for communication with long term memory. By way of
example, if a person were carrying out a real-life task such as performing a numerical
calculation the numbers involved would be held in the phonological loop whist the central
executive directed cognitive resources to the numbers and to perform the calculation. When
the calculation had been performed the central executive component would then separate out
the important numbers to be retained before directing them to longer-term memory.

In practice performance of the phonological loop is measured using a digit span task similar to
recalling a list of numbers whilst the visuo-spatial sketchpad is measured by tasks involving
memory the physical location of stimuli. Measurement of executive function is more complex
but generally involves tasks in which information has to be held and manipulated at the same
time. The most famous example of this type of task has been devised by Baddeley (1968)
where participants are shown a rapid sequence of sentences describing the order of letter pair
(e.g. A follows B) and a letter pair (e.g. BA) and have to make a judgement as to whether the
sentence is true or false. Performance in such tasks is taken to be the number of sentences a
participant can answer in a set period of time and the percentage they get correct. Of the 8
studies that have investigated the short-term effects of caffeine on working memory none
have been able to report any effects of caffeine on the visuo-spatial sketchpad and only one
has reported a significant main effect on the phonological loop (Smith et al., 1994b). The
effects of caffeine on central executive function appear to be more reliable with 3 studies
describing significant increases in performance after caffeine (Smith, Kendrick and Maben,
1992; Smith et al., 1993; Smith, Maben et al. 1994). Studies which have failed to report any
effects of caffeine on executive function have generally used lower doses of caffeine (e.g.
Smith et al., 1997) and it is suggested that caffeine effects on central executive function may
possibly be dose-dependent.

LONG-TERM MEMORY

The majority of models of memory recognise the existence of a longer-term storage facility,
LTM, which is characterised by an extremely large, comparatively permanent storage
capacity. Like STM however LTM is unlikely to be a unitary construct and Tulving (1972)
has suggested that because of the need for the device to store a very diverse array of
information it may be fractionated into episodic and semantic memory. Episodic memory
refers to a system storing specific events or episodes which can be tied to a specific time such
as when you went on holiday last year or what you had for dinner. Semantic memory on the
other hand is a system for storing general knowledge, rules and formulas which are without
any temporal associations such as the knowledge that Paris is the capital of France or how
words are correctly spelt. The dissociation between episodic and semantic memory has been
demonstrated in amnesics who generally have intact semantic memory as shown by
unimpaired language and grammar yet who have severe deficits in episodic memory. The
dissociation has been further demonstrated in PET scan studies where it is reported that



episodic memory is associated with high blood flow around the frontal cortex whilst semantic
memory is associated with increased blood flow in the posterior regions of the brain (Tulving,
1989).

Episodic memory

Caffeine research appears to have paid relatively little interest to the effects of caffeine on
LTM compared to STM or working memory. The three studies have attempted to investigate
the effects of caffeine on LTM have all used delayed recall tasks where participants are asked
to remember a series of stimuli items and then to attempt to recall them several minutes later.
Unfortunately the studies have produced largely inconsistent results with Terry and Phifer
(1986) demonstrating a decrease in recall after acute ingestion of caffeine but Loke et al.
(1985) and Loke (1988) reporting no effects.

Semantic memory

Experimental evidence would suggest however that semantic memory is one of the few areas
of memory where caffeine has a reliable effect. Five studies to date have investigated the
effect of acute exposure to caffeine on semantic memory performance using the widely used
Baddeley (1981) semantic test. In this test participants are shown a series of sentence (e.g. a
dogs have wings or canaries have wings) and asked to make a decision as to whether the
sentence was true or not. Participants are asked to complete as many trials as they can in a set
period of time (usually 3-5 minutes) with performance being measured in terms of the amount
of questions they attempt to answer and the percentage they get correct. In four of the five
studies consumption of caffeine (40 mg to 4 mg/kg) is reported to have significantly improved
memory performance (Smith et al. 1992; Smith et al., 1993; Smith et al., 1994b; Smith, et al.,
1999) with only one study failing to find an effect (Smith et al., 1997).

MEMORY PROCESSES

Research into human memory also distinguishes between the processes that underlie human
memory as well as the subcomponents of the human memory system. Thus far the review has
discussed the potentially differential effects of caffeine on the putative distinctions within the
structure of memory, an alternative strategy would be to consider the effects of caffeine on
different memory processes.

!

Recognition memory

One of the few dissociations in memory process that has been consistently recognised in the
study of the cognitive effects of caffeine is that between recall and recognition and this is
probably a reflection of the long-standing interest the topic has generated within mainstream
memory research. Recognition memory is measured by presenting participants with a series of
word stimuli and when this is finished presenting them with another list composed of the
original list interspersed with words that they have not seen before. Participants are then
required to indicate which of the words in the first list were presented in the second list.
Although the effects of caffeine on delayed recognition memory has been the subject of
numerous studies the results obtained suggest that recognition memory is not generally
affected by acute exposure to caffeine; of the 8 studies reported (Bowyer et al., 1983; Loke et
al., 1985; Smith et al., 1992; Anderson and Revelle, 1994; Smith et al., 1994a; Smith et al.,
1994b; Smith et al., 1997; Smith et al., 1999a) only one has reported a significant main effect
(Anderson and Revelle, 1994). The significant increase in recognition memory performance
described in this case was obtained using very long lists of words, up to 80, such that the



caffeine effect was probably to decrease attentional lapses during the encoding procedure
which are known to mediate recognition performance (Underwood, 1978).
!

Implicit memory

The majority of the studies which have investigated the effects of caffeine on memory have
focused on explicit memory, that is where the memory task requires conscious recollection of
previously presented stimuli or experiences. There is however evidence from cognitive
psychology and neuropsychology to suggest that there is a different form of memory that is
revealed when ‘...performance on a task is facilitated in the absence of conscious
recollection’ (Graf and Schachter, 1985, p. 501). Implicit can be measured in a variety of
ways but usually consists of an encoding task where participants inadvertently learn a list of
words (e.g. by rating them in terms of how much they liked them) followed by a seemingly
unconnected task, such as a series of word anagram completions. Implicit memory would be
demonstrated if a higher percentage of anagrams were solved for anagrams of words encoded
than for anagrams of words which had not. Although implicit memory is easily demonstrable
and supported by considerable evidence no studies to-date have conducted well-controlled
investigations into the effects of caffeine on implicit memory.

Levels of processing

The two basic premises of levels of processing theory are that the level or depth of processing
of a stimulus mediates subsequent memorability and that deeper levels of analysis produce
more elaborate and enduring memories than do shallower levels of analysis (Eysenck and
Keane, 1995). One of the clearest demonstrations is provided by Craik and Tulving (1975)
who manipulated encoding of lists of words to different levels before testing incidental
learning via an unannounced recall test. It was found that recall was better after an encoding
task involving the meaning of words (e.g. asking if the words fit into a given sentence frame)
than it was after an encoding task involving superficial characteristics of the word (e.g. asking
if the word was in upper or lower case).

In relation to caffeine incidental learning to different levels of processing has been used by
Gupta (1991) prior to a recall task and Gupta (1993) prior to a recognition task. In both
studies it was found that there were no main effects of caffeine but that there was a consistent
three-way interaction between caffeine condition, level of processing and impulsivity (a index
of baseline physiological arousal; Eysenck, 1967).

THE EFFECT OF CAFFEINE ON MEMORY IN CONJUNCTION WITH OTHER
FACTORS

A number of studies have considered the possibility that caffeine will not have consistent
effects but will have specific effects depending on an individual’s baseline physiological
arousal or impulsivity (Humphreys and Revelle, 1984; Anderson and Revelle, 1994).
Specifically caffeine would be thought to prove of particular benefit to individuals in states of
low impulsivity but to have no effect (or to cause a decrease in cognitive performance) when
participants are in a high state of arousal. An individual’s actual arousal levels would be
dependent on trait impulsivity and also on time of day, physiological arousal being greatest in
low impulsives in the morning and decreasing thereafter and being lowest in high impulsives
in the morning but increasing toward evening (Blake, 1967).

Of the eight studies that have considered the possibility of an interaction between caffeine and
impulsivity on memory performance four have failed to report any interaction (Bowyer et al.,



1983; Erikson et al., 1985; Arnold et al., 1987; Smith et al., 1994b). Only Anderson and
Revelle (1994) have reported an interaction between impulsivity and caffeine that conforms to
the prediction made by the Humphreys and Revelle’s (1984) model. The other remaining
studies have generally found that in high impulsives caffeine impairs performance in both
recognition and free recall tasks and may interact with the type of encoding task (Smith et al.,
1994a; Gupta, 1991, 1993) but that, in contrast to Humphreys and Revelle’s (1984)
prediction, low impulsives are unaffected by caffeine.

In conclusion the literature review suggests that there are no global effects of caffeine on
human memory and that the available evidence suggests that the main effects of caffeine are
limited to specific effects on semantic memory and executive function. The review has also
identified a number of facets of human memory which have not yet been investigated in
relation to caffeine such as sensory memory and implicit memory. There also appear to be a
number of areas of research where the results, though equivocal at present, may warrant
further research and foremost amongst these is arguably the potential mediation of caffeine
effects by impulsivity which might explain why effects of caffeine on memory are
inconsistent.

Given these conclusions from the literature review the following experiment will attempt to
replicate the finding that caffeine significantly increases semantic memory and executive
function performance. The study will also attempt to attempt to investigate whether these
effects are mediated by impulsivity and it’s associated circadian rhythmicity, specifically
whether caffeine will prove to be especially beneficial when baseline arousal is low i.e. in low
impulsives in the evening and high impulsives in the morning.

METHOD

Experimental design

The experiment employed a between-subjects’ design with time of testing (morning vs.
evening), impulsivity (high vs. low) and ingestion of caffeine (see below) comprising the
between subjects factors. The 96 participants were divided into groups as shown in Table 1.

Administration of caffeine was double blind.

Table 1. Experimental groups: time of testing and caffeine condition on day 1 and day 2

Group Time of testing | Impulsivity Caffeine condition
1 (n=12) | Morning Low Caffeine
2(n=12) Placebo
3(n=12) High Caffeine
4(n=12) Placebo
5 (n=12) | Evening Low Caffeine
6 (n=12) Placebo
7(n=12) High Caffeine
8 (n=12) Placebo
PARTICIPANTS

Ninety-six participants took part in the experiment, 48 low impulsives (EPI Impulsivity <5)
and 48 high impulsives (EPI Impulsivity >5) with 24 males and 24 females within the low and



high impulsivity sub-groups. All were non-smokers and regular daily consumers of
caffeinated coffee or tea. The demographics of the sample are shown in Table 2.

Table 2. Participant demographics and personality characteristics by high and low

impulsivity (means, S.E. in parentheses)
I

Variable Low impulsivity group | High Impulsivity group
(EPI-I <5) (EPI-I1 > 5)

Age (years) 21.44 (0.32) 21.40 (0.45)

Mean caffeine consumption (mg/24h) 156.04 (17.21) 195.31 (17.58)

Impulsivity-EPI (0 low - 9 high) 2.85(0.14) 6.21 (0.14)

PROCEDURE

Familiarisation

Participants were briefly familiarised with the test battery no more than one week prior to
their first test session to ensure that they were familiar with the tests. Following
demonstration of the computer tasks participants were weighed without shoes or coat so that
the amount of caffeine they were to receive could be calculated.

I

Test procedure
The baseline test session was conducted at either 08.30 hrs or 18.30 hrs.

—08.00 Begin abstinence from self-administered alcohol and caffeine until the end of the
experiment

00.1 Baseline test battery

+00.40 Administration of caffeine or placebo
+01.40 Test battery (post-caffeine/placebo)
EXPERIMENTAL BEVERAGES

All drinks were made with one rounded teaspoonful of decaffeinated coffee in 150 ml to this
was added the appropriate amount of either the active or placebo solutions (each potentially
containing 20 mg/ml of caffeine) such that in the active condition participants would ingest
4 mg/kg of caffeine.

MEASURES
|

Questionnaire

At the familiarisation session prior to the demonstration of the computer tests participants
were asked to complete a detailed questionnaire that recorded demographic details, health-
related behaviours, eating and sleeping habits and a profile of personality traits including the

Eysenck Personality Inventory (Eysenck and Eysenck, 1968) which measures impulsvity.
!




Performance tasks
All tasks were presented on microcomputer.
Semantic memory

This test, following Baddeley (1981), measures speed and accuracy of retrieval of information
from semantic memory. Participants were shown a sentence (e.g. dogs have wings ) and asked
to make a decision as to whether the sentence was true or not. Another sentence was shown
automatically after a decision had been made about the first and the task continued for a total
of 3 min. Indices of performance were the number of sentences judgements attempted, the
number of judgements made correctly and the mean reaction time (MRT) for sentence
judgements to be made.

I

Logical reasoning task

This task follows Baddeley (1968) and is deemed to be a test of the executive function
component of the working memory model. In this task participants were shown a sentence
describing the order of letter pair (e.g. A follows B) and a letter pair such as BA. Participants
were then required to judge whether the statement was true or false by pressing the
appropriate response key. The task went on for 3 min. and the number of statements
attempted, the percentage correct and the mean reaction time (MRT) for responses was
recorded.

ANALYSIS

The data was analysed using a between-subjects ANCOVA with performance at baseline used
as covariate to account for individual differences in performance.

RESULTS

It was found that there were statistically significant main effects of caffeine for all indices of
performance in both memory tasks with the exception of reaction time on the logical
reasoning task (Table 3).

!

On the semantic memory test statistically significant effects of impulsivity were found for
number of trials attempted where 134.19 (S.E. 1.38) trials were attempted by high impulsives
and 129.60 (S.E. 1.36) by low impulsives. A main effect of impulsivity was also found for
MRT for correctly answered trials with high impulsives answering correctly answered trials in
a mean MRT of 1258 msec (S.E. 19) and low impulsives answering in a mean MRT of 1342
msec (S.E. 19). There were no significant interactions between caffeine and impulsivity.

CONCLUSION

It was found that caffeine significantly improved performance on all indices of performance
on both tasks with the exception of MRT for correct trials for logical reasoning. This finding
is in accord with the literature review and it is noted in both cases there were concurrent
increases in both speed and accuracy of performance in the caffeine conditions making it
unlikely that the effects of caffeine are mediated solely by speed of cognitive processing. No
interactions were found between caffeine, impulsivity and time of day though for the semantic
memory task high impulsives, as might be expected, attempted more trials than low
impulsives and completed correctly answered trials more quickly. In summary the study has



replicated previous findings with regard to the effects of caffeine on semantic memory and
executive function but does not offer any support for the theory that caffeine has any
differential effects on high or low impulsives at any particular time of day.
!
Table 3. Memory performance: in 4 mg/kg caffeine and placebo conditions
(adjusted means, S.E.s in parentheses)

Test Index of Caffeine Placebo Statistically significant
performance (4mg/kg) effects
Semantic | Number of trials Caffeine (p <0.05)
memory | attempted 134.81 (1.39) | 128.96 (1.4) Impulsivity (p <0.005)
Pgrcentage of 0558 (0.42) | 93.20 (0.42) Caffeine (p<0.05
trials correct
MRT correct trials Caffeine (p <0.05)
(msecs) 1263 (20) 133720 Impulsivity (p <0.005)
Loglcgl Number of trials 6128 (1.03) | 58.35 (1.01) Caffeine (p <0.05)
reasoning | attempted
P(?rcentage of 92.94 (0.63) | 91.07 (0.62) Caffeine (p <0.05)
trials correct
MRT correct trials 3173 (92) 3301 (91) -
(msecs)
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SUMMARY

The effects of caffeine have been studied in freely moving rats implanted with concentric
microdialysis probes in the nucleus accumbens (NAc) shell and core and in the medial
prefrontal cortex (PFCx). Intravenous administration of caffeine (0.25, 0.5, 1.0, 2.5 and 5.0
mg/kg) dose-dependently increased dopamine (DA) and acetylcholine (ACh) dialysate
concentrations in the PFCx, while failing to affect DA in the NAc shell and core.

Such effects were duplicated by intravenous administration of the selective antagonists of
adenosine Al and A2a receptors, DPCPX (0.0625-1.0 mg/kg i.v.) and SCH 58216 (0.0625 -
1.0 mg/kg i.v.), respectively. The effect of caffeine on cortical DA and ACh transmission was
also studied in rats chronically administered with caffeine (25 mg/kg/twice a day/seven days).
At the end of this treatment rats become tolerant to the locomotor stimulating effects of a dose
of caffeine of 1 and 2.5 mg/kg i.v.; these doses increased dialysate ACh in the PFCx but failed
to affect DA release in this brain region. In non-tolerant subjects caffeine stimulated DA and
ACh release in the PFCx while in tolerant subjects stimulated only ACh release.

The effect of the acute systemic administration of caffeine (1.0, 2.5 and 5.0 mg/kg i.p.) was
also studied in the performance of a spatial delayed alternation task to assess working
memory efficiency in rats. Administration of caffeine (2.5, 5 and 10 mg/kg i.p.) failed to
affect the number of correct responses/trial in rats performing at 62+3% correct (baseline) in a
spatial alternation task made up by ten couples of a forced run followed by a choice run.
These observations indicate that the psychostimulant properties of caffeine are differentiated
from the property of stimulating DA release in the nucleus accumbens shell, a property that
caffeine, in contrast with most drugs of abuse, does not possess. This, in turn, is consistent
with the lack of addictive properties of caffeine. The dissociation between tolerance to the
locomotor effects of caffeine and stimulation of ACh release in the prefrontal cortex suggests
that this effect might be correlated to the arousing effects of caffeine as distinct from its
locomotor stimulant properties. Finally, the present results indicate that caffeine does not
improve nor impair short-term memory.

INTRODUCTION

Caffeine is an ingredient of many popular beverages provided with psychostimulant
properties; although this drug is currently not included in the list of drugs that fulfil DSM-IV
criteria for addiction, this issue is debated. In fact, although tolerance to and withdrawal from
caffeine has been demonstrated in humans and in animals after prolonged assumption (Chou
et al., 1985; Nehlig, 1999; Svenningsson et al., 1999), no consistent self-administration of
caffeine has been shown, in spite of various attempts, in rats and in non human primates
(Nehlig, 1999; Griftiths and Mumford, 1995; Garrett and Griffiths, 1998) .



Caffeine’s central effects are known to be due to blockade of adenosine A; and A, receptors.
These receptors are widely distributed through the brain (Dixon et al., 1996; Lee and
Reddington, 1986; Palmer and Stiles, 1995) , adenosine A; receptors being present mostly in
cortical layers, hippocampus and striatum (Dixon et al., 1996; Palmer and Stiles, 1995) and
A, receptors being co-localized with DA receptors in the striatum (Dixon et al., 1996; Palmer
and Stiles, 1995).

Various studies have shown that a neurochemical property common to most drugs of abuse is
the ability of preferentially stimulating dopamine (DA) release in the shell subdivision of the
nucleus accumbens (NAc shell) (Cadoni and Di Chiara, 2000; Cadoni and Di Chiara, 1999;
Di Chiara, 1999; Pontieri et al., 1996; Tanda et al.; 1996) .

In order to investigate the relationship between the psychostimulant properties of caffeine
(Nehlig et al., 1992) and DA transmission we studied the effects of caffeine on DA release in
the different subdivisions of the NAc (Heimer et al., 1991; Heimer and Alheid, 1991) and in
the prefrontal cortex (PFCx) in caffeine-naive rats and in rats made tolerant to the locomotor
stimulant effects of caffeine by caffeine pre-treatment. The effects of caffeine on dialysate
acetylcholine (ACh) in the PFCx were also studied. Finally, in order to address the issue of
whether caffeine may, acutely, affect short term memory function, we studied its effect on a
spatial delayed alternation task (SDAT) model of working memory.

MATERIALS AND METHODS
Animals

Male Sprague-Dawley rats (275-300 g), housed in groups of 2-3 per cage for at least 3 days
before use, were maintained on a 12:00/12:00 h light/dark cycle, with food and water
available ad libitum. After surgery the rats were housed individually in Plexiglas cages where
they recovered for 24-30 h prior to the microdialysis experiments.

Surgery and Microdialysis

Rats were anaesthetised with ketamine HCI (100 mg/kg i.p.) and stereotaxically implanted
with a vertical concentric microdialysis probe in the left PFCx, and, in different subjects, in
their left NAc shell and right NAc core. The coordinates were: PFCx- AP= +3.6 mm, ML= —
0.7 from bregma, DV= —4.8 mm from dura; NAc shell- AP= +2.2 mm, ML= —1.1 from
bregma, DV=—-8.0 mm from dura, NAc core- AP=+1.6 mm, ML= +2.0 from bregma, DV=—
7.8 mm, according to (Paxinos and Watson, 1998). For intravenous catheter implantation see
Crane and Porrino (1989). The perfusion flow was set at 1 pl/min. The perfusion solution
contained 147 mM NaCl, 4 mM KClI, 2.2 mM CaCly; in the experiments in which ACh was
determined, the ACh esterase inhibitor, neostigmine bromide (0.1 pM) was added to the
perfusion solution. ACh was assayed by HPLC-electrochemical detection (ECD) in
conjunction with an enzyme reactor (Damsma et al., 1987). DA was separated by reverse
phase liquid chromatography (150 x 4.6 mm - LC;3sDB) and detected by HPLC-ECD.

Spatial delayed alternation task

Before testing for SDAT, rats underwent 11 days of pre-training: days 1-5: handling, twice a
day; days 6-7: exposure to the T-maze (10 min twice a day); days 8-9: exposure to the T-
maze (10 min twice a day) and food restriction (from now on 2 pellets/day, ~15 g/day); days
10-11: (forced alternation) each rat is allowed to explore, for 5 min, only one arm of the maze
in which 5 chocolate minipellets (~0.15 g/each) were available. In the following 5 min each



rat is allowed to enter the opposite arm, for 5 min, in which 5 chocolate minipellets were
available. On day 12 the SDAT begins: each rat is put in the alley of the T-maze to perform
during 10 couples of forced runs (the rat is forced to the open arm to eat the minipellet, the
other arm being closed) followed by a choice run (the rat, in order to eat another minipellet,
must remember the arm of the forced run and choose the opposite one). Thus, each rat might
collect, at the best of his performance, up to 20 minipellets during a daily session. Rats are
thus kept performing 10 trials/day sessions until a constant criterion of 7 correct performances
out of 10 are reached for at least 3 days (baseline); on the following day rats are given
caffeine 2.5, 5 or 10 mg/kg i.p. (10 min before the beginning of the session) (drug day). On
the next day rats are tested (drug-free) for the last time (post-drug day).

Drugs

Caffeine (RBI, USA), dissolved in saline was administered i.v. (microdialysis) or
intraperitoneally. SCH 58261 (Schering-Plough, Milan, Italy), and DPCPX (RBI, USA) were
suspended in saline with the addition of 0.3% TWEEN 80.

Statistics

Values are expressed as changes percent with respect to baseline (100%) which was set as the
average of the last six pre-treatment samples. One and two way analyses of variance
(ANOVAs), with time as the repeated measure, were used to analyse the treatment effects.

Tukey's post-hoc analyses were applied for multiple comparisons, with the statistical
significance set at P<0.05. One way ANOV As were also applied to determine the significance
of the effects of caffeine on SDAT. A statistical comparison was made between the average
data of baseline, drug day and post-drug day.

RESULTS AND DISCUSSION

Effect of caffeine, DPCPX and SCH 58261 on dialysate dopamine in the prefrontal
cortex, nucleus accumbens shell and core

Caffeine (0.25, 0.5, 1.0, 2.5 and 5.0 mg/kg i.v.) modified DA in the PFCx at all doses except
the lowest, but not in the NAc shell and core. PFCx: caffeine 0.25 mg/kg: (Fi236=1.78,
P>0.05); 0.5 mg/kg: (Fi234=4.14, P<0.005 and P<0.05 at Tukey’s test); 1.0 mg/kg:
(F12,60=4.56, P<0.0003 and P<0.05 at Tukey’s test); 2.5 mg/kg: (Fi245=3.04, P<0.002 and
P<0.05 at Tukey’s test) and 5.0 mg/kg: (F1224=4.65, P<0.0006 and P<0.05 at Tukey’s test).
NAc Shell: caffeine 1.0 mg/kg: (Fe6=3.73, NS); 2.5 mg/kg: (Fe,13=1.38, NS) and 5.0 mg/kg:
(F6,12=0.23, NS); NAc Core: 1.0 mg/kg: (Fsc=2.87, NS); 2.5 mg/kg: (Fs,12=0.3, NS) and 5.0
mg/kg: (Fe12=0.23, NS). Two way ANOVA showed that the effects of caffeine on PFCx DA
were dose- (F4215=10.16, P<0.001) and time-dependent (F92;0=9.61, P<0.001) with a
significant dose x time interaction (F3¢170=1.72, P<0.02). The changes of DA output after
caffeine 5.0 mg/kg were larger than those after caffeine 0.25, 0.5 and 1.0 mg/kg (P<0.05).

DPCPX significantly modified dialysate DA in the PFCx at the dose of 0.0625 mg/kg i.v.,
(F1224=6.44, P<0.00005, and P<0.05 at Tukey’s test), 0.125 mg/kg i.v., (Fi2,72=2.30, P<0.015
and P<0.05 at Tukey’s test), 0.25 mg/kg i.v., (Fi245=1.87, P<0.06 and P<0.05 at Tukey’s test),
0.5 mg/kg i.v., (F624=5.56, P<0.0009 and P<0.05 at Tukey’s test) and 1.0 mg/kg i.v.
(F1224=8.91, P<0.00004 and P<0.05 at Tukey’s test). Two way ANOVA showed these effects
to be dose- (F4194=18.083, P<0.001) and time-dependent (Fy90=14.96, P<0.001) with a
significant dose x time interaction (F3e1490=4.49, P<0.001). Tukey’s test revealed that the



changes of DA output after DPCPX 1.0 mg/kg i.v. were significantly larger than those after
DPCPX 0.0625, 0.125, 0.25 and 0.5 mg/kg i.v.. DPCPX at the dose of 0.5 mg/kg i.v., did not
significantly modify dialysate DA in the NAc shell (Fi2,,=0.82, NS) and core (F;2,1=0.94,
NS).

Intravenous administration of SCH 58261 significantly changed dialysate DA in the PFCx at
all doses tested (0.0625 mg/kg: (F915=2.47, P<0.048, and P<0.05 at Tukey’s analysis); 0.125
mg/kg: (Fi236=2.18, P<0.035, and P<0.05 at Tukey’s analysis); 0.25 mg/kg: (Fi236=3.00,
P<0.005, and P<0.05 at Tukey’s test); 0.5 mg/kg: (Fi260=9.61, P<0.00001, and P<0.05 at
Tukey’s test); and 1.0 mg/kg: (Fi260=9.64, P<0.00001, and P<0.05 at Tukey’s test)). These
increases were also dose- (F4205s=12.008, P<0.001) and time-dependent (Fy200=9.876,
P<0.001), with a significant dose x time interaction (F3s160=2.610, P<0.001). Tukey’s post
hoc analysis revealed that the increases of DA output after SCH 58261 0.5 and 1.0 mg/kg
were significantly larger than those after SCH 58261 0.0625, 0.125 and 0.25 mg/kg (P<0.05).
At the dose of 0.5 mg/kg i.v., SCH 58261 failed to significantly modify dialysate DA in the
NAc shell (F1920=0.95, NS) and core (Fj920=1.21, NS).

Effects of caffeine, DPCPX and SCH 58261 on dialysate acetylcholine in the prefrontal
cortex

Intravenous administration of caffeine significantly modified dialysate ACh in the PFCx at all
doses tested (0.25 mg/kg: Fi;5s=2.22, P<0.03 and P<0.05 at Tukey’s test; 0.5 mg/kg:
F1443=2.3, P<0.025 and P<0.05 at Tukey’s test; 1.0 mg/kg: Fi245=4.04, P<0.0001 and P<0.05 at
Tukey’s test, and 2.5 mg/kg: Fi260=3.88, P<0.0001 and P<0.05 at Tukey’s test). Two way
ANOVA yielded a main effect of dose (F3;3=4,83, P<0.01) and Tukey’s test revealed a
significant difference between the effect of 0.25 mg/kg as compared with that of 2.5 mg/kg
(P<0.05).

DPCPX (0.0625, 0.125 and 0.25 mg/kg i.v.) significantly modified ACh release (one way
ANOVA) at 0.0625 mg/kg (Fi2,7=4.7, P<0.009, and P<0.05 at Tukey’s test), 0.125 mg/kg
(F12,60=4.23, P<0.014, and P<0.05 at Tukey’s test) and 0.25 mg/kg (F23c=7.3, P<0.0001, and
P<0.05 at Tukey’s test). Two-way ANOVA also showed these effects to be dose-
(F2.167=16.38; P<0.0001) and time-dependent (Fog ;50=7.57, P<0.0001). Post hoc analysis
showed that the increases after the dose of DPCPX 0.25 mg/kg were significantly larger than
those after DPCPX 0.0625 and 0.125 mg/kg (P<0.05).

SCH 58261 significantly changed dialysate ACh at the dose of 0.0625 mg/kg (Fi27,=2.14,
P<0.025, and P<0.05 at Tukey’s test), 0.125 mg/kg (Fi236=6.16, P<0.001, and P<0.05 at
Tukey’s test), 0.25 mg/kg (Fi243=3.8, P<0.0001, and P<0.05 at Tukey’s test), 0.5 mg/kg
(F1245=2.17, P<0.03, and P<0.05 at Tukey’s test) and 1.0 mg/kg (Fi2435=2.19, P<0.03, and
P<0.05 at Tukey’s test). SCH 58261 modified ACh release in the PFCx in a dose-
(F421=514.82, P<0.0001) and time-dependent fashion (F;;23;=5.28, P<0.00001) and with a
significant dose x time interaction (Fis23=2.04, P<0.0004). The effect of the intermediate
dose of 0.25 mg/kg i.v. of SCH 58261 were significantly larger than those of the lower doses
0.0625 and 0.125 mg/kg as well as of the higher doses 0.5 and 1 mg/kg i.v. (P<0.05 at
Tukey’s test), indicative of a bell-shaped dose effect relationship.

Effects of chronic treatment with caffeine on caffeine-induced changes in prefrontal
cortical dopamine and acetylcholine release

Caffeine (1.0 mg/kg i.v.) failed to significantly affect dialysate DA in the PFCx (Fi2,60=0.80,
NS) of rats chronically exposed to caffeine (seven days, twice a day, 25 mg/kg i.p.); two way



ANOVA showed a significant effect of treatment (F;;2»=21.16, P<0.001) and time
(F12.111=1.34, P<0.02) and a significant treatment x time interaction (Fi95=2.62, P<0.005).
Tukey's post hoc analysis revealed significant differences within the first 30" after caffeine
administration between the effect on chronic-caffeine and that on chronic-saline treated rats.
Similarly, caffeine (2.5 mg/kg i.v.) given to chronically treated rats, failed to stimulate DA
release in the medial PFCx (Fi27,=1.78, NS); two way ANOVA of the effect of caffeine in
chronic-saline versus chronic-caffeine treated rats, yielded a significant effect of treatment
(F1.150=20.11, P<0.001), time (Fi2130=2.34, P<0.005) and a significant treatment x time
interaction (Fi,,127=2.08, P<0.05). Caffeine (1.0 mg/kg i.v.) significantly modified ACh in the
PFCx of caffeine pre-exposed rats (Fi,7,=2.85, P<0.002, and P<0.05 at Tukey’s test). Two
way ANOVA showed a significant effect of time (Fj2,10s=3.6, P<0.0001). Similar results were
obtained also when caffeine was administered at the dose of 2.5 mg/kg i.v.: caffeine
significantly modified dialysate ACh in the PFCx of chronically-treated rats (Fj245=2.95,
P<0.003, and P<0.05 at Tukey’s test) and two way ANOVA showed a significant effect of
time (F12’132=4.3, P<000001)

Effects of caffeine on spatial delayed alternation task

The administration of caffeine (2.5, 5 and 10 mg/kg i.p., 10 min beforehand) to rats
performing in the SDAT failed to affect significantly the number of correct
performances/session in the treatment day with respect to both baseline and post-drug day:
caffeine 2.5 mg/kg: (F»0=0.12,N.S.); caffeine 5 mg/kg: (F,:5=0.34,N.S.); caffeine 10
mg/kg: (F216=1.17,N.S.).

The present study shows that caffeine, given intravenously at doses that elicit behavioural
stimulation, increases extracellular DA in the PFCx but not in the NAc shell or core. The lack
of the ability to increase DA in the NAc shell makes caffeine different from drugs provided
with positive reinforcing and addictive properties that share the property of preferentially
increasing DA in the NAc shell (Cadoni and Di Chiara, 1999; Pontieri et al., 1996; Tanda et
al., 1997; Pontieri et al., 1995). This difference in turn is consistent with the lack of addictive
properties of caffeine (Nehlig, 1999; Majchrzak et al., 1992). Therefore, the present results
substantiate the hypothesis that the property of increasing DA in the NAc shell is a
biochemical expression of the addictive potential of a drug (Di Chiara, 1999). However, the
observation that caffeine, fails to stimulate DA in the NAc does not exclude that the NAc
plays a role in the psychostimulant effects of caffeine through blockade of A,a receptors that
normally act antagonistically with DA D, receptors on striatal neurons (Fredholm and
Svenningsson, 1995; Ferre et al., 1997) .

Caffeine stimulates DA and ACh transmission in the PFCx. This effect could be related to the
psychostimulant effects of caffeine but it is unclear if this change is the cause or the effect of
the stimulant properties of caffeine on behaviour. Thus, it has been proposed that adenosine,
by acting onto the cell bodies of pontine cholinergic projection nuclei regulates arousal
(Rainnie et al., 1994; Strecker et al., 2000). These neurones, through their connection with
cortically projecting cholinergic neurons (Mesulam et al., 1983; Schwaber et al., 1987) are
thought to regulate cortical activity; DA transmission might be involved in this function
through its projections to the magnocellular cholinergic nuclei of the basal forebrain (Zaborszky
and Cullinan, 1992).

As to the mechanism of these stimulant effects of caffeine on cortical DA and ACh, the
observation that they can be reproduced both by DPCPX (Bruns et al., 1987) and by SCH
58261 (Zocchi et al., 1996), coupled with the property of caffeine to act at both A; and Aza
receptors indicates that, at least in principle, both receptors can be responsible for these



effects. Thus, combined blockade of A; and A, receptors might explain the high in vivo
potency of caffeine on DA and ACh transmission compared to its relatively low affinity for
each receptor subtype in vitro (Fredholm and Svenningsson, 1995).

The present study also showed that chronic exposure to caffeine resulted in tolerance to its
locomotor stimulant effects (Chou et al., 1985), an action that was accompanied by tolerance
to stimulation of DA in the PFCx. No tolerance was obtained to the stimulant effects of
caffeine on ACh release. Therefore, the stimulant properties of caffeine on motor activity
(locomotion) might be related to release of DA in the PFCx: one might ask what is than the
correlate of stimulation of ACh release in the cortex given the fact that, in contrast to DA,
tolerance does not take place to the effect of caffeine on ACh transmission in the PFCx. We
tentatively suggest that this effect is related to the arousing effects of caffeine that are likely to
be resistant to tolerance.

A number of studies have attributed a critical role in the regulation of short term memory
function to DA transmission in the PFCx (Sawaguchi and Goldman-Rakie, 1991; Adams and
Moghaddam, 1998). Thus, given the finding that caffeine stimulates DA release in this brain
region, it was intriguing to determine if caffeine-induced increases of DA release in the PFCx
were paralleled by a significant improvement of short term memory function. Thus, the
present study also addressed whether caffeine could affect (either ameliorate or worsen)
correct performance in a rat model of spatial working memory: our results indicate that
caffeine does not affect this measure of short term memory. Finally, while our results in the
SDAT model, do not support the finding that caffeine improves short term memory in humans
(Smith and Gallagher, 1999), they do not exclude that caffeine might positively affect some
attentional aspects of performance in tasks of working memory that may escape detection in
the SDAT model. In this regard, further experiments aimed to specifically address this issue
are required.
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SUMMARY

Huntington’s Disease (HD) is a neurodegenerative disorder caused by expansion of a CAG
repeat in the gene encoding for Huntingtin (Htt) and resulting in progressive degeneration of
the striatal GABAergic/enkephalin neurons. These neurons express both the A,x and D2
receptors which stimulate and inhibit adenylyl cyclase, respectively. In this study we analyzed
the possibility of an involvement of the Ass receptor and its signalling components in the
pathogenesis of HD. We report here that striatal cells expressing mutant Htt exhibit increased
binding affinities for the selective Asa receptor ligand 3H-ZM 241385. Furthermore, despite
identical basal adenylyl cyclase activity in all cells, forskolin, a direct activator of this
enzyme, significantly over-stimulated cAMP production in mutant Htt cells with respect to
parental or wild type Htt-expressing cells. Remarkably, coupling of the Aja receptor to
adenylyl cyclase was also aberrantly increased. Nevertheless, in all clones, stimulation of
cAMP production by 10-7 M NECA was fully counteracted by selective A,s receptor
antagonists as ZM 241385, SCH 58261, CGS 15943 and caffeine. Altogether, these data
suggest that expression of mutant Htt induces an amplification of adenylyl cyclase-transduced
signals and an aberrant coupling of the A5 receptor to this transduction system. Given the
involvement of adenylyl cyclase in key physiological functions including cell growth and cell
survival, we speculate that these changes may alter the susceptibility of striatal neurons to cell
death and may contribute to the development of HD.

INTRODUCTION

Huntington's disease is a dominantly-inherited neurodegenerative disorder featuring
progressive worsening chorea, psychiatric disturbances and cognitive impairment due to brain
cell loss, with basal ganglia showing the most dramatic morphological abnormalities and
degeneration (Ross, 1995). The disease is caused by expansion of a polymorphic CAG
trinucleotide repeat encoding a poly-glutamine tract in Huntingtin (Huntington’s Disease,
1993), a 3154 aa protein with recently described antiapoptotic functions (Rigamonti et al.,
2000), which may be essential for normal embryonic development (Duyao et al., 1995) and
neuronal survival in adulthood (O’Kusky et al., 1999).

Adenosine is a neurotransmitter whose actions are mediated by four G-protein-coupled
receptors (the Aj, Aza, Az and Aj receptors, Fredholm et al., 1994). Adenosine agonists
induce potent psychomotor depression and inhibit the locomotor activity induced by
dopamine agonists. This adenosine-dopamine interaction mainly depends on a post-synaptic
Aja receptor-D; receptor interaction in striatum (Ferré et al., 1993). In this brain area, A2A
receptors are co-expressed with D, receptors on GABAergic enkephalin neurons, which are
key components of the “indirect” striatal efferent pathway involved in regulation of motor
activity, and are highly affected in HD (Reiner et al., 1988). By activating A2A receptors on



these neurones, adenosine acts as a dopamine functional antagonist. Interestingly, Asa
receptors stimulate and D, receptor inhibit adenylyl cyclase, which represents a key target in
mediating the opposite effects of these two transmitters (Ferre et al., 1993).

Therefore, the possibility that changes in the adenosine-dopamine system in striatum play a
role in the motor dysfunction typical of HD remains a strong one. Interestingly, adenosine has
been suggested to act as a trigger for development-associated apoptosis (Jacobson et al.,
1999), and, under specific conditions, activation of the A5 adenosine receptor may result in
cell death (Ongini and Schubert, 1998). It may hence be hypothesised that a dysregulation of
adenosine-mediated cell death, likely due to an alteration of A,s receptor expression or
function, may contribute to neurodegeneration in HD.

Here we tested the possibility that mutant Htt may alter A4 receptor signalling. In particular,
we found that striatal cells expressing mutant Htt (Rigamonti et al., 2000) show an aberrant
amplification of cAMP formation upon exposure to either forskolin or, more remarkably,
adenosine receptor agonists, suggesting a specific interaction of mutant Htt with this
transduction system. We speculate that such changes may contribute to the development of
HD. Interestingly, selective Asa receptor antagonists as ZM 241385, SCH 58261, CGS 15943
or caffeine retained their ability to fully counteract A, receptor-mediated cyclase stimulation
also in mutant Htt-expressing cells, hence highlighting, for the first time, a potential use of
these compounds in the pharmacological treatment of HD.

MATERIALS AND METHODS
Materials

3H-ZM 241385 (specific activity 17 Ci/mmol) were from Tocris Cookson Ltd (Bristol, UK).
3H-cAMP (specific activity 21 Ci/mmol) was purchased from the Radiochemical Centre
(Amersham, UK). NECA (5'-N-ethylcarboxamidoadenosine), Ro 20-1724, (4-(3-butoxy-4-
methoxybenzyl)-2-imidazolidinone), GTPyS, cAMP and forskolin were from Sigma
Chemicals Co. (St. Louis, MO). SCH 58261 were from the Schering-Plough Research
Institute, Milan, Italy. Aquassure and Atomlight were from NEN Research Products (Boston,
Mass., USA). All other reagents were of analytical grade and obtained from commercial
sources.

Cell Culture

Parental ST14A cells and stable subclones expressing either 548 aminoacids N terminal to the
protein in the wild-type (N548wt) or mutant (N548mu) versions, or the full-length wild-type
(FLwt) and full length mutant (FLmu) proteins (Rigamonti et al., 2000) were grown at 33°C
in the presence of Dulbecco’s Modified Eagle Medium supplemented with 10% foetal bovine
serum as previously described (Cattaneo and Conti, 1998). All transfected subclones have
been previously demonstrated to express the exogenous proteins at comparable levels at least
up to 25 passages in culture (Rigamonti et al., 2000). Expression levels are routinely checked
by Western blot in early passaged cells. Cells were used when 80% confluent.

ReverseTranscriptase-Polymerase Chain Reaction (RT-PCR)

Total RNA was prepared from cells and tissue using Triazol Reagent (Gibco, BRL).
Retrotranscription of RNA was performed with SuperScript II (Gibco, BRL) according to the
instructions of the manufacturer and using 250 ng of random primers. 20 U of RNAseOUT
(Gibco, BRL) were added to each reaction. 0.5 ng of cDNA were amplified by PCR using



DyNAzyme EXT (Finnzymes) and primers specific for the A4 receptor. PCR was carried out
for 40 cycles with the following parameters: denaturation at 95°C for 30 sec., annealing at
54°C for 30 sec., extension at 72°C for 7 min.

Receptor binding studies

Cells were washed with phosphate buffered saline and scraped off T75 flasks in ice cold
hypotonic buffer (5 mM Tris HCI, 2 mM EDTA, pH 7.4). The cell suspension was
homogenized with Polytron and was centrifuged for 30 min at 48,000 g and each pool was
used to perform a single saturation experiment. The membrane pellet was resuspended in 50
mM Tris HCIL, 120 mM NaCl, 5 mM KCI, 10 mM MgCI2 and 2 mM CaCl2, pH 7.4,
incubated with 2 I.U./ml of adenosine deaminase for 30 min at 37°C and centrifuged for 30
min at 48,000 g. The resulting pellet was resuspended at a concentration of 100-150 pg
protein/100 pl and this homogenate was used for assaying binding of 3H-ZM 241385 (4-(2-
[7-amino-2-(2-furyl)[1,2,4]triazolo-[2,3a][1,3,5]triazinyl-amino]ethyl) phenol) (Poucher et al.,
1995). The protein concentration was determined according to a Bio Rad method (Bradford,
1976) with bovine serum albumin as a standard reference. In saturation studies, as previously
described (Varani et al., 1997), cell membranes were incubated for 60 min at 4°C with 8-10
different concentrations of 3H-ZM 241385 (0.05-10 nM) in a total volume of 250 pl. Non-
specific binding was defined as binding in the presence of 10 uM NECA and was about 40%
of total binding. Bound and free radioactivity were separated by filtering the assay mixture
through Whatman GF/B glass-fibre filters using a Micro-Mate 196 cell harvester (Packard).

The filter bound radioactivity was counted using a microplate scintillation counter (Top
Count) at an efficiency of 57% with Micro Scint 20. A weighted non linear least-squares
curve fitting program LIGAND (Munson and Rodbard, 1980), was used for computer analysis
of saturation experiments.

Measurement of cAMP levels

Cells were washed in phosphate buffered saline and centrifuged for 10 min at 200 g. The
pellet resuspended in a buffer containing 120 mM NaCl, 5 mM KCl, 0.37 mM NaH2PO4, 10
mM MgCl12, 2 mM CacCl2, 5 g/ D-glucose, 10 mM Hepes-NaOH, pH 7.4, and centrifuged
again for 10 min at 200 g. Cells (4x105 cells/tube) were then suspended in 0.5 ml incubation
mixture described above containing 1.0 .U. of adenosine deaminase/ml and 0.5 mM 4-(3-
butoxy-4-methoxybenzyl)-2-imidazolidinone, Ro20-1724, as phosphodiesterase inhibitor) and
preincubated for 10 min in a shaking bath at 37°C. Then forskolin (1 uM) or NECA (1 nM-10
puM) were added to the mixture and the incubation continued for a further 5 min. The effect of
several Ay receptor antagonists such as CGS 15943 (1 uM), ZM 241385 (1 uM) and SCH
58261 (1 uM) was determined by antagonism of NECA (100 nM)-induced stimulation of
cyclic AMP levels. The reaction was terminated by the addition of cold 6% trichloroacetic
acid (TCA). The final aqueous solution was tested for cyclic AMP levels by a competition
protein binding assay carried out as previously described (Varani et al., 1998). Samples of
cyclic AMP standards (0-10 pmol) were added to each test tube containing trizma base 0.1 M,
aminophylline 8.0 mM, 2 mercaptoethanol 6.0 mM, pH 7.4, 3H-cAMP and binding protein,
previously prepared from beef adrenals, was added and incubated at 4°C for 90 min. The
samples, after the addition of charcoal, were centrifuged at 2,000 g for 10 min. The clear
supernatant (0.2 ml) was mixed with 4 ml of Atomlight and counted in a LS-1800 Beckman
scintillation counter.



RESULTS

Both parental striatal-derived ST14A cells and Htt-engineered subclones express the Aja
adenosine receptor

Reverse-transcriptase polymerase chain reaction was used to detect the presence of Aja
receptor mRNA levels in parental ST14A cells and in the various stable subclones expressing
N548wt, N548mu, FLwt and Flmu Htt proteins. All subclones expressed the 630 bp band
corresponding to the Ay receptor mRNA, although to a different extent. Despite differences
in mRNA levels, comparable A4 receptor protein densities are found in all clones, as shown
by radio-ligand binding studies performed with the highly selective A;s receptor antagonist
3H-ZM 241385 (Table 1). Scatchard-plot analysis revealed the presence of a single class of
specific, high affinity and saturable binding sites in both ST14A and in Htt-expressing cells,
with comparable Bmax values, independently of the presence of normal or mutant Htt
(Table 1).

Table 1. Binding parameters of the A;, adenosine receptors antagonist [3H]-ZM 241385 in
ST14A striatal membranes, in wt and muHtt in stable cell clones

ST14A FL wt N548 wt FL mu N548 mu
Kd (nM) 230+0.10 | 2.42£0.08 | 2.48+£0.08 | 1.61 £0.06* | 1.32 £ 0.06**
Bmax 92+6 90 £ 8 90+ 6 93+5 90+3
(fmol/mg protein)

Analysis was by Student's t test; * P <0.05 vs control; ** P <(.01 vs control.

Kd values were instead significantly reduced in FLmu cells with respect to parental ST14A
cells, a change which was even more significant in N548mu cells (Table 1). Comparable data
were obtained with the A,a receptor ligand 3H-ZM 241385. For the ST14A, FLwt, N548wt,
Flmu and N548mu, Kd values were, respectively: 2.30+0.10; 2.42+0.08; 2.48+0.05; 1.61%
0.06*; 1.3240.06** nM (* P <0.05 vs control; ** P <0.01 vs control); corresponding Bmax
values were 9216; 90+8; 90+6; 9315; 90+£3 fmol/mg protein. No changes of Kd values were
detected in clones expressing either FLwt or N548wt (Table 1). These data suggest a selective
increase of binding affinity in the presence of mutant Htt.

Forskolin-stimulated adenylyl cyclase response is selectively altered in cells expressing
mutant Htt

Since the A,s adenosine receptor is coupled to stimulation of adenylyl cyclase via Gs
stimulatory proteins leading to cAMP increases, we analyzed the sensitivity of adenylyl
cyclase to agents that are known to specifically activate this effector system.

Despite no changes of basal enzyme activity (Table 2), response of adenylyl cyclase to the
direct activator forskolin (utilized in the presence of the cAMP-dependent phosphodiesterase
inhibitor RO 201724) was notably increased in N548mu (and Flmu) cells with respect to
parental or wild-type Htt cells. As shown in Table 2, an amplification of cAMP formation was
already demonstrable with forskolin alone in N548mu cells.



Aja receptor-stimulated adenylyl cyclase is aberrantly increased in cells expressing
mutant Htt

When the adenosine analogue NECA was applied to the cells, an aberrant amplification of
adenylyl cyclase response was detected selectively in cells expressing mutant Htt. In all
clones NECA (0.1 nM-10 uM) significantly increased cAMP production in a concentration-
dependent manner. However, the log dose-response curve for NECA in cells expressing either
N548wt and FLwt or N548mu and FLmu reveals that cAMP formation was significantly
higher in the latter two at almost all agonist concentrations with respect to parental ST14A
cells (EC50 values: 198+15%*; 93+9** nM in FLmu and N548mu, respectively, versus 270+10
in ST14A cells; *P< 0.05; **P< 0.01 vs control). No differences of NECA responses were
detected in FLwt and N548wt cells with respect to ST14A cells at any of the utilized agonist
concentrations (EC50 values: 253111 and 236113, respectively) (Table 3).

Table 2. Cyclic AMP levels in ST14A striatal cells, wt and mu Htt in stable cell clones

ST14A FL wt N548wt FLmu  N548 mu

Basal level 182 19+£2 18t1 202 201
Forskolin 1 uM 45 +5 54+6 47+3 55£5 72 4%

Forskolin 1 pM + 584 606 636 787 88 + 5*
Ro 201724 0.5 mM

The data are expressed in pmol/10° cells.\Analysis was by Student's t test; *P <0.01 vs
control

Table 3. Stimulation of cyclic AMP levels in ST14A striatal cells, wt and muHtt in stable cell
clones by NECA (1 nM-10 pM)

ST14A FL wt N548 wt FL mu N548 mu

ECso (nM) 270+ 10 253 £ 11 236 +13 198 £ 15* 93 & O**

Analysis was by Student's t test; *P <0.05 vs control; **P <0.01 vs control

These results are suggestive of a selective increase of responsiveness of the adenosine A2A
receptor/adenylyl cyclase system in the presence of mutant Htt. This behavior is unrelated to
changes of endogenously produced adenosine since adenosine deaminase was present during
the adenylyl cyclase assay.

Selective A4 receptor antagonists revert A;,-stimulated cAMP formation in both
parental and Htt-expressing cells

To further confirm that the effect induced by NECA on cAMP formation is due to stimulation
of the A,a receptor subtype, we performed experiments in the presence of adenosine receptor
antagonists characterised by various degree of selectivity towards the A, adenosine receptor
subtype. As shown in Table 4, in STI14A cells, both the relatively-selective antagonists
CGS15943 and ZM 241385, and the highly-selective antagonist SCH 58261 completely
prevented the increases of cAMP induced by NECA at an agonist concentration (100 nM)
which selectively stimulates adenylyl cyclase via the Aj5 receptor. Also caffeine is able to



block completely the stimulatory effect NECA mediated. Remarkably, all the tested
antagonists retained the ability to counteract NECA-induced cAMP formation also in cells

expressing mutant Htt, where adenylyl cyclase activity is aberrantly increased with respect to
ST14A and to wild-type Htt cells.

Table 4. Antagonism on NECA-stimulated cyclic AMP levels by typical A4 adenosine
antagonists in ST14A striatal cells, wt and muHtt in stable cell clones

ST14A FL wt N548 wt FL mu N548 mu

Basal level 18+2 19+2 18+ 1 202 201
NECA 100 nM 38 £5 39+5 40t 4 48+3 55+6
SCH 58261 1 pM + 20 + 4* 19 + 3* 20 £2* 21 £ 2% 21 £3*
NECA 100 nM
ZM 2413851 uM + 18 £ 3* 19 £3* 18 £ 2% 19+ 1* 19+£1*
NECA 100 nM
CGS15943 1 pM + 19 +3* 20 + 3* 18 £2* 19+ 1* 21 £3*
NECA 100 nM
Caffeine 1 pM + 20 £ 4%* 22 + 4% 22 + 3% 21 £ 2% 21 +3*
NECA 100 nM

The data are expressed in pmol/10° cells. Analysis was by Student's t test; *P <0.01 vs
cAMP stimulation NECA-mediated

DISCUSSION

The A4 adenosine receptor plays an important role in striatal function (Ferre et al., 1993).
The present study describes, for the first time, an alteration of A,s adenosine receptor
signalling specifically associated with the expression of mutant Htt. In particular, we have
used a parental striatal cell line and the Htt-engineered derivatives express the A, adenosine
receptor (Cattaneo and Conti, 1998). Both parental striatal cells and the Htt-engineered
derivatives express the Aja receptor, hence validating this model as suitable to study possible
changes induced by mutant Htt on this receptor system. We found decrease levels of Aja
receptor mRNAs in mutant Htt cells. However, the density of the receptor protein was
comparable in all clones as detected by binding studies. Despite no change in Bmax values,
we revealed a moderate but statistically significant increase of ligand binding affinity in cells
expressing mutant Htt, suggesting that mutant, but not wild-type Htt, may interfere with the
kinetics of A, receptor binding by endogenous adenosine.

Our results also highlight profound changes of adenylyl cyclase response selectively in
mutant Htt cells. Response to forskolin was significantly increase in these cells and more
remarkably, an even higher amplification of Aja receptor-mediated cAMP formation was
observed. From our data it is also clear that changes of A, receptor signalling are much more
evident in cells expressing truncated mutant Htt with respect to full-length mutant Htt. This
finding may have intriguing functional implications, since the N548 fragment expressed in
our cells mimicks one of the potential fragments suggested to be produced by proteolytic



cleavage of Htt and which may be required for the expression of mutant Htt citotoxicity and
aggregates formation. Recent data demonstrate that the full length mutant protein is gradually
processed over time in vivo to generate amino-terminal fragment that progressively
accumulate into the nuclear and in axons and synaptic terminals. Truncated mutant Htt has
been also demonstrated to carry significantly higher toxicity with respect to the full length
protein. One could speculate that N548mu cells may reflect a more advanced stage of the
disease where the aberrant behaviour of the A, receptor is maximally expressed.

A possible role of this receptor in the etiopathology of HD is also consistent with literature
data suggesting that the A,a receptor may contribute to cell death in ischemia-associated
neurodegeneration, and that A, receptor antagonists may indeed prove useful in preventing
such damage (Abbracchio and Cattabeni, 1999; Jones et al., 1998; Monopoli et al., 1998). In
this respect, our demonstration that selective A,s receptor antagonists retain their ability to
fully block NECA-stimulated adenylyl cyclase may disclose new avenues in the
pharmacological manipulation of Huntington’s Disease.
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SUMMARY

Brazil is the world’s largest coffee grower and second largest coffee consumer (over 25% of
world production and 12,5% of world consumption). Its production in 2000 year was 31,1
million bags of 60 kg (80% Arabica and 20% Robusta). Brazil is the unique country in its
ability to offer natural, pulped natural or washed coffees.

There are five Arabica coffee producing states, mostly natural processed coffee which is dried
with the pulp intact in order to acquire natural sweetness. In addition, the newer natural
pulped method allows the sugar of the mucilage to impart flavor and body. Washed coffees
are produced in smaller quantities. By growing many varieties at different altitudes and
climates and by using three different processing methods Brazil’s presents the world with a
coffee for every palate.

To study the quality of this diverse coffee the present investigation were conducted to
generate coffee flavour descriptions and to notice those attributes that make some coffees
extremely distinctive or similar to others resulting in a mapping showing a good separation of
the Brazilian regions studied.

Quantitative descriptive flavour profiling of the samples was carried out following the ICO
coffee sensory evaluation method. Panel members entered scores directly into a computerized
sensory data collector system Compusense with statistical software for immediate analysis.
The chemical composition of the green and roasted coffee beans was determined as
complementary information. For the sensory evaluation of the 80 coffee samples seven
trained panelists profiled in a replicate blind test and showed consistency.

The Natural coffees present strong body and aroma, mildly acidity and sweet flavor. The
Natural pulped coffees present good body and aroma, low acidity and some sweetness. The
washed coffees present high acidity, weak body and aroma. The mostly of natural coffees
from state of Sdo Paulo exhibit strong body and aroma, natural sweetness and lower acidity,
from South Minas natural coffees exhibit a characteristic sweet flavor, heavy in body with
mild acidity and from Natural Cerrado, coffee have a fine cup, strong body and excellent
aroma and sweeteness. Natural coffees from the state of Bahia have strong body and
pronounced sweeteness. Parana quality coffee creates the typical flavor of Parand natural. The
state of Espirito Santo offers a wide variety of tastes: from the finest pulped naturals and
naturals, which exhibit a specialty quality soft cup to the Rioy coffees.



It is possible to cluster coffee samples related to chemical constituents and sensory attributes.
Vector plots of sensory, chemicals and mineral content variables can explain in a simplified
way the differences between all of the samples analysed, and confirmed the unique
characteristics of each producing coffee area.

INTRODUCTION

Brazil is the world’s major coffee producer and the second largest consumer of this important
commodity (25% of the world production and 12,5% of the global consumer market).

Brazil should better exploit both its position as the world’s leading coffee producer and its
natural resources to harvest a product of outstanding quality that favorably compares to the
product grown by other important coffee producing countries. Its vast territory and the large
variety of different soils and climatic conditions enable Brazil to produce virtually every
known coffee variety and meet whatever consumer needs and preferences. Brazil is unique in
its ability to offer nearly any variety and quality level of coffee that consumers from all over
the world may require: Arabica or Robusta; naturals, pulped naturals or washed; single origin,
varieties or blends made to be order; large volumes or specialty and also custom and niche
products (such as organic coffee). There are six main coffee producing states of Brazil grow
mostly natural, dry processed coffees which are dried with the pulp intact to impart natural
sweetness to the product. In addition to these, pulped natural coffees, which retain most of the
sugar in the mucilage and impart flavor and character to the bean, and washed coffees are
grown in smaller proportions.

Arabica coffee is primarily produced by the following Brazilian states: Minas Gerais, Sao
Paulo, Parana, Espirito Santo and Bahia. The largest producers of Robusta coffee are: Espirito
Santo, Bahia and Rondonia.

OBJECTIVE

The main objective of the study was to analyze both the sensory and chemical quality of Brazilian
coffee and subsequently use these data to develop typical quality profiles for coffees produced in
different Brazilian regions.

METHODS

Experiments were carried out on samples of 5 kg green Arabica coffee - either sundry and/or
using an appropriate drier - and free of some defects such as black beans, unripe (immature)
beans and ardidos beans. The origin of the samples was as follows:

o samples of dry processed coffee: 30 from Sao Paulo State, 19 from Minas Gerais, 2 from
Parana and 1 from Bahia;

o samples of pulped natural coffee: 7 from Minas Gerais, 2 from S3o Paulo, 1 from Espirito
Santo and 3 from Parana;

e samples of wet processed coffee: 4 from Bahia, 10 from Minas Gerais, 1 from Parana and
2 from Espirito Santo.

Chemical Analysis
The physico-chemical constituents analyzed were: moisture (Instituto Adolfo Lutz, 1985),

protein (A.A.C.C, 1990), raw fibers (DIEMAIR, 1963), ash, lipids, tannin, total and reducing
sugars. Total acidity was determined only in samples of roasted coffee. (A.O. A. C., 1998).



Simultaneous determination of caffeine, trigonelline and chlorogenic acid was performed in
coffee samples by high performance gel filtration liquid chromatography (De Maria, Trugo
and Moreira, 1995)

The analysis of mineral elements and trace elements in green coffee was determined by using
Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES).

Roasting and Grinding

Around 5 kg of green beans were roasted until medium roasted in a conventional drum roaster
at 185°C to 210°C for 13-15 minutes”, with a weight loss of 16-17%. Upon roasting, the
coffee samples were ground using a LA CIMBALI grinder.

A color measurement of the roasted and ground coffee was recorded to indicate the degree of
roast at which the coffees were evaluated.

Brewing

The beverage samples were prepared by weighing and suspending 55 g of roasted and ground
coffee into 1 liter of water at 95°C. The resulting beverage was then filtered through standard
Melitta coffee filters and held in a vacuum flask for no longer than 30 minutes.

Sensory Evaluation

Quantitative descriptive analysis of the samples were carried out following the International
Coffee Organization (ICO) coffee sensory evaluation method. The method uses a coffee
vocabulary created by consumers and a trained panel to select all sensory characteristics of
each individual coffee. To profile a coffee, the intensity of each aroma, flavor and mouthfeel
are attributed to ICO coffee vocabulary in order to perception the intensity of selected sensory
terms is assessed on a line scale. The panel members entered scores directly into a
computerized sensory data collector system Compusense Five 4.0 with statistical software for
immediate analysis.

A complete randomized design was selected for the assessment of the coffee samples.
Panelists received only two samples per session and each was assessed individually. The
tasting temperature was between 60-70°C and an structured 10 cm scale was used to rate the
intensity of each of the sensory characteristics in a blind test.

Statistical Analysis

The statistical analysis applied to the collected sensory evaluation data and chemical
composition were principal component analysis (PCA) and cluster analysis.

RESULTS
Chemical composition of raw and roasted coffees
The results of the physico-chemical analysis carried out to determine the chemical

composition of raw and roasted coffee samples are presented in Table 1, which shows the
minimum, mean and maximum values relative to the following composition parameters:



moisture, ash, lipids, protein, raw fibers, total and reducing sugars, acidity, tannin,
chlorogenic acid, trigonelline and caffeine.

The greatest variations in the chemical composition of the raw coffee samples tested were
relative to the levels of lipids and crude fibers.

As to roasted coffee, the data presented in Table 1 show that the most significant degree of
variation occurs in terms of lipids and total acidity levels.

Table 1. Chemical Composition of Raw and Roasted Coffees

Determination Raw Coffee Roasted Coffee
Minimum Mean Maximum Minimum Mean Maximum

Moisture /100g) 8.1 9,7 12.7 0.6 1,5 3.9
Ash (g/100g) 3.0 3,4 3.8 3.6 4,0 5.0
Protein /100g) 9.8 13,2 15.9 11.0 15,0 16.5
Lipids /100g) 6.8 12,3 14.8 7.7 14,0 17.3
Total sugar (g/100g) 4.5 8,9 11.2 0.4 1,7 3.6
Reducing sugar (g/100g) <0.1 0,4 1.0 0.1 0,9 2.2
Tannin (g/100g) 1.7 2,9 4.7 2.0 2,8 4.4
Crude Fiber (g/100g) 9.8 12,1 15.7 10.7 12,7 18.6
Acidity (ml NaOH N/100g) n.d. n.d. n.d. 11.8 20,4 29.7
Chlorogenic Acid (g/100g) 4.4 53 7,0 2,0 3.0 39
Trigonelline(g/100g) 0,7 0,9 1,2 0,4 0,6 0,9
Caffeine (g/100g) 0,8 1,0 1,3 0,7 1,1 1,4

n.d.=not determined

The most significant variations were observed in terms of lipids, total sugars, tannin and
protein contents.

Also the values relative to acidity varied widely between the samples analyzed.

Only moisture and protein contents were found to be relatively constant among the samples
tested, while the values relative to all the other composition parameters investigated varied
significantly.

Caffeine was found to be present at concentrations ranging between 0,8 and 1,3 g/100 g,
whereas the level of chlorogenic acid varied from 4,3 to 7,0 g/100 g and the values relative to
trigonelline from 0,6 to 1,25 g/100 g.

Caffeine was found to be present in roasted coffee at concentrations ranging between 0,7 and 1,4
g/100 g., while the content of chlorogenic acid varied from 2,0 to 3,9 g/100 g and that of
trigonelline from 0,4 to 0,9 g/100 g.

According to the literature available in this field, the concentration of chlorogenic acid and
trigonelline is expected to be considerably lower in roasted coffee than in raw coffee since
these compounds are heat-unstable and decompose at roasting temperatures into a series of
other substances that decisively contribute to the formation of the typical coffee flavor and
aroma. Caffeine, however, remains stable even at the highest roasting temperatures. For that
reason, any changes that occur in the concentration of caffeine are due to the loss of moisture
that takes place during the roasting process.



Illy and Viani (1996) reported a mean value of 1,2% caffeine for Arabica coffee and 2,2% for
Robusta. The levels of trigonelline determined in Arabica ranged from 0,6 to 1,3%, while in
Robusta trigonelline was found to be present at concentrations varying between 0,3 and 0,9%.
The level of chlorogenic acid varied from 6 to 7% in Arabica coffee and was found to be
constant at 10% in Robusta.

Coffee Mineral Composition sorted per state of Brazil

The mean value, standard deviation and maximum and minimum levels of each mineral
element are presented-sorted per state and expressed in mg/kg, in Tables 2 to 7.

The variations observed in the mean values were relative to the mineral elements calcium,
magnesium and potassium.

Particularly high levels of Cu, Fe and Ni were detected in samples from 3 municipalities
located in the State of Sdo Paulo and 1 from Bahia. The levels of Al, Ba, Co, Fe and Zn varied
significantly from state to state. The levels of the elements Ca, P, Mg , Mn and K were found
to be similar in the samples from the states SP, MG, ES, BA and PR and these findings show
that coffee may be considered to be a good source of these minerals. The variations in the
mineral content of coffee samples produced in different states are probably dependent on a
number of factors, such as coffee variety, soil type, the time of year the coffee is harvested,
the use of specific fungicides and fertilizers.

Quantitative Descriptive Sensory Analysis

Coffee samples can be divided into groups according to their sensory attributes. Classifying the
samples based on their geographical origin is not really feasible since different coffees grown in
the same state or region often prove to be quite different in terms of overall and sensory quality
characteristics. Therefore, it would be much more interesting and technically meaningful to
classify the coffee samples according to a set of properties, as shown in Figure 1. Statistical
evaluation in which the cluster technique is applied to the mean values of each individual sensory
attribute classifies the coffee samples into three clusters, as shown in Figure 1.

Cluster 1 — Samples with cereal aroma : 8, 25, 26, 27, 49, 50, 53, 54, 55, 56, 57, 58, 60, 61,
62, 63, 64,67, 68, 69,72, 73,74,75, 76,77, 78, 79, 80.

Cluster 2 — Samples with a burnt aroma, bitter taste, more intense body characteristics and
harshness (astringency): 1, 4, 10, 12, 28, 39, 40, 41, 42, 43, 46, 59, 65, 66, 70, 71.

Cluster 3 — Samples with more intense typical R&G coffee fragrance (odor) and less intense
cereal, caramel, chocolate and burnt aromas: 2, 3,5,6,7,9, 11, 13, 14, 15, 16, 17, 18, 19, 20,
21,22,23,24, 29,30, 31, 32, 33, 34, 35, 36, 37, 38, 44, 45,47, 48, 51, 52.

Figure 2 shows that principal components 1 and 2 account for 44,3% of the differences between
the samples of dry processed coftee. The differences observed are relative to the following
attributes: typical R&G coffee fragrance, ashy-like, burnt, cereal, nutty and woody-like flavors,
sweet taste, body characteristics (fullness) and astringency. In general, samples 52 and 53
possessed the most pronounced typical R&G coffee fragrance while sample 4 presented the
lowest degree of intensity for this attribute. Sample 80 was identified as having the most intense
ashy-like aroma, whereas samples 17, 18 and 29 presented the lowest intensity. The burnt aroma
of sample 46 was much more intense than that of sample 33 and the range of variation for this
attribute was particularly significant. The intensity of the cereal aroma of samples 25, 66 and 80
differed greatly from that of sample 35, presenting mean values that were much higher compared



to the mean values of cereal aroma of all the other coffee samples investigated. The intensity of
the nutty aroma of sample 25 differed significantly from that of sample 34, which presented the
lowest mean value for this attribute. Sample 10 presented the highest mean value for woody-like
aroma and differed significantly from samples 5, 6, 16, 29, 31, 33, 34, 36, 60, 65 and 66. Sample
78 from the state of Parand presented the highest value for sweet taste and differed significantly
from all the other samples evaluated as to the intensity of this sensory attribute. Samples 2, 11, 13,
15 e 31 were identified as those with the less intense sweet taste. Sample 66 was considered to be
the sample with the best body characteristics (fullness) and differed significantly from sample 36,
which was the sample that presented the poorest body characteristics of all the samples analyzed.
As to astringency samples 40 and 60 were found to present the highest values for astringency and
differed considerably from samples, 68, 73, 74 and 77, which received the lowest ratings for this
attribute. Furthermore, Figure 2 also clearly shows that the larger part of the coffees grown in the
state of Sao Paulo - particularly those from the Pinhal region — present a markedly more intense
typical R&G coffee fragrance, while sample 79 (Campinas) presented an intense nutty and sweet
taste.

The same comment applies to certain samples of ground coffee from the State of Minas
Gerais (samples 48 and 68). The coffee samples from the Pogos de Caldas region (samples 73
and 74) and those produced in the state of Parana (samples 77 and 78) stand out from all the
other samples in terms of sweet taste, while the overall aroma of samples 10 (Espirito Santo
de Pinhal-SP) and 59 (Varginha-MGQG) carries pronounced caramel-like notes. The following
samples presented high values for bitterness, astringency and body: samples 46 (Rio
Paranaiba-MG), 66 (Ubaporanga-MG), 70 (Campinas-SP), 65 (Santa Barbara do Leste-MG),
40 (Arceburgo-MG) and 39 (Varginha-MG).

Figure 3 shows that principal components 1 and 2 account for 48,3% of the differences between the
samples of pulped natural coffee. The most significant differences observed are relative to the
sensory attributes sweet taste and harshness (astringency). Sample 76 (Parand) was identified as
having the most pronounced sweet taste, while samples 21 and 22 (Sao Paulo) received the lowest
rating for this attribute. As for harshness (astringency), samples 38, 43, 47 ¢ 61 (all from the state of
Minas Gerais) were considered to be more astringent than sample 76 (Parand). Some coffees present
a markedly high degree of intensity for certain sensory attributes. This is especially the case of the
following samples: sample 42, which carries a strong woody-like aroma; sample 43, with intense
burnt/smoked aroma type; the coffee processed with mucilage produced in the highlands of the
State of Espirito Santo presented enhanced body characteristics (fullness); sample 63 (natural
pulped) presented an accentuated caramel flavour; and sample 75, which presented a pronounced
cereal aroma. The main characteristic of samples 58, 61, 69 and 75 is their highly intense and
typical R&G coffee fragrance (odour). As to all the other samples, none of them received any
outstanding score for any of the sensory attributes investigated.

Figure 4 shows that principal components 1 and 2 account for 43,6% of the differences
between the samples of wet processed coftee.

Samples 49, 50, 51, 56 and 57 presented the most pronounced typical R&G coffee fragrance.
On the other hand, the main characteristics of sample 26 was its strong caramel-like aroma.
Wet processed coffees tend to present a significant range of variation for sensory quality
characteristics such as acidity, sweet taste and harshness (astringency). Samples 62 and 72
were found to be very similar in terms of acidity and significantly different from sample 67,
which received a much lower rating for acidity. Samples 14, 49, 50, 51, 56 and 57 were found
to be very similar as to the intensity of sweet taste. As for astringency, sample 56 was found
to be significantly different from sample 67, which was the sample that presented the lowest
rating for this attribute.



TABLE 2 - Coffee Mineral Composition of

TABLE 3 - Coffee Mineral Composition of

Sao Paulo State Bahia State
Standard Min. Max. Standard Min. Max.

Element Mean Deviation Value Value Element Mean Deviation Value Value
Aluminium 20,0 + 29,6 1,02 137,0 Aluminium 17,8 + 8,4 12,4 32,2
Barium 7,12 + 3,89 1,74 17,6 Barium 1,64 * 0,84 0,427 2,41
Calcium 1253 + 167 961 1586 Calcium 1119 + 287 795 1503
Cobalt 0,390 + 0,330 0,000 1,61 Cobalt 0,069 + 0,095 0,000 0,183
Copper 31,3 + 71,2 8,36 369 Copper 57,0 + 90,9 12,0 219
Iron 152,0 + 328,0 23,0 1842 Iron 60,1 + 26,3 34,7 93,0
Phosphoru 1463 t 103 1290 1688 Phosphoru 1405 ¢ 127 1230 1537
Magnesiumr 1835 + 140 1526 2084 Magnesiunr 1777 + 165 1639 2050
Manganes: 35,2 + 11,9 21,4 60,5 Manganes: 20,3 + 3,8 15,0 24,6
Nickel 11,53 + 26,10 0,130 141,5 Nickel 2,08 + 2,21 0,468 5,26
Potassium 15147 # 957 12906 17003 Potassium 14509 # 1674 12252 16262
Zinc 8,50 + 10,20 3,71 57,0 Zinc 11,6 + 13,0 4,77 34,8
TABLE 4 - Coffee Mineral composition of TABLE 5 - Coffee Mineral Composition of

Minas Gerais State Parana State

Standard Min. Max. Standard Min. Max.

Element Mean Deviation Value Value Element Mean Deviation Value Value
Aluminium 14,7 + 18,2 0,610 106,2 Aluminium 6,48 + 2,9 3,57 10,82
Barium 4,42 + 3,12 0,88 13,6 Barium 3,52 + 1,59 1,07 5,40
Calcium 1487 + 721 919 5014 Calcium 1223 + 130 1068 1428
Cobalt 0,150 + 0,160 0,000 0,550 Cobalt 0,020 + 0,030 0,000 0,070
Copper 16,1 + 4.6 6,21 30,5 Copper 12,3 + 0,8 11,1 13,3
Iron 40,3 + 17,2 23,3 99,2 Iron 29,1 + 5,8 23,2 39,7
Phosphoru 1658 # 457 12 2773 Phoshorus 1242 % 105 1145 1374
Magnesiumr 2046 t 624 1303 3813 Magnesiumr 1431 + 267 1136 1868
Manganes: 34,3 + 1,2 14,2 64,6 Manganes: 31,1 + 7,6 17,9 38,4
Nickel 1,01 + 1,19 0,000 6,61 Nickel 0,610 0,10 0,520 0,790
Potassium 16084 + 3383 11315 25806 Potassium 12244 + 2602 9656 15365
Zinc 6,41 + 1,96 3,46 12,4 Zinc 4,34 + 1,1 3,58 6,35
TABLE 6 - Coffee Mineral Composition of TABLE 7 - Coffee Mineral Composition of

Espirito Santo State Brasil
Element Sample Standard Min. Max. Element Mean Standard Min. Max.

50 Deviation Value Value Deviation Value Value
Aluminium 11,1 11,0 4,3 23,8 Aluminium 16,3 + 22,5 0,610 137,0
Barium 3,63 2,28 1,02 5,21 Barium 5,23 + 3,64 0,430 17,6
Calcium 1279 205 1091 1497 Calcium 1347 + 508 795 5014
Cobalt 0,180 0,160 0,000 0,330 Cobalt 0,230 + 0,270 0,000 1,61
Copper 12,0 1,8 10,4 14,0 Copper 24,3 + 50,5 6,21 369
Iron 37,1 7,6 29,5 44,8 Iron 85,3 + 213,0 23,2 1842
Phosphoru 1289 61 1220 1337 Phosphoru 1523 + 338 1145 2773
Magnesiun 1581 121 1441 1651 Magnesiun 1885 # 462 1136 3813
Manganes: 36,2 10,3 24 .7 44 .5 Manganes: 33,7 + 11,8 14,2 64,6
Nickel 1,64 0,57 1,06 2,21 Nickel 5,27 + 17,17 0,000 141,5
Potassium 12761 952 11773 13673 Potassium 15219 + 2668 9656 25806
Zinc 5,05 0,7 4,35 5,72 Zinc 7,36 + 7,35 3,46 57,0
CONCLUSIONS

Coffee samples can be divided into groups according to their chemical composition and

sensory attributes.

The vectors that correspond to the chemical and sensory attributes explain in a simplified way
the differences between the samples analyzed after dividing the coffees into 3 categories
according to the method they were prepared (dry processed, pulped natural, wet processed).

In general, dry processed coffee produces a beverage with a strong aroma, moderate acidity,
strong body and natural sweetness.

Cup coffee brewed from natural pulped coffee gives a beverage with good aroma and body,
low acidity and reduced sweetness.

Wet processed (washed) coffee produces a markedly acid tasting beverage with less intense
body characteristics and less pronounced typical coffee aroma.



gt
6 |
4t
2t
0
L P —o— Cluster
O E U>__l L m = i E i % E E O No. 1
= 1%} X = b= w = O O w i O P ’
<L < O = *x O o = Z = m W
o s 3 < TR s O ¥ & o -0- Cluster
o) n 83 & © < = No.2
= E & O = [+ i
e pd = E
o E & o] n -~ Cluster
) < No.3
o
Figure 1. Cluster analysis of sensory attribute means
06 -
) Adstringency
05 (48
Body Bitterness
04 ©6)
i: 03_‘ Burnt/smokey
o (40) 5)
— . | 7o)
— 02450 1)
P 1 G (12) Ash
= 4 ) Shy
T 01463 (19)
S (23 Caramel
S @ @ 1 »
£ o0 9) LT pcar: eceal ﬁ,)
S 31 17) (44 Wood
(@] 34 G (15(; 8&3) Mg = Chocolate
T 01 (48) GO® o on
] | (32) (5857) ( J ( ) Acidity (30)
E 02 4 @B)Fragrance (60) Cereal
1 (73) T8 ray7y
03 -
Nuty Sweet
(79)
04 r I T I T T T T T T T 1
03 02 041 0.0 04 0.2 0.3 0.4

Principal Component 1 { 27 94% )

Figure 2. Principal component analysis of Natural coffees



Figure 3. Principal component analysis of Natural Pulped coffees
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SUMMARY

Drying and rehydration of plant material such as seed is an important industrial operation and
requires knowledge of the moisture diffusion throughout the material. This is especially true
for wheat grains that are usually partially rehydrated by soaking in water, a process known as
tempering, prior to milling. A similar process is being applied to green coffee beans especially
of the Robusta type to improve the organoleptic properties of the coffee beverage.

The principal aim of this study was to evaluate changes in the physico-chemical properties of
water molecules in green coffee beans after washing or steaming performed during the
industrial processing at Pacorini Silocaf (Trieste). In particular, nuclear magnetic resonance
(NMR) microscopy was applied to probe water distribution and mobility in Vietnam Robusta
green coffee beans (Coffea canephora). High resolution 'H spin-echo images revealed non-
destructively details of the bean anatomical structure and provided maps of some of the most
relevant water magnetic parameters such as longitudinal (77) and transverse (7») relaxation
times and diffusion coefficients (D). Moreover, by means of chemical shift imaging methods
it was possible to determine the distribution of water and lipids in dry and wet processed
beans. This pioneering study demonstrates that NMR microscopy can be used to probe non-
destructively water distribution and mobility in green coffee subjected to different industrial
processes of washing and steaming and to reveal microstructural details that could not be
obtained by using other techniques.

RESUME

La séchage et la réhydratation des échantillons végétaux comme les semences est une
opération industrielle importante et requiert la connaissance de la diffusion de 1’eau a travers
les tissus. Cela est vrai surtout pour les grains de blé qui sont communément partiellement
réhydratés par imbibition, un procédé connu comme le tempérage, avant la mouture. Un
procédé similaire est appliqué aux grains de café vert surtout de I’espece Robusta pour
améliorer les propriétés organoleptiques du produit final. Le but principal de cette étude était
I’évaluation des changements physico-chimiques des molécules d’eau dans les grains de café
vert apres le lavage et la vaporisation effectués pendant le traitement industriel chez Pacorini
Silocaf (Trieste). En particulier, la microscopie par résonance magnétique nucléaire (RMN)
du proton a été utilisée pour évaluer la distribution spatiale et la mobilité de 1’eau dans des



grains de café vert Robusta (Coffea canephora) cultivé au Vietnam. Des images spin-écho a
haute résolution ont révélé d’une maniere non destructrice les détails de la structure
anatomique des grains et fourni une cartographie des principaux parametres magnétiques
comme les temps de relaxation longitudinale (7}) et transversale (73) et le coefficient de
diffusion (D) de I’eau. De plus, en utilisant une séquence de déplacements chimiques on a pu
¢valuer la distribution de 1’eau et des lipides dans les grains avant et apres le traitement
industriel. Cette étude démontre que la microscopie RMN peut étre utilisée pour la
détermination non destructrice de la distribution et de la mobilité des molécules d’eau dans le
café vert soumis a des traitements industriels de lavage et vaporisation et pour I’analyse de la
microstructure que on ne pouvait pas effectuer par d’autres techniques.

INTRODUCTION

Water content is a certainly important ingredient of coffee beans and crucially affects the
quality of the final product. A knowledge of the water content of green and roasted coffee
products is required because it influences the water activity and stability during storage;
moreover, there are often limits set by national and international legislation. However, the
determination of water distribution is not simple. The difficulties, which are not peculiar to
coffee, arise because different methods of water content determination give different
emphasis to free water, bound water, other volatile substances, dry matter lost by pyrolysis
and other components that interfere in chemical determinations (Clarke, 1985).

In recent years there has been an increasing interest in applying nuclear magnetic resonance
(NMR) methods for non-invasive and non-destructive measurement of water and lipids in
agricultural and food products (McCarthy, 1994; Schmidt et al., 1996). In particular, magnetic
resonance imaging (MRI) has been applied for the determination of water and oil distribution
and mobility and the investigation of dynamic phenomena during food processing (Ruan and
Chen, 1998; Hills, 1998). The recent developments of MRI technology, such as NMR
microscopy (Callaghan, 1991) which provides images with resolutions of 10-100 um, have
greatly expanded the capability of this powerful and flexible research tool.

The principal aim of this study was to evaluate changes in the physico-chemical properties of
water molecules in green coffee beans after washing or steaming performed during the
industrial processing at Pacorini Silocaf (Trieste). In particular, nuclear magnetic resonance
(NMR) microscopy was applied to probe water distribution and mobility in Vietnam Robusta
green coffee.

MATERIALS AND METHODS
Coffee samples

Ripe Robusta green coffee beans (Coffea canephora) collected in Vietnam during different
periods of the year were supplied by B. Pacorini S.p.A. Trieste. Due to the high heterogeneity,
only the most represented coffee beans were selected for NMR microscopy. Typically, the
NMR measurements were performed on the following coffee samples: native coffee, coffee
subjected to a standard rehydration process (washing) and coffee rehydrated by a steaming
procedure.

NMR microscopy

NMR microscopy experiments were performed at 24°C on a Bruker AM300 console equipped
with a standard microimaging unit and coupled to a Spectrospin vertical wide bore (WB)



superconducting magnet operating a 7.05 T (300 MHz for 'H). A standard microimaging
probe was used for all measurements, with radio-frequency (RF) coil diameters of 20 or 10
mm. In the case of the 20-mm RF insert, up to a maximum of six coffee beans were studied
simultaneously. Typically, images were acquired with a 256x256 pixel matrix, 20 mm field of
view (FOV), 600 um slice thickness, 78 pum/pixel in plane resolution and 8 averages.
Relaxation times were obtained using a modified spin echo sequence to reduce the effect of
molecular diffusion (Haase et al., 1993). T, values were calculated from five images acquired
with an echo time (TE) ranging between 6.8 and 25.4 ms. Data from the same pixel in each of
these images were fitted to a single exponential decay, according to the equation:

M =M, exp (-TE/T5) (1)

where M, represents the proton density and hence the relative distribution of water protons
within the sample. 7' values were calculated from a series of seven images with a repetition
time (TR) ranging between 0-1 and 6 s. 77 maps were obtained by fitting the data to equation:

M =M [1- exp (-TR/T})] 2)
where My is the equilibrium longitudinal magnetisation in the absence of saturation transfer.

Water diffusion experiments were performed using the 10-mm RF insert and applying the
pulsed gradient spin echo (PGSE) sequence (Stejskal and Tanner, 1965). Images were
acquired with a 128x128 pixel matrix, 15 mm field of view, 860 pum slice thickness, 117
um/pixel in plane resolution and 16 averages. Diffusion maps were obtained from eight
images with the diffusion sensitising gradient g up to 0.45 T/m applied along the z axis. The
duration of the PGSE pulses & was 5 ms and their separation A = 10 ms, thus giving the b
values up to 2-8x10° s/m. The diffusion coefficient D was calculated from a linear fit of InM
against the b value according to the equation:

InM = InM, - v°¢*8* (A - 8/3) D = InM, — bD (3)

where M and M, represent the longitudinal magnetisation in the presence and absence of the
diffusion sensitising gradient, respectively.

The saturation transfer experiment was used to measure magnetisation transfer between the
restricted macromolecular protons and the free water protons (Wolff and Balaban, 1989). For
obtaining the Mg values, a 1x10” T saturation pulse of 10 kHz or 3 kHz offset was applied for
2 seconds before each scan. The M, values were measured without irradiation, using the same
pulse sequence and the same experimental parameters.

Chemical shift imaging (CSI) was performed using a standard pulse sequence. A Gaussian
selective pulse of 500 Hz bandwith was employed for selective excitation of the water and oil
protons. The T relaxation time of water protons was also measured spectroscopically using
the inversion recovery technique. 7; values were calculated from a series of 12 experiments
with recovery delays ranging from 1 ms to 15 s.

RESULTS AND DISCUSSION
The NMR microscopic images acquired in this study show different patterns of contrast

depending on the sequence used to generate the images. The image contrast may depend
partly on water distribution and partly on oil distribution.
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Figure 1. (a) High resolution '"H NMR image from a transverse section of a green coffee
bean (C. canephora). The contrast derives largely from proton density variations (TE =
6.8 ms, TR = 1.3 s). The slice thickness was 300 pm with an in-plane pixel resolution of
39 um x 39 pum. The total acquisition time was 2 h 15 min. (b) Diagrammatic transverse
section of coffee bean. The major part of the bean is formed of parenchymatous storage
cells located in the outer region whereas in the middle part of the section there is a layer
of mucilaginous material

Figure 1 (a) shows a high resolution transverse '"H NMR spin-echo image of a ripe coffee
bean in which the contrast derives largely from proton density variations. The high contrast
across the image slice plane demonstrates that there is big difference in proton density
between two distinct regions of the coffee bean. The outer region of the bean presents in fact a
relatively strong signal whereas a much weaker signal is observed in the central region. Also
shown in Figure 1 (b) is a diagrammatic transverse section of coffee bean showing its
microscopic structure. It is evident that there is a close correspondence between the bright
region of the image shown in Figure 1 (a) and the parenchymatous storage cells present in the
outer part of the coffee bean (Figure 1 (b)). On the other hand, the dark region in the middle
of the bean (Figure 1 (a)) corresponds well to the layer of mucilaginous material
(Figure 1(b)).

In Table 1 are reported the average values of proton density (p) and relaxation times (7; and
T,) measured for a sample of Vietnam green coffee.

Table 1. Average magnetic parameters for different samples of Vietnam Robusta
green coffee

coffee proton density (p)  longitudinal relaxation transverse relaxation
time 7 (ms) time 7, (ms)

native 11.5 395 16.5

after washing 12.6 430 15.5

after steaming 12.8 460 14.2

From Table 1 it is clear that the two procedures of washing and steaming cause an increase of
proton density in the coffee beans. The value of proton density measured for the native green
coffee is certainly due to the simultaneous contribution of water and lipid hydrogen atoms
whereas the increase in proton density detected for the “washed” and “steamed” coffee beans



can be ascribed to a larger quantity of water. The two procedures also cause an increase in 7}
values and a decrease in 7> values.

Since the MRI signal intensity is not always proportional to the proton density, the total water
content in coffee beans was also determined by a conventional method based on dielectric
current. This rapid and non-destructive method of determination commonly used for routine
quality control relies on the change of dielectric constant of coffee with its moisture content.
Both methods of analysis gave similar results. Concerning the water distribution within the
coffee beans, four regions which represented both the parenchymatous and the mucilaginous
structures were chosen as shown in Figure 2.

Figure 2. A schematic view of a coffee bean image with the four regions of interest
wherein the average magnetic parameters were calculated

The average proton density values calculated for one coffee bean (Table 2) clearly indicated
that the water content of the cellular structure is approximately 2 fold that of the mucilaginous
layer. These results confirm the possibility to use quantitative NMR for the accurate
determination of water content in different tissues of the bean. The great advantage of the
NMR microscopic method lies in the ability to study the same coffee specimen repeatedly and
non-destructively. Although the image resolution is not comparable to that of light
microscopy, NMR microscopy can represent an interesting complement to the histology of
coffee beans that poses a number of technical problems (Dentan, 1985). T values of coffee
beans also showed a longer longitudinal relaxation time in the outer region formed of
parenchymatous storage cells (Table 2).

T values of coffee beans were obtained from the same sets of data acquired for constructing
the proton density maps. In all cases 7, values ranged between 13.0 and 16.2 ms, and resulted
to be longer in the middle part of the coffee bean that corresponds to the mucilaginous layer
(Table 2). The slightly lower transverse relaxation time (7>) observed in the cellular part
(Table 2) is probably due to local magnetic field inhomogeneities caused by the cellular
structure.

For a better understanding of the variations in the magnetic parameters so far studied, the
diffusion coefficient (D) of water molecules was also measured. This parameter indicates the
amount of spatial spreading of molecules undergoing random translational motion per unit
time. In this study, diffusion maps showed a different water diffusion in the two anatomical
regions of the coffee beans. In the parenchymatous region the diffusion coefficient was fairly
low (Table 2) resulting an order of magnitude smaller than that measured in pure water. On
the other hand, the diffusion coefficient measured in the mucilaginous region was almost by a



factor of two larger than that determined in the cellular part (Table 2). The fairly low diffusion
of water molecules observed in the outer region is presumably a result of restrictions to
molecular motion posed by the cellular membranes. In the central part no such obstacles are
present, therefore, the water diffusion coefficient is larger although still much lower than that
of water in water. An explanation to this finding could be the high viscosity of the
mucilaginous material. Due to the high heterogeneity within the coffee beans, the values
reported in Table 2 differed from those determined for other coffee samples. The trend of
these values, however, remained unchanged.

Table 2. Average values of proton density (p), transverse relaxation time (72),
longitudinal relaxation time (7) and diffusion coefficient (D) determined for four
different regions of a green coffee bean as indicated in Figure 2

parameter a b c d
(cellular) (cellular) (mucilaginous) (mucilaginous)

p 19.7 20.4 12.6 10.1

T\ (ms) 540 630 460 420

T, ( ms) 14.5 13.0 16.2 16.2

D (cm?/s) 45x% 107 58x 107 1.1x10°° 1.1x10°°

Finally, the absence of magnetisation transfer effect indicated that all water protons in the
coffee bean are in a close contact and relax at the same rate.

Table 3. Average values of the longitudinal relaxation time T of water (w) and oil (o)
protons measured for native and treated green coffee by using an inversion recovery
sequence at two different echo times

native  after washing and  after steaming after steaming

steaming (3000Kg/h)’ (4000 Kg/h)'
T (ms), TE=0 ms 334 201 218 234
T}, (ms), TE=0 ms 378 288 310 316
Tiw (ms), TE=8 ms 450 454 465 450
T)o (ms), TE=8 ms 389 406 402 408

'Steaming conditions used during the industrial process at Pacorini Silocaf.

In order to discriminate on the NMR images the water signal from that deriving from the
lipids (oil) chemical shift MR imaging was used. In Figure 3 are reported the chemical shift
images of a native green coffee bean. It is interesting to note that the distribution of water
within the bean can not be correlated to any defined anatomical structure whereas the lipids
appear to be mainly present in the parenchyma.

This pioneering study demonstrates that NMR microscopy can be used to probe non-
destructively changes in the physico-chemical properties of water molecules in Robusta green
coffee after industrial processes of washing and steaming. Moreover, by applying chemical
shift imaging methods it is possible to determine the distribution of water and lipids in dry
and wet processed coffee beans.
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Figure 3. Chemical shift images of a native green coffee bean: a) water distribution, b)
oil distribution
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Effects of Steam Treatment on Diterpenes
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SUMMARY

Steaming of green coffee beans affected the diterpene fraction of green coffees and of roasted
coffees. The concentrations of total kahweol and total cafestol were only slightly influenced
by steaming, whereas the concentrations of free cafestol and free kahweol decreased
significantly when the degree of treatment increased. This phenomenon could be observed in
green coffees as well as in roasted coffees. In addition to the diterpenes kahweol and cafestol
the dehydration products dehydrokahweol and dehydrocafestol were analysed in roasted
coffees. These degradation products, however, could not be detected even in the very
intensively steamed green coffees (120 minutes at 2 bars). In roasted coffees the
concentrations of dehydrokahweol and dehydrocafestol decreased with the time of treatment,
but grew with increasing degree of roasting. In the coffees, which were steamed for 120
minutes at 2 bars the concentration of free kahweol, was below the detection limit (< 0.01
mg/g lipid).

INTRODUCTION

Coftee is the most favourite beverage of the Germans. In order to enable as many people as
possible to drink coffee, the industry offers processed coffees, besides the conventional coffee
(Figure 1). These include decaffeinated coffees as well as caffeine-containing but steam-
treated coffees, which are supposed to be particularly stomach-friendly.

$3seed 11%

18%

decaffeinated

@ mild processed

M normal roasted

Figure 1. German Coffee Market in 2000 (data from Deutscher Kaffee-Verband e. V.)

By steaming coffee beans prior to the roasting process not only are the cellular structures
changed, but also the concentration of individual substances is influenced. During the



steaming process new compounds are formed. Pronounced changes were detected in various
substances, such as chlorogenic acids, melanoidins and carbohydrates, amino acids and
organic acids (Sturm, 1983; Held, 1985; van der Stegen and van Duijn, 1980; Cliffort, 1997;
Liicker, 1999; Kletschkus, 1990; Packert, 1993; Steinhart et al., 1990; Luger, 1996; Nehring
and Maier, 1992; Steinhart and Luger, 1995; Steinhart and Luger, 1997; Schroder et al.,
1997).

So far, there has been little investigation in this respect on lipids, with the exception of carbon
acid-5-hydroxytryptamides (Maier et al., 1999; Wurziger and Harms, 1969). It was, therefore,
the aim of our research to investigate more closely the effects of industrial steaming on the
diterpenes, which occur in coffee oil in a quantitative proportion of about 18%.

RESULTS AND DISCUSSION

In our experiments we analysed the behaviour of Arabica coffees because these coffees are
more important for the German coffee market than Robusta coffees. To investigate the
influence of steaming a green Colombian Arabica coffee was steam-treated, at first, according
to the procedure described by Lendrich et al. (1933).

The total diterpenes were analysed using the DIN-method No. 10779 (1999). The free
diterpenes were determined by the procedure presented by Koélling-Speer et al. (1999).

The concentrations of total kahweol and total cafestol analysed in the unsaponifiable matter
were only slightly influenced by steaming, whereas, the concentrations of free cafestol and
free kahweol decreased. This applied to green coffees as well as to roasted coffees. Mainly the
content of free kahweol was significantly reduced. The focus was, therefore placed on the
contents of free diterpenes.

In roasted coffees, the diterpenes kahweol and cafestol were analysed and in addition their
dehydration products dehydrokahweol and dehydrocafestol. These degradation products,
however, could not be detected in steamed green coffees. Dehydrokahweol and
dehydrocafestol were formed in higher rates when the coffee was steamed before roasting

(Figure 2).
INFLUENCE OF VARIOUS STEAMING PARAMETERS (TIME AND PRESSURE)

For further investigations a green coffee from Brazil was steam-treated under various
conditions to study the influence of variable parameters like time and pressure in detail. The
green coffee was steamed at 1 bar for 30 and 120 minutes and at 2 bars for 30, 90 and 120
minutes. These experiments were done by CR3-Kaffeeveredelung M. Hermsen GmbH
(Bremen, Germany). Lots of 100 grams-500 grams from these coffees were taken up and were
roasted using a hot-air fluidised-bed roaster. The roasting was done by Tchibo Frisch-Rost-
Kaffee GmbH (Hamburg, Germany). Furthermore, the colour value of the individual coffees
was determined by Color Tester LFM 1 (Dr. Lange, Berlin, Germany).

As an example, the results for the medium roasted coffee steamed at 2 bars are presented in
Figure 3. Dehydrokahweol and dehydrocafestol could not be detected even in the very
intensively steamed green coffees (120 minutes at 2 bars). Therefore, the thermal load by
steaming is not sufficient for separating a water molecule from kahweol or cafestol.

In roasted steamed coffees the concentrations of dehydrokahweol and dehydrocafestol
decreased with the time of treatment, but grew with increasing degree of roasting. A similar



behaviour could be observed in the total dehydro compounds and the free dehydro
compounds. Coffees, which were, steamed for 120 minutes at 2 bars (132°C), showed
contents of free kahweol with concentrations lower than 0.01 mg/g lipid, which was below the
limit of detection. That is, the free kahweol was completely degraded by intensive steaming.
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Figure 3. Contents of free diterpenes in untreated and treated roasted coffees

In Figure 3 the results of the medium roasted coffee from Brazil were presented. Furthermore,
the data for light and dark roasted coffees were analysed. For a better comparison of roasted
coffees with steamed and roasted coffees different diterpene contents were related to each
other and evaluated on their degrees of roasting. One of these relationships is the ratio of the
content of the total cafestol to the content of the total dehydrocafestol. At all stages of
treatment this ratio is proportional to the degree of roasting. The degree of the change is
clearly dependent on the stage of treatment, the greatest change resulted when the coffee was



steamed for 120 minutes at 2 bars. If the roasting was very strong, the ratios of total cafestol
to total dehydrocafestol became quite similar at all treatment stages.
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Figure 4. Ratio of total cafestol to total dehydrocafestol related to colour value

A similar result was obtained when the ratio of total free diterpenes to the colour value was
investigated.
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Figure 5. Ratio of total free diterpenes related to the colour value
ANALYSIS OF ARABICA COFFEES FROM DIFFERENT COUNTRIES

Besides the coffee from Brazil, other Arabica coffees from Kenya, Colombia and Costa Rica
were also investigated. However, it was not our aim to obtain data for all steaming stages in
each case, although we tried to summarise the results in one graph. The coffees were only
differentiated by the chosen steaming process and the roasting degree (Figure 6).



The untreated coffees were marked by dark circles. Thus, with the exception of the strongly
roasted brands of coffee and in spite of the differences in their diterpene concentrations due to
their origin, the very intensively steamed roasted coffees could be differentiated from the
unprocessed ones.
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Figure 6. Influence of roast level on Cafestol/DHCafestol ratio for Arabica coffees from
different countries

COMMERCIAL COFFEE SAMPLES FROM THE GERMAN MARKET

Seven pure Arabica roasted coffees were analysed, which were declared as “mild” processed.
The contents for the free kahweol ranged between 0.03 and 0.06 mg/g lipid, but no coffee
investigated obtained a kahweol content that was below 0.01 mg/g lipid.

It has been found difficult to assess steamed roasted coffees, particularly if the non-steamed
coffee is not available for comparative analysis. However, if both steamed and non-steamed
coffees are available, the content of free kahweol will be a helpful tool in the assessment of
steamed coffees. Furthermore, the content of free kahweol may be an objective indicator for
the optimisation of the techniques used at present.
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SUMMARY

High performance liquid chromatography (HPLC) profiles comparisons of hydroxycinnamic
derivatives from green coffee beans of Variedad Colombia (Caturra x Hibrido de Timor), first
offspring from the crossing of Caturra x Hibrido de Timor, three Hibrido de Timor
accessions, two varieties of Coffea arabica and three accessions of Coffea canephora, were
done with multivariate analysis using quantitative data. This analysis allowed to discriminate
C. canephora from the other genotypes studied, among the C. canephora accessions and
between Tipica and Caturra varieties. From all the compounds that participated in the
discrimination, three of them were isolated by semipreparative HPLC and identified for the
first time. Their structures were elucidated by mass spectrometry (FAB and EI) and NMR
analyses (‘H, °C y COSY 'H-'H) as hydroxycinnamic glucosides

RESUMEN

La comparacion de los perfiles cromatograficos obtenidos por CLAE de los derivados
hidroxicinamicos del grano de café verde, de la variedad Colombia, la primera generacion del
cruce de Caturra por Hibrido de Timor, tres introducciones del Hibrido de Timor, dos
variedades de Coffea arabica y tres introducciones de C. Canephora, mediante analisis
multivariado permitié discriminar C. Canephora de los otros genotipos estudiados, entre las
introducciones de C. Canephora y entre las variedades de C. arabica, Caturra y Tipica. De
todos los compuestos que participaron en la discriminacidn, tres de ellos fueron separados por
CLAE semipreparativa e identificados por primera vez . Sus estructuras fueron elucidadas por
espectrometria de masas (IE, BAR) y por RMN (‘H, C y COSY 'H-'H), como derivados
hidroxicindmicos glucosidados.

INTRODUCTION

Among the hydroxycinnamic acids found in green coffee beans, chlorogenic acid and its
isomers account for the majority. Therefore, there were found in a lesser extent in free form
and/or glycosidically bound (Amorim et al., 1974). However hydroxycinnamic glycosides
until now have only been definitely identified in a few cases, such as the melilotoside
reported by Rakotomalala in Coffea Stenophylla (1992).

Besides, in different scientific investigations, authors have employed HPLC-UV and principal
component analysis (PCA), of chlorogenic acids in order to characterize green or roasted
coffees of different origins and qualities (Bicchi et al., 1993; Bicchi et al., 1995; Clifford and
Jarvis, 1988).



The aim of this work was to perform a comparative analysis of hydroxycinnamic acids
profiles of green coffee beans of genotypes of interest to Cenicafé’s plant breeding program.
Analytical profiles were obtained by HPLC-PDA (photodiode detector array) and the
comparison was based on multivariate techniques. Coffee samples included Variedad
Colombia, a composite variety resistant to rust (Hemileia vastatrix), developed in Colombia
(Castillo and Moreno, 1988). He purpose was to establish the main differences in
hydrocynnamic acids between among these various coffees. Another objective was to isolate
and to identify through spectroscopy techniques some of the unidentified compounds, which
are important for the discrimination.

MATERIAL AND METHODS
Materials

The samples consisted of seeds sun dried and grounded in the presence of liquid nitrogen of
the variedad Colombia (advanced generation of Caturra X Hibrido de Timor crossing), first
offspring from the crossing of Caturra x Hibrido de Timor (F1), Tipica and Caturra varieties
of Coffea arabica, of three Hibrido de Timor accessions (1343, 832 and 2252), and of three
accessions of C. canephora (BP4, BP46 and Centro 1). These materials were supplied from
the living collection of coffee resources center in Chinchind, Caldas, Colombia.

Extraction

Hydroxycinnamic acids from each genotype were extracted from 10 g of sample using 80%
ethanol following the method proposed by Rakotomalala (1992), extracting the caffeine
present in the samples with chloroform from the aqueous extract before ethyl acetate
extraction. Ethyl acetate extract was dried and the residue was dissolved in 50 mL of
methanol for HPLC analysis. The residual aqueous fraction was passed through a conditioned
XAD column, after washing with 1L of distillated water. The eluted with 500 mL of methanol
was concentrated, lyophilized, weighted and redissolved in methanol for HPLC analysis.

Chromatographic separation

The high performance liquid chromatography analysis was carried out on a HPLC system
consisting of two Waters Associates Model 600 pumping units, a variable wavelength UV
detector (Waters 996 photodiode array detector), a valve loop injector Rheodine Model 7725
fitted with a 5 uL loop (Waters Associates), a RP-18 precolumn and a (300 mm x 3.9 mm., 4
um) Novapack RP-18 column. The elution solvents were (A) 0.5% formic acid in 6%
acetonitrile and (B) 0.5% formic acid in 34% acetonitrile. Samples and standards were
analyzed at room temperature (25°C) using the following elution program: 0% A to 100% A
in 42 min of linear gradient and then isocratic 100% A up to 47 min. Flow rate was 0.9 mL
min”'. The detection was carried out at a range of wavelength of 220-340 nm.

Quantification

The quantification of each compound was performed using the external standard method,
integrating the area of each of the chromatographic peaks and relating it to 5-caffeoylquinic
acid standard. A calibration curve was generated using five points of 5-CQA at 0.05, 0.10,
0.25, 0.50, 0.75, mg mL™. Triplicate from each genotype were prepared. All quantified
compounds showed UV-spectrum characteristics of hydroxycinnamic derivatives.



Isolation and Identification of discriminating compounds

Most compounds of the ethyl acetate fraction were identified in a previous publication
(Guerrero et al., 2001). The compounds G, and Gs were separated from the aqueous fraction
through HPLC semipreparative using Waters Alliance system of chromatographic separation,
a pu-bondapack (7.8 mm x 300 mm x10 pum) RP-18 column, a loop of 200 xL. The elution
solvents were: 0.5% formic acid in 6% acetonitrile (A); 0.5% formic acid in 34% acetonitrile
(B) and the flow rate was 2.0 mL min™'. The following elution program was used: 70% A (5
min. isocratic) to 30% A in 35 min of linear gradient then 30% A to 0% A in 5 min and
finally 0% A to 70% A in 5 min.

The C; compound was isolated from the ethyl acetate fraction with the same conditions above
described but with the following elution program: 75% A (25 min. isocratic) to 65% A in 5
min then 65% A (5 min. isocratic) to 50% A in 3 min after 50% A to 0% A in 2 min finally
0% A (10 min. isocratic) to 75% A in 15 min.

Identification of these compounds were made through UV spectrum, mass spectrum obtained
by FAB (m-nitrobenzyl alcohol), electronic impact (IE), '"H NMR and COSY 'H-'H (600
Mhz). Confirmation of these structures was made through enzymatic hydrolysis using a
glycosidase. The acetylated derivatives (AC,O-Pyridine) of the all compounds and of the
products of its hydrolysis were analyzed by GC-MS with a system of chromatograph Hewlett
Packard 6890, with a column HP-5MS (5% phenyl-methylsiloxane) (30 m x 0.25 um).
Helium was using as the carrier gas at a flow rate of 15 mL/min. The injector temperature was
280°C. The temperature program was 100°C for 2 min, then raised 10°C/min until 320°C was
reached. This final temperature was held for 3 minutes.

Statistical analysis

The tests used were principal component analysis (PCA), correspondence factorial analysis
(CFA), hierarchical ascending classification (HAC) and discriminant factorial analysis
(DFA). Analyses were performed using SAS and STAT-ITCEF statistical software.

RESULTS AND DISCUSSION

Significant differences in the profiles of hydroxycinnamic acids compounds were found
among the genotypes studied, making possible their discrimination. The HPLC
chromatograms of the compounds of the EtOAc fraction (C) (Figure 1A) and the compounds
of the aqueous fraction (G) (Figure 1B), illustrate the greatest differences between Tipica and
C. canephora BP4 genotypes.

Values of the quantification of each compound for all genotypes were included in one single
matrix in order to perform the multivariate analysis. The PCA summarized the data of total
separated peaks (22 compounds of the EtOAc fraction and 8 compounds of the aqueous
fraction), in five principal components or axis accounting for 88% of the variation. Figure 2
shows genotype distributions on the 1-2 plane. The axis 1 mainly discriminated the samples
on the base of contents of the 4-feruloylquinic (Cs), 3,4-dicaffeoylquinic (Co), 4,5-
caffeoylferuloylquinic (C,4), caffeoylferuloylquinic (Cjq, Cis, Ci9 ) acids and the compound
G; (unknown), all of which are positively associated with this axis. The unknown compounds
Cs and Gy participate with a negative relation in this same axis. The 3,5-dicaffeoylquinic
(Ci0), 4,5-dicaffeoylquinic (C;;), the dicaffeoylferuloylquinic (C;7) acids likewise the
unknown compounds Ge and C; have an important participation in the makeup of axis 2 with



a positive gradient. The G7 and Gs compounds (both unknowns), contribute with a negative
gradient. The new compounds G;, Gs and C;, were isolated for its identification.

Compounds G; and Gs

The molecular weight of G; and Gs were deduced by FAB (M+1= 517 and 531 respectively).
The principal fragments of IE mass spectrum of G, are m/z 163 (100%) and m/z 180 (80%)
and of Gs are m/z 177 (75%) and m/z 194 (80%) which give information about of the
aglycones. The GC-MS analysis of acelylated derivatives and of the products of enzymatic
hydrolysis indicated the presence of glucose in both compounds. The UV absorption at 290
nm and 324 nm indicated the presence of hydroxycinnamic derivatives. The 'HNMR
spectrums of both compounds exhibited similar signals, the principal difference was the
presence of OCHj group in Gs, and thus it could be deduced that G, has a caffeoyl moiety
while Gs has a feruloyl moiety. Olefinic protons coupling constants of G, (6 H-7" at 7.47 ppm
and H-8” at 6.2 ppm, J=16 Hz) and Gs (3 H-7" at 7.60 and H-8’ at 6.38 ppm), indicated trans
configuration. The aromatic protons signals for caffeoyl moiety (& H-2’at 6.94 ppm, H-5" at
6.68 ppm and H-6 at 6.85 ppm) and for feruloyl moiety (H-2’ at 7.2 ppm, H-5’at 6.8 ppm and
H-6"at 7.10 ppm) and signals of H-5 of quinic acid of both compounds (H-5 at 5.25 ppm to G,
and at 5.35 ppm to Gs) agreed with signals reported by other authors for similar compounds
(Chuda, Ono, Ohnishi-Kameyama, Nagata and Tsushida, 1996; Morishita, Iwahashi and
Kido, 1986). Anomeric proton signals of G, and Gs (5.25 ppm and 5.35 ppm respectively),
indicated a-configuration for both compounds (Agrawal, 1992), then G, was identified as:
4’-0O-(a-D-glucopyranosil)-5-trans -caffeoylquinic acid (Figure 3) and Gs as 4’-O-(a-D-
glucopyranosil)-5-trans -feruloylquinic acid (Figure 3). All protons were assigned by analysis
of its 'H-"H COSY spectrum, this information and the other spectrum signals are in a
previous study (Guerrero, 2001).

Compound C,

The molecular weight of C; was determinate by FAB (M' 1 = 647). This compound is a
similar glucoside to G, and Gs. "HNMR spectrum showed the presence of two p-coumaroyl
moieties, one of which with olefinic protons (H-7’at 6.80 ppm and H-8 at 5.72 ppm,
J=13Hz) with cis configuration and the other one (H-7""’at 7.53 ppm and H-8*"” at 6.22 ppm,
J=16Hz) with trans configuration. Aromatic protons signals of the p-cis-

CONCLUSIONS

Comparison of chromatographic profiles of the hydroxycinnamic derivatives through
multivariate analysis, allowed us to discriminate the C. arabica genotypes from the ones of
C. canephora, the introductions of C. canephora among themselves and the Tipica variety
from the Caturra variety. Hibrido de Timor introductions, Caturra variety and their
descendants (Colombia Variety and generation F1) were classified in the same group.
Furthermore, it was possible to isolate and to identify three new hydroxicinnamic glucosides,
which are also discriminating compounds.
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Figure 1. HPLC separation of hydroxycinnamic acids in green coffee beans (A)
Hydroxycinnamic derivatives of EtOAc fraction of Tipica variety of C. arabica and
BP4 introduction of C. canephora (B) Hydroxycinnamic derivatives of aqueous fraction
of Tipica variety of C. arabica and BP4 introduction of C. canephora
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SUMMARY

This paper completes the body of research presented at the 17™ and 18™ ASIC conferences on
use of caffeic acid (CA) to decaffeinate coffee extracts via formation of a crystalline caffeine
complex. The primary objective of this paper is to document visual images of the caffeine-CA
complex and its components relevant to decaffeination. Several properties of the crystalline
complex were also studied, including stoichiometry, habit, melting point, and density. Light
microscopy was used to distinguish complex crystals from caffeine and CA crystals grown in
pure water. Scanning electron microscopy was used to more effectively detail the altered
appearance of complex crystals grown in aqueous coffee solution. These images constitute the
first recorded instance of a physical caffeine complex being successfully crystallized from a
coffee extract.

INTRODUCTION

Use of caffeic acid (CA) to decaffeinate aqueous caffeine solutions and coffee extracts was
reported at the 17" ASIC Conference in Nairobi (Zeller and Saleeb, 1997). Application to
non-aqueous caffeine solvents was reported at the 18™ ASIC Conference in Helsinki (Zeller
and Saleeb, 1999). Decaffeination was achieved by crystallization of a 1:1 molar caffeine-CA
complex from solution (Zeller et al., 1985; Saleeb and Zeller, 1985; Kaleda et al., 1988). This
paper summarizes the elucidation of several physical properties of crystalline caffeine-CA,
including stoichiometry, crystal system, water of crystallization, thermal transitions, and
density. In addition, microscopic images are presented that contrast the appearance of pure
caffeine and CA crystals from caffeine-CA crystallized from water and soluble coffee.

MATERIALS

Reagent grade CA (3,4-dihdroxycinnamic acid; MW=180.15; 97% purity; predominantly
trans) was sourced from Aldrich and recrystallized by dissolving 8.0 g in 1 L distilled boiling
water and cooling to room temperature. U.S.P grade anhydrous caffeine (MW=194.19) was
sourced from Sigma. Caffeine-CA complex was prepared by dissolving 4.5 g recrystallized
CA in 300 mL boiling distilled water, adding 5.1 g caffeine, and cooling to room temperature.
Caffeine was used at 5% molar excess relative to caffeine to ensure caffeine-CA crystals did
not contain any CA crystals. Crystals were decanted after 24 hours, unless otherwise stated,
and paper filtered through a Buchner funnel under vacuum. Air was passed through the filter
bed for several hours to remove all surface moisture from the crystals.

EXPERIMENTAL
Titration

0.20 g quantities of CA and caffeine-CA crystals were added to 450 mL distilled water and
titrated with standardized 0.1 N NaOH solution. Inflection points were visually identified



from plotted curves to determine titration endpoints corresponding to complete neutralization
of the CA carboxylic acid group.

Density

Caffeine-CA density was measured to one-decimal-place accuracy by displacing mineral oil
(density=0.85 g/cc) in a 10 mL graduated cylinder at 22°C. Mineral oil density was measured
by weighing 10 mL in the same cylinder. A Micromeritics helium pycnometer was used to
measure CA and caffeine-CA crystal density at 22°C to two-decimal-place accuracy.

Thermal Analysis

A Perkin-Elmer DSC7 Differential Scanning Calorimeter was used to analyze hermetically
sealed caffeine, CA, and caffeine-CA crystals at a heating rate of 10°C/min between 0-350°C.
The same samples were then cooled at 10°C/min to determine if recrystallization occurred. A
Perkin-Elmer TGA7 Thermogravimetric Analyzer was used to heat CA and caffeine-CA
crystals on an open balance pan at a rate of 10°C/min between 30-600°C.

Crystal System Identification

McCrone Associates, Inc. (Westmont, IL, USA) was contracted for crystallographic analysis
of CA and caffeine-CA supplied by the authors. Senior Research Microscopist, S. Stoeffler,
mounted the crystals in viscous silicone oil for examination by polarized light microscopy.
The morphologies of a number of crystals were examined, as well as their optical properties,
including interference figures and extinction behavior between crossed polars, to identify
crystal system.

Microscopy

A Leica light microscope (LM) and CamScan scanning electron microscope (SEM) were used
to produce black & white Polaroid photographic images (4.5x3.5inch original image area).
The images were subsequently digitized for publication using a Hewlett Packard optical
scanner. Crystals were mounted in mineral oil for LM photography. Crystals were mounted
and metal sputtered for SEM analysis.

RESULTS
Titration

CA and caffeine-CA titration curves are illustrated in Figure 1. CA had an endpoint of
11.1 mL 0.1 N NaOH, corresponding exactly to the 0.00111 moles CA present. Titration of
an equal weight of caffeine-CA would predict an endpoint of 5.3mL for a 1:1 molar complex,
since it would contain 0.00534 moles CA. However, an endpoint of only 5.1 mL was
obtained. This result was sufficiently close (0.96x target) to confirm a 1:1 molar caffeine-CA
complex and suggested that water of crystallization might be present since an endpoint of
exactly 5.1 mL would be predicted for caffeine-CA monohydrate.

Density

Addition of 3.965 g caffeine-CA crystals to 5.045 g (5.9 mL) mineral oil gave 8.7 mL total
volume with 2.8 mL displaced volume to yield 1.4 g/cc crystal density. Helium pycnometry



analyses, completed in triplicate, yielded 1.44 g/cc caffeine-CA density and 1.47 g/cc CA
density.

Thermal Analysis

DSC scans of caffeine, CA, and caffeine-CA are superimposed in Figure 2. Caffeine gave a
sharp melt peak at 238°C (AH~104 J/g) with recrystallization upon cooling (not shown), in
agreement with the literature (Beilstein’s Handbuch der Organische Chemie, 26%, 2338). CA
revealed endothermic melting (peak=225°C) with resultant exothermic decomposition
(peak=230°C), in agreement with the literature (Beilstein’s Handbuch der Organische
Chemie, 10°, 1834). Caffeine-CA revealed two relatively broad endotherms (peak,=144°C;
onset~141°C; AH~102J/g) (peak,=188°C; onset ~183°C; AH~166J/g) with no
recrystallization of caffeine-CA or caffeine upon cooling.

TGA analysis indicated the first caffeine-CA endotherm was accompanied by 4.8% weight
loss, very close (1.04x target) to 4.6% weight loss that would be expected for a monohydrate.
Microscopic observation of caffeine-CA crystals on a hot stage confirmed onset of melting at
183°C. TGA heating of caffeine-CA beyond its melt point revealed substantial weight loss
(peak =230°C), corresponding to decomposition of CA.

Crystal System Identification

CA and caffeine-CA were found to possess monoclinic crystal structure. The following is
taken from McCrone project report MA36813. Caffeine-CA crystals were typically long,
fairly thick rods with slightly irregular cross-sections that were roughly square or rectangular
and the larger rods often occurred as twins. Based on the observation of interference figures,
the crystals were classified as biaxial. Based on their morphology and extinction behavior,
the crystals were further classified as belonging to the monoclinic crystal system. CA crystals
were in the shape of thin, rhomboid plates. Based on the observation of interference figures,
the crystals were classified as biaxial. They were further classified as monoclinic, based on
their morphology and symmetry.

Microscopy

Differences in crystal habit between caffeine, CA, and caffeine-CA crystallized from water
are evident in LM images presented in Figure 3. SEM images presented in Figure 4 illustrate
several different morphologies of caffeine-CA, revealing a mixture of 4-sided and 8-sided
prisms having parallel opposing faces that crystallize together from water.

SEM images of caffeine-CA crystallized from soluble coffee (Zeller and Saleeb, 1997) are
presented in Figures 5 and 6. The images illustrate the adverse effect of this environment on
crystal growth. Essentially all caffeine-CA recovered after 24hrs was in the form of hard
sediment comprised of a polycrystalline mass of prisms (Figure 5a,b) having obvious crystal
defects. In addition, a much smaller amount of individual caffeine-CA crystals (Figure 6a,b)
having rounded appearance with more severe defects was collected from the decanted coffee
extract after two weeks. It is speculated that chlorogenic acid (CGA) liberated from the
soluble caffeine-CGA complex upon addition of CA to the coffee solution may have
contributed to the observed caffeine-CA defects.



DISCUSSION

The literature reports white hexagonal prisms for anhydrous caffeine (Beilstein’s Handbuch
der Organische Chemie, 26, 2338) used in this study and white monoclinic needles for
caffeine monohydrate crystallized from water (Beilstein’s Handbuch der Organische Chemie,
26%, 2338.; Sutor, 1958). The literature also reports yellow CA crystals from methanol-water
having monoclinic structure and 1.46 g/cc density (Garcia-Granda, 1987). Investigation of
caffeine-CA structure and crystal properties was not found in the literature. Although
caffeine-CA titration, DSC, and TGA analyses provide circumstantial evidence of a crystal
monohydrate, supplemental chemical or spectroscopic analysis could provide tangible
evidence and form the basis for another paper. Similar analysis of the physical properties of
caffeine-CA crystallized from soluble coffee solution is another area for potential research.

CONCLUSIONS

Based on the evidence presented, we conclude the following. Caffeine-CA crystallizes from
water as a 1:1 molar complex monohydrate in the form of yellow prisms having monoclinic
structure and 1.44 g/cc density. It loses water of crystallization at 144°C, melts at 188°C, and
decomposes at 230°C. Caffeine-CA crystallizes from soluble coffee predominantly as hard
sediment comprised of a polycrystalline mass of moderately defective prisms.

Properties of Crystalline Compounds Relevant to this Investigation

Property Caffeine Caffeic Acid | Caffeine-CA
Stoichiometry --- -—- 1:1
Water of Crystallization anhydrous anhydrous monohydrate
Appearance white prisms yellow plates | yellow prisms
Crystal System hexagonal (Beilstein’s | monoclinic monoclinic
Handbuch der
Organische Chemie,
26%,2338.)
Density (g/cc) 1.23 (Beilstein’s 1.47 1.44
Handbuch der
Organische Chemie,
26°,2338.)
Dehydration Temperature (°C) --- --- 144
Melting Point (°C) 238 225(d) 188
Thermal Decomposition (°C) --- 230 230
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