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Coffee and Cancer Risk: an Update

C.LA VECCHIA!? AND A. TAVANI!

"stituto di Ricerche Farmacologiche ‘‘Mario Negri’’, via Eritrea 62, 20157 Milan, Italy
*Istituto Statistica Medica e Biometria, Universita degli Studi di Milano, Milan, Italy

SUMMARY

Epidemiological studies on coffee and cancer risk published after 1990 were reviewed. For
colorectal cancer, most case-control studies reported relative risks (RR) below unity.
However, cohort studies failed to show any consistent relation. Coffee drinking favourably
affects serum levels of liver enzymes, and is inversely related to the risk of cirrhosis. At least
four case-control and three cohort coffee studies reported RRs of liver cancer between 0.5 and
0.7 for coffee drinkers as compared to nondrinkers. Coffee drinking has also been favourably
related to the risk of oral and esophageal cancers, but the evidence is scanty. Coffee drinkers
have higher RRs of bladder cancer as compared to nondrinkers, in the absence however of
any dose or duration risk relation. Available evidence on pancreatic, as well as on several
other cancers including lung, breast, ovary, prostate and lymphoid neoplasms allows to
exclude any consistent relation with coffee drinking.

INTRODUCTION

The possible relation between coffee and cancer risk has been extensively considered in
epidemiologic studies. The main cancer sites of interest are colorectal and liver on one side,
for which inverse relations had been reported, and bladder and pancreas on another side, for
which direct relations had been suggested. Available evidence on these sites will be reviewed
here, together with a short mention on other relevant cancer sites. Focus will be given to data
published after 1990, i.e. after the Monograph 51 of the International Agency for Research on
Cancer on coffee (IARC, 1991).

COLORECTAL CANCER

The 1990 IARC Working Group (IARC, 1991) concluded that in humans “there is some
evidence of an inverse relationship between coffee drinking and cancer of the large bowel”.

The literature from 1990 to 2005 on the relation between coffee, decaffeinated coffee, and
colorectal cancer risk is summarized here. At least four cohort (total cases number of 1694)
and nine case-control studies (7555 cases) analysed colon cancer; four cohort (568 cases) and
four case-control studies (2704 cases) rectal cancer; six case-control studies (854 cases)
colorectal cancer combined (Tavani and La Vecchia, 2004). For colon cancer most case-
control studies found risk estimates below unity; the results are less clear for cohort studies.
No consistent relation emerged for rectal cancer. Decaffeinated coffee was not related to
either colon or rectal cancer in one cohort and three case-control studies (Tavani and La
Vecchia, 2004). One cohort study found an inverse relation for decaffeinate coffee only
(Michels et al., 2005).

There are various possible reasons for the apparent inverse association between coffee intake
and colon cancer risk observed in case-control but not in cohort studies. One of these is the
presence of some bias or residual confounding in case-control studies. However, any obvious

1



methodological bias is unlikely to account for the consistent results in different countries and
settings. Likewise, major publication bias is unlikely, since also negative results on the issue
have attracted interest over the last few years. Most papers allowed for several potential
confounding risk factors, but multivariate analyses did not substantially modify the results.

A biological interpretation of the potential inverse association between coffee and large bowel
cancer has been related to reductions of cholesterol, bile acid and neutral sterol secretion in
the colon by coffee, since bile acids are promoters of colon carcinogenesis (Potter, 1992).
This would also be consistent with the association being stronger for (or restricted to) colon
rather than rectal cancer. Furthermore, coffee intake increases colonic motility, which has
been inversely related to colon cancer risk by influencing the exposure to colonic carcinogens
(Brown, 1990). Coffee beans also contain several phenolic compounds with antioxidant
properties (such as caffeic acid and chlorogenic acid )Daglia et al., 2000; Anese and Nicoli,
2003)) and diterpenes (such as cafestol and kahweol) with anticarcinogenic activity (Cavin et
al., 2002).

LIVER CANCER

Several data on a potentially favourable effect of coffee on liver function and liver diseases
have accumulated over the last two decades. These span from liver enzymes, to cirrhosis and
to hepatocellular carcinoma (HCC), and therefore constitute a continuous not only of
epidemiological data, but also of biological and clinical evidences.

Coffee consumption, in fact, has been inversely related to gamma-glutamyltransferase (GGT)
and alamine aminotransferase (ALT) activity in studies from Norway, Italy, Finland, France,
Japan and the United States. Such inverse relations were particularly strong in high risk
subjects, including heavy alcohol drinkers (La Vecchia, 2005). Coffee drinking has also been
inversely related to the risk of cirrhosis in studies from North America and Europe (La
Vecchia, 2005).

Cirrhosis is a major correlate of HCC, and the relation between coffee drinking and the risk of
primary liver cancer has been examined in at least six studies. An Italian case-control study
based on 151 cases of hepatocellular carcinoma reported a multivariate relative risk (RR) of
0.78 for drinkers of = 3 cups of coffee per day, compared to non coffee drinkers (Gallus et al.,
2002). In a Greek case-control study (Kuper et al., 2000), including 333 cases, the age- and
sex-adjusted RR was 0.7 for drinkers of = 20 cups of coffee per week compared to non
drinkers.

In an other Italian study (Gelatti et al., 2005), compared with non coffee drinkers, the RRs
were 0.8 for drinkers of 1-2 cups per day, 0.4 for those of 3-4 cups, and 0.3 for drinkers of =5
cups per day.

In a prospective study of 344 cases from Japan, subjects who consumed coffee on a daily
basis had lower HCC risk than those who almost never drank coffee (RR = 0.49 [95%
confidence interval, CI = 0.36 to 0.66]). The risk decreased with the amount of coffee
consumed (compared with nondrinkers, the RR for 1-2 cups per day = 0.52; for 3-4 cups per
day = 0.48; for = 5 cups per day = 0.24) (Inoue et al., 2005). A pooled analysis of two other
Japanese studies including a total of 117 cases gave a RR of 0.58 (95% CI 0.36-0.96) for
drinkers of = 1 cups/day compared to never drinkers (Shimazu et al., 2005).

The favourable effect of coffee consumption on HCC may be due to its inverse relation with
cirrhosis, but allowance for clinical history of cirrhosis did not totally account for the inverse
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association. Given its effects on liver enzymes and cirrhosis, and the weight of
epidemiological evidence, coffee appears therefore to have a real effect in reducing the risk of
hepatocellular carcinoma, as suggested also by data on rodents (Tanaka et al., 1990). Various
components of coffee have been related to such a favourable effect, including caffeine, coffee
oils kahweol of cafestol, and antioxidant substances from coffee beans, but no definite
evidence is available.

BLADDER CANCER

The TARC Monograph 51 evaluated 22 studies published before 1990 (IARC, 1991). Of these,
16 found moderately increased RRs of bladder cancer in coffee drinkers compared to
nondrinkers; in seven of these, the association was significant and in three there was also
evidence of a dose-risk relation. No relation was observed in six other studies. Because
smoking is an important risk factor far bladder cancer, lifelong nonsmokers were also
considered separately to obtain information on the potential distorting effect of tabacco. Some
relation with coffee was still observed, although it was less clear, possibly because of smaller
numbers.

After the publication of the IARC Monograph, at least four cohort (Mills et al., 1991; Chyou
et al., 1993; Stensvold and Jacobsen, 1994; Zeegers et al., 2001) and 13 case-control studies
(Clavel, 1991; Nomura et al., 1991; Kunze et al., 1992; D’Avanzo et al., 1992; Escolar
Pujolar et al., 1993; McGeehin et al., 1993; Vena et al.,1993; Momas et al., 1994; Brown et
al., 1995; Bruemmer et al., 1997; Donato et al., 1997; Pohlabeln et al., 1999; Geoffroy-Perez
et al., 2001) provided information on coffee and bladder cancer.

Three cohort studies found moderately increased risk of bladder cancer in coffee drinkers, in
the absence of a dose-risk relation. In the Californian Seventh-Day Adventists cohort, which
included 52 cases, the smoking-adjusted RR was 1.99 (nonsignificant) for = 2 cups/d of
coffee compared with non coffee drinkers, with a stronger relation in never smokers (Mills et
al., 1991). In a cohort of Japanese-Americans living in Hawaii (including 92 cases), a high
consumption of coffee nonsignificantly increased risk (Chyou et al., 1993), and, in a
Norwegian cohort of 43,000 men and women, the RR for drinkers of = 7 cups/d of coffee was
1.5 in men (based on 40 cases) and 2.4 in women (based on 13 cases) (Stensvold and
Jacobsen, 1994). In the Netherlands Cohort Study based on 569 cases, the RR for an
increment of 1 cup/day of coffee was 1.03 in men and 0.84 in women (Zeegers et al., 2001).

In a pooled analysis of 10 European studies restricted to 564 non smokers, there was no
excess risk in coffee drinkers (OR 1.0) (Sala et al., 2000). Another meta-analysis, which
included 3 cohort and 34 case-control studies, estimated that coffee consumption increased
urinary tract (mainly bladder) cancers risk by approximately 20%: the RR, adjusted for age,
sex, and smoking was 1.18 (95% CI 1.03-1.36) for coffee and 1.18 (95% CI 0.99-1.40) for
decaffeinated coffee (Zeegers et al., 2001).

Thus, the large amount of epidemiological data on coffee and bladder cancer risk allow to
exclude a strong association. It is not clear whether the moderate association reported in many
studies is causal. The major potential confounding factor is cigarette smoking, which is
related to both coffee consumption and bladder cancer risk; however, misclassification of
smoking status or residual confounding are unlikely to completely explain the association.
Other possible sources of residual confounding include diet or occupational exposure to
bladder carcinogens, although the similar associations found in men and women suggest that
occupation is unlikely to be a major confounder.



PANCREATIC CANCER

In the early 1980s, a case-control study from North America showed a direct association
between coffee consumption and pancreatic cancer risk (MacMahon et al., 1981). Overall, 21
case-control studies on pancreatic cancer relationship were reviewed in the IARC Monograph
51 (IARC, 1991). Among them, 10 found moderate positive associations, which were weaker
after allowance for smoking, and the remaining studies found no association.

The results of at least seven cohort studies have been published after the IARC Monograph 51
(IARC, 1991). No association emerged in a cohort of 17,633 American men (RR 0.9 for
intake of = 7 cups/d, based on 56 cases) (Zheng et al., 1993); in a Norwegian cohort of 43,000
men and women (RR 0.6 in men for = 7 cups/d and 1.2 in women for > 6 cups/d, based,
respectively, on 26 and 13 cases) (Stensvold and Jacobsen, 1994); in a cohort of nearly 14,000
residents of a retirement community from the USA (RR 0.88 for = 4 cups/d, based on 65
cases) (Shibata et al., 1994); in the Health Professionals Follow-up Study (RR 0.37 for > 3
cups/d of coffee and 0.99 of decaffeinated coffee, based on 130 cases) (Michaud et al., 2001);
in the Nurses' Health Study (RR 0.88 for for > 3 cups/d of coffee and 0.85 for decaffeinated
coffee, based on 158 cases) (Michaud et al., 2001) and in the Japan collaborative cohort study
for evaluation of cancer risk, where no trend in risk with number of cups emerged (Lin et al.,
2002). Conversely, in the lowa Women’s Health study cohort on nearly 34,000 women and
including 66 incident cases of pancreatic cancer, the RR was 2.15 for drinkers of more than
17.5 cups/week of coffee. The association was not significant in never smokers (Harnack et
al., 1997).

Most case-control studies published after the IARC Monograph found no significant
association between coffee and pancreatic cancer risk (Tavani and La Vecchia, 2004; 2000),
and one study found an inverse association (Bueno de Mesquita et al., 1992).

It is possible therefore that any relation between coffee and pancreatic cancer is not causal but
explainable through selection or recall bias, residual confounding with cigarette smoking (the
major recognized risk factor far pancreatic cancer) or other sources of confounding. In any
case, a strong association between coffee and pancreatic cancer can now be excluded.

OTHER CANCERS

The IARC Monograph 51 included data on coffee and gastric cancer from five case-control
studies (IARC, 1991). There was no evidence of association in any of them. More recently, a
Norwegian cohort study observed no association between coffee intake and gastric cancer risk
(RR 0.5 in men and in women, not significant, based on 78 cases) (Stensvold and Jacobsen,
1994). A cohort study of Japanese residents in Hawaii, including 108 cases, found that men
who drank one cup of coffee per day had an elevated risk of gastric cancer compared to non
coffee drinkers (RR = 2.5) (Galanis et al., 1998). No association between coffee drinking and
gastric cancer risk was found in four case-control studies: a Spanish study based on 354 cases
(Agudo et al., 1992), a Swedish study based on 338 cases (Hansson et al., 1993), a Japanese
one based on 893 cases (Inoue et al., 1998), and a Polish study based on 464 cases (Chow et
al., 1999). Thus, it is now clear that coffee is unlikely to have any major effect on gastric
carcinogenesis.

Six studies providing data on cancers of the oral cavity, pharynx, and esophagus were
considered in the [ARC Monograph (IARC, 1991). There was no evidence of association with
coffee consumption in any of them. Since then, at least one cohort (Stensvold and Jacobsen,
1994) and five case-control studies (La Vecchia et al., 1990; Franceschi et al., 1991; Pintos et
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al., 1994; Bundgaard et al., 1995; Castellsague et al., 2000) found no association for these
cancers, whereas a case-control study based on 749 cases of oral and pharyngeal cancer and
395 of esophageal cancer from Italy (Tavani et al., 2003) found that risk approximately
halved in the highest compared to the lowest quintile of coffee intake.

With relevance to breast cancer, of the seven case-control studies considered in the JARC
Monograph (IARC, 1991), none found an association with coffee consumption (IARC, 1991).
More recently, three cohort and four case-control studies, including an Italian one with nearly
6000 cases (Tavani et al., 1998), found no association (Tavani and La Vecchia, 2000; 2004).

Likewise, no consistent relation was observed between coffee, ovarian, laryngeal, lung,
prostate, cervical, endometrial and thyroid cancers, Hodgkin’s and non Hodgkin lymphomas,
sarcoma, multiple myeloma and skin melanoma (Tavani and La Vecchia, 2004; Tavani et al.,
2003; Naldi et al., 2004).

CONCLUSIONS

The large amount of epidemiological data on bladder cancer allow to exclude a strong
association with coffee intake, and the lack of dose-response relation does not support
causality. Likewise, an association between coffee and pancreatic cancer risk can now be
excluded. For colorectal cancer, most case-control but not cohort studies reported an inverse
association. Epidemiological data indicate an inverse relation between coffee, liver and
probably oral and esophageal cancers.
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SUMMARY

It is well known that coffee is one of the most widely consumed beverages in the world.
During the last decades research has attempted to clear health benefits or harms received from
coffee drinking. Knowledge on both positive and negative health effects of coffee is
important to allow individuals to make informed choices regarding coffee consumption.
Coffee consumption has been extensively studied in relation to various diseases, but not until
recently has it been examined in relation to risk of type 2 diabetes. Most of the recent
population-based studies have been revealed positive health effect of coffee consumption on
the risk of development type 2 diabetes. Our most recent data showed that coffee
consumption may also be somehow protective in diabetes serious complications. This article
will review the present state of the association between coffee consumption and type 2
diabetes and our last findings.

INTRODUCTION

Type 2 diabetes, is the most common form of diabetes and a major health problem associated
with excess morbidity and mortality and results in substantial health care costs. It is estimated
that in 2000 there were approximately 161 million individuals with the disease and that this
number is likely double by 2030 (Wild et al., 2004). In Europe their number will increase
from approximately 16 million in1994 to 24 million in 2010 (Amos et al., 1997).

Type 2 diabetes is caused by complicated interplay of genes and environment. Genetic factors
play an important role in type 2 diabetes, but the pattern is complicated, since both
impairment of beta cell function and abnormal response to insulin are involved.

Dramatic changes in the prevalence or incidence of type 2 diabetes have been observed in
communities where there have been major changes in the type of diet consumed, from a
traditional indigenous diet to a typical western diet, e.g. Pima Indians in Arizona,
Micronesians in Nauru and Aborigines in Australia (Bennett, 1999; Lako and Nguyen, 2001;
Hetzel and Michael, 1987). Changing disease rates are almost explained by changes in
several dietary factors as well as by changes in other lifestyle related factors (obesity and
sedentary lifestyle). This may be particularly important in triggering the genetic elements that
cause this type of diabetes. Evidence increasingly indicates that healthy lifestyle and dietary
habits can prevent most cases of type 2 diabetes. The prevention of type 2 diabetes has
become a major issue both significantly and from public health view (Tuomilehto et al.,
1997). Therefore investigating on effects of dietary constituents and in particular common
part of them will be an important issue. Coffee with a large number of consumers and
numerous constituents has been provided good grounds on this issue.



COFFEE AND ITS CHEMICAL COMPOSITION

Probably coffee is one of the most consuming beverages in the world and Finns have the
highest rate in the world (11.3 kg) which is more than twice of average rate in Europe (5 kg).
Although coffee has been consumed for centuries, the chemical composition of coffee has not
yet completely known.

In fact coffee is a complex compound of potential neutriceuticals. Agricultural factors,
roasting, blending, and brewing determine coffee’s chemical composition. Coffee is the major
source of phenolic polymers, chlorogenic acid and also caffeine (Clifford, 2000). Phenolic
compounds are known as antioxidants in vitro and might reduce the risk of cardiovascular
disease as well as other degenerative diseases (Rice-Evans et al., 1996; Olthof et al., 2001).
They may also involve in different stage of glucose metabolism process. The most prevalent
phenolic compounds in food are hydroxycinnamic acids (Herrmann, 1976; Kuhnau, 1976),
and major component of this class is caffeic acid, which occurs in food mainly as esters
called chlorogenic acid. Daily intake of chlorogenic acid in coffee drinkers being 0.5-1 g,
whereas coffee abstainers typically ingest < 100 mg/day (Clifford, 2000). Although
compounds with antioxidant properties (mainly CGA) are lost during roasting of coffee beans
(Parliament, 2000), the overall antioxidant activities of coffee brews can be maintained or
even enhanced, by the development of compounds possessing antioxidant activity. Some of
the chlorogenic acid can also transform in quinides that have been shown to enhance insulin
action (Shearer et al., 2003).

COFFEE CONSUMPTION AND RISK OF TYPE 2 DIABETES AND ITS
COMPLICATIONS

The association of coffee consumption and the risk of type 2 diabetes were evaluated in a
population-based cohort of 17111 Dutch men and women aged 30-60 years (Van Dam and
Feskens, 2002). During follow-up, 306 new cases of type 2 diabetes were reported.
Individuals who drank at least seven cups of coffee a day were less likely to develop type 2
diabetes compared with those who drank two cups or fewer a day. Therefore, higher coffee
consumption was associated with a lower risk of type 2 diabetes (Table 1). Data from large
U.S. cohorts of men and women followed 41 934 men from 1986 to 1998 and 84 276 women
from 1980 to 1998. During follow-up 1333 new cases of type 2 diabetes in men and 4085
new cases in women were documented. They found an inverse association between coffee
intake and type 2 diabetes. Total caffeine intake from coffee and other sources was associated
with a statistically significantly lower risk for diabetes in both men and women. The overall
results in this study showed that long-term coffee consumption of coffee and total caffeine
intake was significantly associated with a reduced risk of type 2 diabetes (Salazar-Martinez et
al., 2004).

A Japanese study comprising 1916 men and 2704 women aged 40-59 years found that coffee
intake or caffeine intake from coffee was inversely associated with the prevalence of fasting
hyperglycemia (fasting plasma glucose > 6.1 mmol/l) (Table 2) (Isogawa et al., 2003).

In Swedish cohort study they evaluated the long-term incidence of diabetes in relation to
coffee consumption by following a random population sample of 1361 women, aged 39-65
years, without prior diabetes or cardiovascular disease from 1979-1981. They found 74 new
cases of diabetes. They achieved the same inverse association between coffee consumption
and incidence of type 2 diabetes (Rosengren et al., 2004).
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Our recent prospective population based study of 6974 Finnish men and 7655 women, 35 to
64 years of age without any history of stroke, coronary heart disease, or diabetes at baseline
(Tuomilehto et al., 2004) revealed an strong and graded inverse association between coffee
consumption and risk of development of type 2 diabetes (Table 3).

Table 1. Relative risk of type 2 diabetes by volume of coffee consumption

among Dutch people.
Daily coffee consumption

> 2 cups 3-4 cups 5-6 cups <7 cups P for

(n=162) (n=84) (n=97) (n=63) trend*
Case/100 000 319 237 246 200
person-years
Relative risk adjusted 1.00 0.71 0.73 0.60 0.013
for age, sex, and townt (0.51-0.99) (0.53-1.01) (0.43-0.86)
Adjustment for BMI 1.00 0.84 0.77 (0.55- 0.53 <0.001
and lifestyle} (0.60-1.17) 1.06) (0.37-0.76)
Adjustment for CVD, 1.00 0.79 0.73 0.50 <0.001
hypertension, & (0.57-1.10) (0.53-1.01) | (0.35-0.72)
hypercholesterolaemia§

*Values were obtained by modeling the median value of each category of coffee consumption
as continuous variable. tDoetinchem or Maastricht. fAlso adjusted for education level
(junior secondary school or less, secondary education, vocational colleges or university),
leisure time physical activity (low or higher), occupational physical activity (low or higher),
alcohol consumption (men: no, or <I, >1 to 3, >3 drinks/day, women: no, or < 1, >1 to < 2,
> 2 drinks/day), and cigarette smoking (never, past, current <10 cigarettes/day, 10-19
cigarettes/day, > 20 cigarettes/day). §Further adjustment for history of cardiovascular
disease (myocardial infarction, stroke, survey for cardiovascular disease), known
hypertension, and known hypercholesterolaemia.

Table2. Risk of having prevalence of fasting hyperglycaemia (fasting plasma glucose
> 6.1 mmol/l) according to caffeine intake and source among Japanese people*.

Odds ratio (95% CI) P value
Coffee intake (yes/not) 0.61 (0.47-0.80) <0.001
Caffeine from coffee (100 mg/day increase) 0.91 (0.86-0.96) 0.001
Green tea (Japanese tea) intake (yes/no) 0.83 (0.59-1.18) 0.277
Caffeine from green tea (100 mg/day increase) 1.00 (0.91-1.11) 0.946
Tea (black tea) intake (yes/no) 0.95 (0.73-1.25) 0.705
Caffeine from tea (100 mg/day increase) 0.97 (0.67-1.30) 0.839
Oolong tea (a Chinese tea) intake (yes/no) 1.06 (0.83-1.36) 0.621
Caffeine from oolong tea (100 mg/day increase) 1.08 (0.94-1.23) 0.269
Total caffeine intake (100 mg/day increase) 0.94 (0.89-0.99) 0.012

*Adjusted for age, sex, body mass index, and family history of diabetes. | “no” means less
than once a week.
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There was no association between coffee consumption and incidence of type 2 diabetes in
Pima Indians (Saremi et al., 2003) and another Finnish cohort studies (Reunanen et al., 2003).
In Pima Indian study the highest category of coffee consumption was only three or more cups
of coffee per day, also there was no control for possible factors of lifestyle that may have
covered an existing association. Because high coffee consumption tends to be related to
unhealthy lifestyle behavior (e.g. smoking, excessive consumption of alcohol, a poorer diet,
and a sedentary lifestyle) in U.S. populations (Salazar-Martinez et al., 2004). Changing coffee
consumption habits in Finland during long follow-up period, and also higher consumption of
boiled instead of filtered coffee may be the reasons for lack of association in previous Finnish
study (Tuomilehto et al., 2004; Reunanen et al., 2003). Recent systematic review of the
literature by Van Dam et al. (2005) revealed that coffee consumption has been associated
with a substantially lower risk of developing type 2 diabetes.

In a cross-sectional study of middle-aged Finnish men and women we found an inverse
association between coffee consumption and several markers of glycemia and diabetes. We
found that coffee consumption was associated with lower values of fasting glucose, 2-hour
glucose and fasting insulin among non-diabetic subjects. Coffee consumption was
significantly and inversely associated with impaired fasting glucose, impaired glucose
regulation, and hyperinsulinemia among both men and women and with isolated impaired
glucose tolerance only among women (Table 4) (Bidel et al., 2006).

Type 2 diabetes is a well known risk factor for cardiovascular disease (CVD) morbidity and
mortality (DECODE Study Group, 2001; Hu et al., 2005; Haffner et al., 1999; Brand et al.,
1989; Pan et al., 1986; Balkau et al., 1998). However, in a large prospective study we found
an inverse association between coffee consumption and the risk of total, CVD and coronary
heart disease (CHD) mortality among patients with type 2 diabetes. These associations were
independent of other CVD risk factors: age, BMI, systolic blood pressure, total cholesterol,
physical activity, alcohol drinking, and smoking (Table-5) (Bidel et al., 2006). *°

In the other study we evaluated the association between liver enzyme y- glutamyltransferase
(GGT) and coffee drinking on the risk of type II diabetes. This study confirmed our previous
finding that coffee consumption was inversely and significantly associated with type II
diabetes (Tuomilehto et al., 2004). We also found that the results were modified by baseline
GGT levels. In the high GGT levels (= 75% percentile), coffee drinking was more strongly
inversely associated with type II diabetes than in lower GGT levels (< 75% percentile).
(Unpublished data)

SUGGESTED MECHANISMS BY WHICH COFFEE MAY EXERT ITS EFFECTS

Coffee contains many compounds other than well-known caffeine which may have potential
to influence glucose regulation at the intestinal, hepatic and also peripheral delivery stages of
the glucose metabolism. At the intestinal stage inhibition or retardation of the action of a.-
Glucosidase by chlorogenic acid is one of the possible mechanisms. The inhibition of this
enzyme is an effective approach to control hyperglycemia (Matsui et al., 2001). It has also
been reported that chlorogenic acid inhibits glucose transporters (Na™ -dependent glucose
transporter) at the same stage (Kobayashi et al., 2000). In addition coffee may also influence
the secretion of gastrointestinal peptides such as glucagon-like peptide-1 (GLP-1) and gastric
inhibitory polypeptide (GIP), both of them are known for their glucose lowering effects
(Nauck et al., 1993; Meier et al., 2001). At the hepatic stage reduced Glucose-6-phosphatase
(Glc-6-Phase) hydrolysis or its inhibition by chlorogenic acid may reduce plasma glucose
output leading to reduce plasma glucose concentration (Newgard et al., 1984; Youn et al.,
1986; Arion et al., 1997; Andrade-Cetto and Wiedenfeld, 2001). At the peripheral delivery
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stage, lower fasting insulin values and lower risk of hyperinsulinemia among coffee
consumers that we found it in the second part of this study, may be interpreted as an
improvement in insulin sensitivity by coffee consumption. Acute effects of caffeine to
decrease insulin sensitivity have also been reported (Keijzers et al., 2002). However we
believe these effects might be modified during long period of coffee consumption as it has
already seen in cardiovascular effects (Denaro et al., 1991) and glucose metabolism may
follow different pattern among heavy and chronic coffee consumers. Also beneficial effects
of coffee’s components other than caffeine on insulin sensitivity should be considered
(Clifford, 2000). As we reported in our recent study; diabetic patients who drink coffee have
lesser cardiovascular complications than non-drinker. We speculated that coffee may prevent
excessive oxidative stress which is responsible for developing type 2 diabetes and its
cardiovascular complications (Bidel et al., 2006).

CONCLUSION

In a series of studies we found positive effects of coffee consumption on the risk of
developing type 2 diabetes and its complications. Our knowledge about mechanisms or
process by which coffee contents may exert their beneficial effects on diabetes has yet to be
completed.

It is well known that type 2 diabetes is potentially preventable or if it occurs the complication
could be delayed by changing some lifestyle measures. Weight control, physical activity, and
particularly diet are the most important issues in type 2 diabetes. Nutritional management is
one of the most important tasks in treatment of diabetes. Dietary guidelines design for
preventing diabetes, improve the treatment and prevent or delay diabetes complications.

Coffee is part of the diet of most of the people which has been shown to have positive healthy
effects on overall glucose metabolism. However we still believe that these positive effects
cannot be solely achieved by coffee drinking without considering any other lifestyle
measures. In addition the association between coffee consumption and type 2 diabetes may be
affected by important factors such as type of the coffee, duration of coffee drinking and so on,
which are usually, vary in different populations. So, they should be carefully considered in
any further investigations.

As a final word based on overall findings, it may be concluded that coffee is a safe and useful
drink in association with type 2 diabetes. Expanded investigations require in order having
better knowledge of coffee and its complex components and their effects on human body in
health and disease status.
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SUMMARY

A number of epidemiological studies indicate that consumption of coffee is inversely related
to the incidence of specific forms of cancer in the liver and in the gastrointestinal tract. In
order to provide mechanistic explanations for this phenomenon, we evaluated the literature
concerning the prevention of DNA damage (which plays a key role in the formation of
malignant cells) and cancers by adduct forming genotoxic carcinogens in the human diet and
reactive oxygen species (ROS). Furthermore, we conducted animal experiments and human
intervention trials to substantiate putative protective effects. We failed to find protective
effects towards induction of DNA damage by heterocylic aromatic amines (which are
pyrolysis products of amino acids) in animal and human studies but a strong reduction of
formation of aflatoxin B; induced preneoplastic lesions was seen with caffeinated and
decaffeinated metal filtered coffee preparations in rats. Furthermore, a pronounced reduction
of BPDE (the reactive metabolite of benzo[a]pyrene) induced DNA-damage in human
lymphocytes was found in a human intervention study. These effects are probably due to
induction of glutathione-S-transferases — in particular the GSTP isoform is induced. Results
of animal and human experiments indicate that coffee consumption causes a pronounced
induction of these detoxifying enzymes. Another important mechanism of protection elicited
by coffee is the inactivation of ROS, which was observed in a number of earlier in vitro
studies. We could demonstrate in a human intervention trial (i.e. in single cell gel
electrophoresis assays) that consumption of coffee results in a significant reduction of
endogenous formation of oxidised bases and reduces the sensitivity of lymphocytes towards
ROS (hydrogen peroxide) induced DNA-damage. It can be tentatively assumed that the
reduced incidence of liver cirrhosis and hepatocellular carcinomas in coffee drinkers may be
causally related to the antioxidant properties effects of coffee, since it is assumed that ROS
mediated damage plays a key role in the aetiology of these diseases.

INTRODUCTION

Coffee is among the most widely consumed beverages worldwide, and its production
increased substantially over the last years (Clarke and and Vitzthum, 2001). A number of
epidemiological studies indicate that its consumption is inversely related with the incidence of
specific forms of cancer, for example in the colon (Tavani and C. La Vecchia, 2004) and in
the liver (La Vecchia, 2005). In addition, there is increasing evidence that coffee intake leads
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to a reduced rate of liver cirrhosis (Corrao et al., 2001; Klatsky and Armstrong, 1992; Klatsky
et al., 1993; Gallus et al., 2002). Also the correlation between liver cirrhosis and
hepatocellular cancer (HCC) is well established and it was found in several studies that coffee
consumption is inversely related to the incidence of HCC (Gallus et al., 2002; La Vecchia et
al., 1998; 1989; Gelatti et al., 2005; Inoue et al., 2005). Other organs have been less intensely
studied, but evidence is increasing that also oesophageal cancer rates may be lower in coffee
consumers (Tavani and C. La Vecchia, 2000).

Descriptive epidemiological studies do not provide mechanistic explanations and in order to
explain phenomena seen in such investigations further studies are required which provide
information concerning the mode of action of putative protective dietary factors. The present
article gives a short overview on the DNA and cancer protective mechanisms of coffee, which
have been identified so far, including some results of experiments, which have been
conducted recently at the Institute of Cancer Research (Medical University of Vienna,
Austria).

DNA-STABILITY AND CANCER

The development of cancer is a multi-step process, and it is well documented that one of the
key events that leads to formation of malignant cells are DNA-alterations in cancer-related
genes which encode for signalling and cell division (Pitot, 2002). Furthermore, it is well
documented that DNA-instability is causally related to other diseases (such as neural
disorders), reduced fertility and accelerated ageing (Harman, 1981; Ames et al., 1993; von
Zglinicki et al., 2001).

In the last decade, strong efforts have been made to identify constituents in the human diet,
which improve the DNA-integrity. Many investigations concerned protective effects of food
components against damage caused by genotoxic carcinogens, contained in human foods such
as polycyclic aromatic hydrocarbons (PAHs), nitrosamines, heterocyclic aromatic amines
(HCAs) and aflatoxins. The latter two groups are of particular interest in regard to coffee
studies; the amines are considered to be important aetiological factors for colon cancer while
the mycotoxins causes liver cancer in humans. It is assumed that the high prevalence of HCC
in Africa and China is due to consumption of contaminated foods together with a significant
contamination by the hepatitis virus. Another important issue is the detection of dietary
components, which protect against oxidative DNA-damage caused by reactive oxygen species
(ROS), which play a key role in the onset of many forms of cancer (Hussain et al., 2003).

PROTECTIVE EFFECTS OF COFFEE AND ITS CONSTITUENTS AGAINST DNA-
REACTIVE CARCINOGENS CONTAINED IN THE HUMAN DIET

Table 1 summarizes the results of some investigations in which protective effects of coffee
and its constituents were observed either in in vitro or animal studies. It can be seen that
prevention of cancer induction and DNA-damage against a broad variety of carcinogens was
found, which are considered to be important etiological factors in humans.
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Table 1: Protective effects of coffee and coffee constituents against adduct forming
dietary carcinogens (in vitro and animal studies)

Compound Observation Proposed Explanation  Ref.
Aflatoxin By » reduced formation of adducts in = induction of GST (Cavin et
rat hepatocytes after fee-ding which detoxifies al., 1998;
coffee specific diterpe-noids AFB;-meta-bolites 2001)
(C+K) ® inhibition of
» reduced induction of rever-tants activating enzymes
in Salmonella/micro-some-
assays with enzyme ho-
mogenates prepared from cof-
fee fed rats
Polycyclic * inhibition of induction of * induction of GST, i.e. (Lam etal.,
aromatic tumour formation by DMBA in increased GST- 1982; Cavin
hydrocarbons feeding experiments with coffee ~  activity in the liver of et al., 2003)
(PAHs) beans and also with C+K in rats mice after feeding
= prevention of benzo[a]pyrene with green beans
DNA-adduct formation in vitro (active principle C+K
by C+K palmitate)
* inhibition of CYP1Al
(which activates
PAHs) by C+K in
human Beas-2B cells
Heterocyclic * inhibition of PhIP DNA-adduct = inhibition of (Huber et
aromatic formation in the colon of rats activating enzymes al., 2004;
amines (HAs) after administration of C+K (i.e. CYP1A2) Majer et al.,
= prevention of PhIP-induced * induction of 2005;
DNA-damage by C+K in a detoxifying enzymes  Turesky et
human derived liver cell line (UDPGT, GST) al., 2003)
» deacrease of bacterial muta-
genicity of PhIP in the
salmonella/microsome assay
» decreased PhIP adducts in the
liver (50%) of rats
Nitrosamines = prevention of genotoxic effects = it can be excluded that (Lam et al.,
of NDMA in human derived the effect is due to the  1982; Majer
liver cell lines by C+K inhibition of et al., 2005;
* inhibitory effect of coffee activating enzymes Huber et al.,
against NDEA-induced hepa- such as CYP-2E1 (p.  2003; Li,
tocarcinogenesis in male Wis- c. W. Huber) 1991)

tar rats

* possible explanation:
in-duction of
O°MGMT- a DNA-
repair enzyme re-
moving methyl groups

Abbreviations: C+K: cafestol and kawheol, DMBA: 7,12-dimethyl-benz[a]an-thraene, PhIP:

2-amino-1-methyl-6-phenylimidazo[4,5-b]-pyridine,

UDPGT: UDP-glucuronosyl

transferase; GST: glutathione-S-transferase, NDMA: N-nitrosodime-thylamine, NDEA: N-
nitrosodiethylamine, MGMT: O°-methyl-guanine-DNA methyltransferase, p.c.: personal

communication
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In order to find out, if coffee prevents DNA-damage caused by heterocyclic aromatic
amines (HAs), which are formed as pyrolysis products of amino acids in meats during
cooking (Jagerstad and Skog, 1991), we conducted a model study with rats, in which
prevention of DNA-damage by coffee was monitored by single cell gel electrophoresis
(SCGE) assays. These experiments are based on the determination of DNA-migration in an
electric field (Sasaki et al., 2002) and we showed earlier that prevention of DNA-migration of
heterocyclic aromatic amines is paralleled by reduction of the formation of preneoplastic foci
in the liver and in the colon (Kassie et al., 2002). To find out if there is any difference
between the efficiency of different coffee preparations, we used metal filtered (UC) and paper
filtered (FC) coffee. The results of a representative experiment are shown in Figure 1. It can
be seen that no protective effect was detectable in livers and colons of animals, which
received coffee. One possible explantation might be the fact that coffee was found to be (in
contrast to cafestol and kawheol) a inducer of the isozyme CYP1A2, which catalyses the
formation of DNA reactive metabolites of heterocyclic aromatic amines (HAs).
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Figure 1. (a, b) Effect of coffee on DNA-migration induced by the heterocyclic aromatic
amine 1Q (2-amino-3-methylimidazo[4,5-f]quinoline) in livers (1a) and colons (1b) of
rats. Coffee (Brand: ”Brasil Sanft”) was prepared by boiling 50 g in 600 ml water for 5
min and was subsequently filtered through a paper filter (Melitta, FC) or through a
metal mesh (Phillips, UC) and was administered orally to male OFA rats over three days
by gavage (1% of BW/animal/day). On the last day, the animals were treated orally with
1Q (suspended in corn oil, dose 50 mg/kg BW). Four hrs later, the animals were killed,
the organs removed and DNA-migration monitored as described in detail in the article
of Kassie et al. (2002). From each organ, three slides were prepared and 50 cells were
analysed for DNA- migration. In addition, viability of cells was determined with the
trypan blue exclusion test. Bars indicate means + SD of four animals per experimental
point.

In another animal experiment the effect of coffee consumption on the formation of aflatoxin
B; induced GST-P+ foci was investigated. These foci are premalignant lesions which are
likely to develop into hepatocellular carcinomas (Ehrlich et al., 2004). It can be seen that
AFB; caused a strong induction of foci frequencies (87-fold over the background). Partial
replacement of the drinking water by the different coffee preparations resulted in highly
significant protective effects. With caffeine containing paper and metal filtered coffee more or
less similar protective effects were observed, and the foci frequencies decreased in both cases
by approximately 75%. The effect seen with decaffeinated French press coffee (which
contains in contrast to the other preparations high amounts of coffee diterpenoids) was less
pronounced but still highly significant (reduction by 43%). Furthermore, our findings indicate
that the coffee diterpenoids play no or only a marginal role as similar protective effects were
seen with paper filtered coffee (which contain very low concentrations of C+K) and metal
filtered coffee (which contains much higher concentrations). Since the protection seen with
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the decaffeinated sample (which was prepared from the same brand) was much weaker, we
conclude that caffeine (which is known to induce glutathione-S-transferase) accounts for
approximately 40% of the protective activity of coffee towards AFB; (Huber and Parzefall,
2005).
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Figure 2. Effect of different coffees on the induction of GST-P" foci in the liver of rats by
AFB;. The drinking water of the animals was supplemented with the coffees as follows:
25% (18,7 mg/ml coffee per day/ rat) were given during the first three days followed by
five days supplementation with 50% (37,5 mg/ml coffee per day/ rat). The animals were
treated on the last day with AFB; (i.p. injection of 0.57 mg/kg BW). 10 wks after the
treatment the animals were Kkilled and the livers removed. Subsequently, liver tissue
sections were stained and the number of GST-P" foci evaluated as described by Grasl-
Kraupp et al. (1993).

PREVENTION OF DNA-DAMAGE BY ADDUCT FORMING CHEMICALS IN
HUMANS

Only few data are available which concern the prevention of DNA-damage by dietary
carcinogens in humans. For example, Steinkellner et al. (2005) reported a substantial
reduction (45 %) of BPDE ((+/-)-anti-benzo[a]pyrene-7,8-dihydrodiol-9,10-epoxide)-induced
DNA-damage after the intake of 1 liter (50g coffee/l) of metal filtered coffee over a period of
5 days. BPDE is the main metabolite of benzo[a]pyrene, which has been used in many studies
as a model compound of the PAHs. The protective effect seen in the human trial could be
explained by induction of GST, and in this context it is notable that results of earlier studies
with laboratory rodents showed that coffee beans protect rats against DMBA induced
mammary cancer. Also this PAH forms DNA reactive diolepoxides, which are detoxified by
GST; and it is conceivable on the basis of the results described above that coffee protects
humans against cancer induction by PAHs

In contrast, we found no evidence for protective effects against PhIP, one of the most
abundant heterocyclic aromatic amines, in a further human intervention trial, (see Figure 3)
while Huber et al. (2004) observed strong protective effects (prevention of PhIP adduct
formation) with high doses of the coffee diterpenoids in experiments in rats.

In a further recent study (Hoelzl et al., unpublished data), the impact of coffee intake on
induction of DNA-damage by alkylating agents was studied in an SCGE-intervention trial. No
clear evidence for protective effects against methylmethane sulfonate (MMS),
methylnitrosourea (MNU) and nitrosodi-methylamine (NDMA) -induced DNA-damage was
found in this experiment.
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The latter findings indicate that the levels of diterpenoids — which caused significant effects
against amines and alkylating agents in animal experiments and in in vitro studies were not
sufficiently high in the coffee preparations used in the human stuides to cause significant
protection

ANTIOXIDANT EFFECTS OF COFFEE AND COFFEE CONSTITUENTS

It is well documented that reactive oxygen species (ROS) have a strong impact on the health
status of humans, and that they play an important role in the aetiology of cancer and ageing
(Ames, 1993; Hussain, 2003). Numerous in vitro investigations have been carried out
concerning the antioxidant properties of coffee and its constituents, such as Maillard products,
chlorogenic acids and caffeine (Azam et al., 2003; Daglia et al., 2004; Somoza et al., 2003;
Yanagimoto et al., 2002). In many studies with coffee, protective effects were observed with
low dose levels while with increased concentrations oxidant effects were found which where
attributed to formation of hydrogen peroxide resulting from the reduction of atmospheric
oxygen by polyphenols in presence of large amounts of transition metals and high oxygen
tension. However, such a prooxidant activity in vitro has been documented with other dietary
polyphenols and antioxidants, for example from wine and black tea (Stadler, 2001).
Therefore, the biological significance of the pro-oxidant and mutagenic activity of coffee has
to be interpreted with caution since the in vitro assays do not reflect adequately conditions
present in physiological situations, and in the case of coffee it was postulated that the effects
which were observed at high dose levels may be due to experimental conditions, which are
not relevant for man (Stavric, 1992). Table 2 summarizes the results of human studies in
which the impact of coffee consumption on oxidative DNA-damage was investigated.

Table 2. Results of human studies concerning antioxidant properties of coffee.

Study type Results Ref.

Questionnaire based SCGE-study _ increased levels of oxidised purines in Giovannelli
with lymphocytes (measurement  the group of coffee drinkers (19-23%) et al., 2002)
of FPG-sensitive sites)

n=71 (48m+23f)

Questionnaire based _ reduced formation of oxidised DNA- (van
measurement of 8-hydroxy-  bases (10% effect, not significant) Zeeland et
deoxy-guanosine in leucocytes, al., 1999)

n=102, (51m+51f)

Measurement of GSH levels in _ significant increase of GSH-levels in the (Grubben et

plasma of coffee drinkers. colorectal mucosa by 8% and in plasma al., 2000)
Randomised intervention study by 15%: indirect evidence for an anti-
n=64, (31m+33f) oxidant effect of GSH-which is a potent

antioxidant
Measurement of GST in plasma _ significant increase (8%) after 5 days of (Steinkellner
(in particular GST-P1) coffee consumption (1000 ml/d) of the et al., 2005)
Intervention trial overall GST-levels, and 2-fold induction
n=10, (3m+7f), 1000 ml/d, 5d of GSTP, indirect evidence for

antioxidant effect as GST protects
against ROS; in the same study also a
significant reduction of DNA-damage
caused by BDPE (a me-tabolite of
benzo(a)pyrene) was obser-ved

Abbreviations: m: males, f: females, GSH: glutathione, GST: glutathione-S-transferase.
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Figure 3. Effect of coffee consumption on endogenous and chemically induced DNA-
damage. Eight individuals participated in the intervention trial. Each of them consumed
600 ml (400 ml paper filtered, 200 ml metal filtered coffee) coffee over a period of five
days. Before and after the intervention, lymphocytes were isolated from blood and
analysed for DNA-migration in SCGE experiments. Figure 3a shows the results obtained
with standard electrophoresis conditions. In experiments with H,O; (d) and PhIP (e),
three cultures per participant were prepared with PBS (pH = 7.4) and the cells were
treated on ice with H,O, (50 uM) for 5 minutes or with PhIP (700 nM) for 30 minutes.
To monitor endogenous formation of oxidised bases, the nuclei on the slides were treated
with FPG (b) for 30 min and with ENDO III (c) for 45 min. Bars indicate means £+ SD of
results obtained with the eight participants. White bars: DNA-migration before coffee
consumption, black bars: DNA-migration after coffee consumption. * indicate statistical
significance (p-value <0.05, analysis of variance ANOVA).
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The results of a recent human intervention study, conducted by Bichler et al. (submitted
2006), are summarized in Figure 3. In this experiment, the extent of DNA-migration was
monitored before and after consumption of coffee in single cell gel electrophoresis assays
under standard conditions. In addition, also alterations of the sensitivity of the DNA towards
ROS (H»0;) induced DNA-damage were investigated by treatment of lymphocytes with
hydrogen peroxide, and the increase of DNA-migration due to endogenous formation of
oxidised DNA-bases was monitored by use of DNA specific lesion enzymes
(formamidopyrimidine glycosylase - FPG and endonuclease III - Endo III). These results
indicate that coffee consumption causes significant antioxidant effects in humans.

Further experiments indicated that the protective properties of coffee are not only due to
direct scavenging effects (which were seen in in vitro experiments with hydrogen peroxide)
but also to induction of the antioxidant enzyme superoxide dis-mutase. After the intervention,
the activity of this enzyme was increased signi-ficantly (38%), whereas the levels of
glutathione peroxidase (another important antioxidant enzyme) were not altered.

In this context it is notable that no protective effect was seen in a similar study, in which the
participants consumed 600 g of different fruits and vegetables per day (Moller et al., 2003).
This comparison might be taken as an indication that coffee consumption has in this test
system a higher antioxidative potential than a mixed fruit and vegetable diet. This assumption
is further enhardened by investigations in which the antioxidant capacities of coffee and other
dietary constituents were determined on the basis of in vitro experiments, and used for the
calculation of the total antioxidant intake of humans (Pellegrini et al., 2003). However, due to
the small number of the participants in the aforementioned coffee study further follow up
experiments are required to support our results. In addition it has been shown that coffee is
one of the major source in the average daily antioxidant intake in humans (Svilaas et al.
2004).

CONCLUSIONS

The currently available data indicate that coffee consumption protects against specific classes
of genotoxic carcinogens such as aflatoxin B; and PAHs, while the assumption of protective
effects toward heterocyclic aromatic amines and nitrosamines could not be confirmed.
Furthermore, we found pronounced prevention of oxidative DNA-damage in humans after
coffee consumption (600 ml/d over 5 days). This observation might explain the results of
several epidemiological studies, which indicate that coffee intake is inversely related to the
incidence of hepatocellular carcinomas, liver cirrhosis and colon cancer as it is well
documented that reactive oxygen species are causally involved in all this diseases.
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SUMMARY

The assessment of risk to human health of foods, food ingredients/contaminants and nutrients
has historically been conducted independently of possible health benefits. In addition,
different scientific approaches have been used to estimate health risks and benefits of foods
and their constituents. When a food or food constituent is associated with both potential health
risks and benefits, and when the health effects appear to be dependent on the level of intake,
there is a need to determine a consumption range with an acceptable balance of risks and
benefits. The extensive database on the health effects of global coffee consumption developed
over the past 30 years provides an excellent opportunity to investigate this balance between
risks and benefits. While the health risks of coffee and its key ingredients, particularly
caffeine, have been the focus of thousands of published scientific/medical studies addressing
almost all known animal toxicity endpoints and human disease outcomes, more recent
research attention has been focussed on investigating the possible health benefits of coffee
consumption. As evidenced by the conclusions of the other expert presenters in this
symposium, a growing literature appears to be concluding that moderate coffee consumption
may be associated with reduced risk of type 2 diabetes, coronary heart disease, Parkinson’s
disease and even some cancers. There is also a well-established database on the benefits of
human coffee and caffeine consumption in improving both physical and mental performance.
In concert with this “good news” about coffee consumption are extensive investigations
underway in many laboratories throughout the world to determine the biochemical
mechanisms by which these beneficial health effects may be operating. One of the most
exciting areas of mechanistic research is the possible cancer-protective role of coffee’s
naturally occurring polyphenolic antioxidants (chlorogenic acid derivatives) and heat-
produced antioxidants (Maillard Reaction Products, including volatile heterocyclic
compounds and melanoidin polymers). Studies in many countries have shown that coffee is
actually the major individual source of dietary antioxidant potential, and laboratory studies
have shown that some coffee constituents can induce the formation of carcinogen-detoxifying
enzymes. Therefore, while trace levels of many animal carcinogens can be found in coffee as
consumed, there are also many compounds now identified in coffee that may reduce the risk
of cancer. In conclusion, the dietary cancer risk of coffee consumption cannot properly be
assessed by examining just the concentrations and potencies of the individual animal
carcinogens contained in the product. Instead, coffee should be evaluated using the “Holistic
Approach” that also takes into account the simultaneous presence of natural, health-protective
compounds, the beneficial effects produced by the Maillard reaction, and most importantly
the extensive human epidemiologic database clearly showing that coffee consumption reduces
cancer risks.
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INTRODUCTION
Diet and health concerns

There have been dramatically increased concerns about diet and health during the past 20
years, with the constant flow of anxiety-provoking headlines and media stories linking
individual foods/beverages and ingredients to diseases such as cancer, heart disease, obesity,
diabetes, reproductive effects and others. In particular, what we eat (or don’t eat) is oftentimes
linked to an increased risk of human cancer, where we witness the “carcinogen-of-the-month”
syndrome. However, a great deal of this information can be preliminary in nature and based
largely on high-dose animal cancer studies and small epidemiologic studies, but once a larger
body of studies has been accumulated, there is often a near absence of any real health
concern. The information that does build up during the intervening years can lead to much
nutrition nonsense and “food faddism,” producing nations of “avoiders” of specific foods and
ingredients such as salt, fat, meat, carbohydrates and even coffee.

Historical perspective on coffee

This has been especially true for several decades related to the avoidance or reduction in daily
use of coffee and caffeine by some consumers because of perceived health concerns. But why
have coffee and caffeine been so maligned for so long? In fact, perhaps no substances have
been the subject of more conflicting media and scientific reports in recent decades than coffee
and caffeine. For both, there has been a long history of adverse health studies and regulatory
issues beginning in the 1960’s, and this has led to distorted media treatment of these issues
and the generation of many adverse health myths. This history has been complicated by the
fact that there are over 2,000 known chemical components in a cup of coffee and over 20,000
published, chemical and health-related studies appearing in the literature.

But the current facts, supported by much scientific study performed by universities and the
industry over recent years, demonstrate many coffee and caffeine positive health attributes,
leading to the conclusion that coffee and caffeine can actually be good for your health and can
be accepted by consumers without worry and guilt. These conclusions are gaining attention in
the global press, and in fact are beginning to influence physicians and other health
professionals to advise people about the real health benefits of moderate coffee consumption.
This paper will address some of the significant positive news and the need to take a “Holistic
Approach” [a “risk vs. benefit” approach] in determining the health role of coffee in today’s
diet, especially in relation to the possible protective effect of coffee in human cancer.

CONTROVERSIES IN RISK EVALUATION OF FOODS AND FOOD CHEMICALS

There are four key areas of controversy in evaluating the risk of foods and food chemicals,
and these have all applied to the risk evaluation of coffee and its components during the past
decades. Much of what has led to the demonstration of coffee/caffeine’s adverse effects in the
past 30 years is now known to have resulted from methodological weaknesses occurring in
the published animal toxicology and human epidemiologic research. The four areas which
have been the greatest sources of controversy are as follows:

1. Methodological weaknesses in epidemiologic research. Human epidemiologic studies of
coffee and caffeine have often suffered from several methodologic weaknesses: (a)
erroneous hypotheses have often been tested: (b) there have been numerous problems with
study design; (c) there are inherent difficulties in studying human subjects; (d) authors
have given biased interpretations of earlier findings that have falsely supported their
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current findings; (¢) known confounders of coffee consumption have often not been
accounted for (the best example was cigarette smoking confounding coffee’s relationship
to bladder cancer); (f) the difficulty of accurately trying to assess daily intake of coffee,
where different cup sizes and varying brew strengths and types of coffee have complicated
exposure estimation and assessment; and (g) the failure to give proper weight to negative
epidemiology studies where coffee has been shown not to be associated with a specific
disease.

. Interpretation of rodent cancer bioassays of very extreme chemical doses. Animal
toxicology studies of coffee and its many individual, trace components have also suffered
from key methodologic deficiencies, the two most prominent being: (a) the treatment of
laboratory animals with unrealistically excessive doses over their lifetimes, most notably
the “Maximum Tolerated Dose” (MTD) quantities used in carcinogen bioassay testing
protocols; and (b) the use of straight-line, no-threshold extrapolation of animal tumor
results to humans, a paradigm that many toxicologists are now considering may be
unjustified. Thus, much of the negative, adverse findings for coffee components
(particularly on trace-level animal carcinogens found in roasted coffee) have come from
the failure to heed the interpretive advice laid down centuries ago by the Paracelsus
(1493-1541), the “Father of Modern Toxicology:”

“The Dose Makes the Poison: All things are poison and there is none which is not a
poison. Solely the dose differentiates a poison from a remedy.”

Many eminent toxicologists are now beginning to question the human relevance of tumors
seen in these high-dose rodent bioassays, and some believe it is time to stop doing chronic
MTD studies altogether. In addition, toxicologists make two possibly flawed assumptions
about the chronic bioassay’s tumor findings. The first is the “Dose Extrapolation”
assumption, wherein effects seen at high doses are assumed to also occur at much lower
human doses. And the second is the “Species Extrapolation” assumption, that if tumors
are observed in rodents, then similar tumors probably occur in humans. However,
toxicologists are now trying to better understand the tumor mechanisms and biochemical
modes of action for a chemical before using the bioassay’s tumor results for regulatory or
warning purposes.

Assessing the risk of individual chemical components in a food or beverage instead of
assessing the safety of the whole food. This area is especially controversial when it relates
to the assessment of risk of animal carcinogens formed during the processing and heating
of foods and beverages, including coffee and its components. An important report
(National Research Council., 1996) on the carcinogenicity of individual food chemicals
published by the U.S. National Academy of Sciences’ National Research Council in 1996
came to several key conclusions about the cancer potential of food chemicals: (a) “The
great majority of individual naturally occurring and synthetic chemicals in the diet appears
to be present at levels below which any significant adverse biologic effect is likely, and so
low that they are unlikely to pose an appreciable cancer risk;” (b) “The varied and
balanced diet needed for good nutrition also provides significant protection from natural
toxicants;” (c) “Current evidence suggests that the contribution of excess macronutrients
and excess calories to cancer causation in the United States outweighs that of individual
food microchemicals, both natural and synthetic;” and (d) “Closing Remarks...Most
naturally occurring minor dietary constituents occur at levels so low that any biologic
effect, positive or negative, is unlikely.”

Carcinogens from heated foods have been a health concern since the 1970’s, including
those produced by the “Maillard Browning Reaction” between carbohydrates and amino
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acids. However, an important question in assessing individual heat-induced food
chemicals and their safety in humans in general (and coffee chemicals’ safety in
particular) is why there is still such an intense interest in trace level carcinogens, when
there is little human epidemiologic evidence linking these foods and beverages with
disease risk, including cancer.

4. The health benefits of a food or beverage are often neglected by health and regulatory
authorities. While it is important to evaluate the toxicological risks of heat-induced
chemicals in foods, it is equally important to fully evaluate the safety of whole foods and
beverages using modern epidemiologic techniques. It is becoming increasingly important
to recognize that health-beneficial food chemicals occur naturally, including many in
coffee, as do other health-protective compounds produced during heat processing and
cooking. Thus, it is critical to also evaluate these beneficial health effects of heated
foods/beverages, such as coffee, and then to undertake a thorough risk-benefit evaluation
of the whole food or beverage [see the discussion of the “Holistic Approach” below].
Such an evaluation must carefully consider how best to interpret animal toxicology results
for individual coffee chemicals, as well as recent information that coffee may actually be
cancer protective. While the regulatory and health authorities that assess food safety are
obliged to focus great attention on the occurrence and potential risk of suspected toxicants
and carcinogens in foods, they should also be encouraged to systematically investigate the
health benefits of specific components in foods as well as the whole foods.

WHAT DO WE KNOW ABOUT COFFEE AND CANCER RISK?

Coffee contains trace levels of over 30 identified animal carcinogens, including acrylamide,
furan, caffeic acid, various aldehydes, polycyclic aromatic hydrocarbons, ochratoxin A and
many others. While a few of these chemicals are naturally occurring in green coffee, many of
the others are chemicals formed at trace levels during the roasting of coffee by means of the
Maillard browning reaction. But, after three decades of research, most health authorities
across the globe now agree that coffee drinking is not a human cancer risk. In 1991 the
International Agency for Research on Cancer (IARC) published a monograph on coffee, tea,
caffeine and related substances (IARC, 1991). IARC concluded that caffeine was not
carcinogenic and that coffee was only very weakly associated with an increased risk of
bladder cancer. IARC also concluded that coffee may be related to reduced risk of colorectal
cancer, and this conclusion has been strongly supported by many recent studies (reviewed in
Tavani and La Vecchia, 2004). Recent studies have also shown that coffee drinking may be
associated with reduced risk of liver and breast cancer.

One of the most exciting areas of coffee’s mechanistic research is the possible cancer-
protective role of its naturally occurring polyphenolic antioxidants (chlorogenic acid
derivatives) and its heat-produced antioxidants (Maillard reaction products, including volatile
heterocyclic compounds and brown melanoidin polymers). Studies in many countries have
now shown that coffee is actually the major individual source of dietary antioxidants
(exceeding wine, tea, chocolate, and individual fruits and vegetables), and in-vitro studies
have also shown that some coffee constituents can induce the expression of carcinogen-
detoxifying enzymes. Ironically, then, coffee actually contains natural and heat-induced
“protective” chemicals that may help to reduce the potential carcinogenic risk of other coffee
chemicals that are reported to be animal carcinogens. Consequently, it may well be that the
anti-carcinogenic effects of these coffee components outweigh any risk from the known
carcinogens, leading to overall cancer protection at the organ sites showing reduced human
cancer risk among coffee drinkers.
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OTHER HEALTH EFFECTS ADDRESSED IN THIS SYMPOSIUM

As evidenced by the presentations and conclusions of the other expert scientists speaking in
this symposium, a growing literature appears to be concluding that moderate coffee
consumption may be associated with reduced risk of type 2 diabetes, cardiovascular disease,
Parkinson’s disease and, as noted above, some forms of human cancer (Dérea and da Costa
2005; Higdon and Frei 2006; van Dam, 2006).

Reduced risk of type 2 diabetes

Habitual consumption of 5 or more cups/day has been associated with improved glucose
regulation and tolerance and a substantially lower risk of type 2 diabetes (35-75%) in diverse
populations in the United States, Europe, and Japan. Consumption of 3-4 cups/day has also
been associated with a reduced risk when compared to fewer cups. Caffeine-containing and
decaffeinated coffees have been shown to give similar protective effects, which may be
attributed to natural polyphenolic antioxidants, lignans and magnesium.

Reduced risk of liver disease

Coffee consumption has been associated with a clinically significant reduced risk of cirrhosis
and liver cancer in several study populations. These data suggest that the reduced risk of
alcohol cirrhosis may be associated with coffee constituents such as polyphenolics and related
substances. Possible mechanisms for this observation may be lower activity of selected
aminotransferases, possible inhibition of inflammatory transcription factors and perhaps
increased expression of detoxifying enzymes.

Reduced risk of Parkinson's disease

Epidemiologic studies have strongly linked the neuroprotective effect of caffeine
consumption by men and postmenopausal women with a reduced risk of developing this
disease. Some research in neuropharmacology suggests that just one cup of coffee/day (80-
140 mg caffeine) can halve the risk of the disease, since caffeine's adenosine-blocking power
may be one mechanism through which the brain cells in Parkinson's disease are protected or
conserved.

Cardiovascular disease risk

Many cohort studies have not found a significant association between coffee consumption and
coronary heart disease. Some case-control studies have suggested an increased risk of
coronary heart disease among those with higher coffee consumption compared to those who
consume moderate or low levels of coffee. However, a recent comprehensive 20-year
prospective cohort study with approximately 130,000 men and women without a history of
cardiovascular disease or cancer did not provide any evidence that coffee consumption
increases the risk of coronary heart disease (Lopez-Garcia et al., 2006).

Other beneficial health effects
Numerous other studies have shown that coffee drinking increases mental alertness, cognitive

functions, wakefulness, and physical stamina, while it also reduces the risk of Alzheimer’s
disease, asthma, kidney stones, gallstones, depression/anxiety and suicidal behavior.
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CONCLUSION: THE “HOLISTIC APPROACH”

The dietary cancer risk of coffee consumption cannot properly be assessed by examining only
the trace concentrations and carcinogenic potencies of the individual animal carcinogens
contained in the product. Instead, coffee should be evaluated using the “Holistic Approach”
that also takes into account the simultaneous presence of natural, cancer-protective
compounds, the beneficial effects of those chemicals produced by heating via the Maillard
browning reaction, and most importantly the extensive human epidemiologic database clearly
showing that coffee consumption reduces cancer risks. Additionally, while the “Holistic
Approach” can be useful in addressing the risk/benefit assessment specifically related to
coffee and cancer endpoints, its use could also be developed to assess the overall health
effects of coffee consumption, i.e., weighing the potential risks vs. benefits across all disease
outcomes that have been reported for coffee.

Furthermore, it is important to encourage health and regulatory authorities globally to make
two important changes in their historic approach to food safety assessment: (1) to carefully
assess the risks and benefits of whole foods and beverages using the “Holistic Approach,” not
just assessing the well-studied, individual chemicals in these products; and (2) to give much
greater public health consideration to the potential health benefits of heated foods and
beverages, such as coffee.

More than 30 years of research and a very extensive database on the health effects of coffee
provide the industry and regulatory/health professionals with an excellent opportunity to
reexamine the risks and benefits of this widely consumed beverage. The controversies and
purported health risks surrounding coffee and its component chemicals have been the focus of
thousands of studies addressing a litany of animal toxicity and human disease outcomes.
Today, however, many negative health myths about coffee drinking have been transformed
into validated health benefits as a result of more recent mechanistic and epidemiologic
research studies. In conclusion, the preponderance of scientific and clinical evidence suggests
that moderate coffee consumption (3-5 cups/day) may be associated with the reduced risk of
numerous disease conditions.
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SUMMARY

This paper selectively reviews the literature on chlorogenic acids (cinnamoyl-quinic acids)
and related substances in coffee. Attention is drawn to advances in analytical procedures and
to the novel substances found in green and roasted beans. Recent data for absorption and
metabolism of chlorogenic acids and their transformation products are presented along with a
consideration of their possible biological effects.

INTRODUCTION

Chlorogenic acids are a major component of the green coffee bean and much has been written
about them and their contribution to the unique properties of the coffee beverage. An
electronic search (August 2006) of PubMed identified over 1000 publications concerned with
chlorogenic acids, with some 650 of these published since this author’s previous contribution
to ASIC (Clifford, 1998). This manuscript is a selective review of this literature and other
recent reviews should be consulted for additional information specific areas (Clifford, 2003;
2000).

CHEMISTRY AND ANALYSIS

Classically, chlorogenic acids are a family of esters formed between quinic acid and certain
trans cinnamic acids, including caffeic, p-coumaric, ferulic and 3,4-dimethoxycinnamic acid
(Clifford, 2000; 1999; ITUPAC, 1976). Their structures are shown in Figure 1. In the ITUPAC
system (—)-quinic acid is defined as 1L-1(OH),3,4/5-tetrahydroxycyclohexane carboxylic acid.
However, Eliel and Ramirez (1997) recommend la,3R,40,5R-tetrahydroxycyclohexane
carboxylic acid to avoid ambiguity when describing quinic acid itself, or any 1,4-
disubstituted quinic acids where the two substituents are identical. Although the subtle
differences in structure that are described are not easy to visualise, an appreciation of them
has become important since it is now recognised that quinic acid epimerisations may occur
during coffee roasting, producing novel quinic acids and quinic lactones (quinides) (Scholz-
Bottcher et al., 1991; Scholz and Maier, 1990), plus chlorogenic lactones (Farah et al., 2006;
2005; Frank et al., 2006; Ginz, 2001; Ginz and Engelhardt, 1995) and presumably novel
chlorogenic acids. There is, not surprisingly, evidence that structure influences taste (Frank et
al., 2006) and thus potentially other physiological properties that might impact upon health.
The epimeric muco-quinic acid structure is shown in Figure 2.

In the classic chlorogenic acids, based upon quinic acid as shown in Figure 1, four mono-acyl
isomers are possible, and three of these are well known in coffee (3-caffeoylquinic acid, 4-
caffeoylquinic acid and 5-caffeoylquinic acid). Similarly, six homo-diacyl chlorogenic acids
occur and three are well known in coffee (3,4-dicaffeoylquinic acid, 3,5-dicaffeoylquinic acid
and 4,5-dicaffeoylquinic acid). In the case of muco-quinic acid (Figure 2) only two isomers
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are likely to be observed in coffee extracts unless chiral columns are used because 3S-
caffeoyl-muco-quinic acid and 5SR-caffeoyl-muco-quinic acid are coeluting enantiomers: 4-
caffeoyl-muco-quinic acid would be resolved.

HO, 0O HO_ O HO O HO o
c’ (ol Kot ¢
o &g &H EH &H EH
v 4~ 0OH HC” HC? HC* HC?
¢ 2 3
HO HO HO
OH OCHs OCH;
Q OH OH OH OCHs
c pCo F D

Figure 1. Structure of Quinic Acid and Cinnamic Acids commonly found in Chlorogenic
Acids (IUPAC numbering. Q = quinic acid; C = caffeic acid; pCo = p-coumaric acid;
F = ferulic acid; D = 3,4-dimethoxycinnamic acid.

Meso plane of
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Figure 2. Muco-quinic acid is pseudo-asymmetric.

The multiple chiral centres present in chlorogenic acids creates a potential for overlapping
signals makes it difficult to determine the precise structure of chlorogenic acids by NMR. It
has been recognised that the effects of solvent and temperature are greater than once
anticipated and special precautions are necessary to minimise the risk of incorrect
assignments of structure (Pauli et al., 1999; 1998). These fundamental complications are
made more severe by the lack of authentic commercial standards (Clifford, 2003), and the
difficulty of isolating sufficient of a minor component to attempt definitive NMR studies.

Some of these problems have been circumvented by the development of powerful LC—lon
Trap MS (LC-MS") procedures for chlorogenic acids analysis (Clifford et al., 2006; 2005;
2003). These procedures characterise a chlorogenic acid not only by its molecular mass, but
also by the nature and intensity of the fragments produced after a particular ion has been
trapped. By working initially with pure compounds it was possible to relate the fragmentation
pattern to structure and elucidate plausible mechanisms to account for the differences
observed. These relationships have proven sufficiently robust to allow the methods to be
transferred between laboratories, and used for the characterisation of novel compounds
without isolation. This approach has identified many new chlorogenic acids in green coffee
beans. Relevant mass spectra have been published elsewhere (Clifford et al., 2006; 2005;
2003; Clifford and Knight, 2004), in some cases accompanied by hierarchical keys to aid
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interpretation of spectra (Clifford et al., 2005; 2003). The full complement of 45 compounds,
incorporating the 27 recent additions, is summarised in Table 1.

Table 1. The Chlorogenic acids of green coffee beans.

* Three isomers of p-coumaroylquinic acid

* Three isomers of caffeoylquinic acid

* Three isomers of feruloylquinic acid

* Three isomers of dimethoxycinnamoylquinic acid*

e Three isomers of di-p-coumaroylquinic acid*

* Three isomers of dicaffeoylquinic acid

* Three isomers of diferuloylquinic acid*

* Six isomers of caffeoyl-feruloylquinic acid

* Six isomers of p-coumaroyl-caffeoylquinic acid*

* Three isomers of caffeoyl-dimethoxycinnamoylquinic acid*

* Three isomers of feruloyl-dimethoxycinnamoylquinic acid*

* Three isomers of p-coumaroyl-feruloylquinic acid*

* Three isomers of p-coumaroyl-dimethoxycinnamoylquinic acid*

*Recently reported.

Precise quantitative data are not available for the content of these novel chlorogenic acids in
green coffee beans, but a comparison of the Aj,s values with the value for 5-caffeoylquinic
acid, that is commonly present at approximately 5% dry matter basis (dmb), suggests that in
total they will not exceed some 0.7 to 1% dmb in a robusta and about half that in an arabica.

The significance of these minor chlorogenic acids is not clear. However, it is of interest from
a biosynthetic perspective that for some classes of hetero-diacyl chlorogenic acids six isomers
are produced whereas for other classes only three are produced. This suggests that the ability
of the chlorogenic acid:chlorogenate cinnamoyl transferase enzyme(s) to attach a second
cinnamoyl residue is influenced in some cases by the identity and position on the quinic acid
moiety of the first cinnamic acid residue. With regard to the p-coumaroyl-feruloylquinic acids
the constraints observed in coffee are absent from Aster ageratoides which produces the
theoretical six isomers (Clifford et al., 2006).

The use of similar LC-MS methods has led to the discovery also of several new cinnamoyl-
amino acid conjugates (p-coumaroyl-tyrosine, feruloyl-tyrosine, feruloyl-tryptophan and
caffeoyl-phenylalanine) in green coffee beans (Clifford and Knight 2004). Quantitative data
obtained using isotopically-labelled standards have been reported for some of these plus the
novel caffeoyl-aspartic acid and p-coumaroyl-aspartic acid conjugates in roasted coffee (Stark
et al., 2006). Caffeoyl-tryptophan dominates (ca 3 mg/kg) followed by p-coumaroyl-
tryptophan (ca 0.5 mg/kg), caffeoyl-tyrosine (ca 100 ng/kg), caffeoyl-aspartic acid and
feruloyl-tryptophan (ca 40 ug/kg) and p-coumaroyl-aspartic acid and p-coumaroyl-tyrosine
(ca 10 ug/kg) (Stark et al., 2006). These compounds have been reported to be astringent, with
their astringency threshold being a function primarily of the amino acid residue (Stark and

Hofmann, 2005). Some are considered to contribute to the puckering astringency of cocoa
(Stark et al., 2006).

Ongoing and as yet unpublished investigations from the author’s laboratory suggest the
presence in green coffee beans also of at least one caffeic acid glycoside, several caffeoyl-
glucose esters and several chlorogenic acid glycosides. In addition coffee leaves clearly
contain cis-5-caffeoylquinic acid whereas this is normally undetectable in the beans,
presumably as a consequence of the leaf’s exposure to UV light.
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Coffee roasting destroys a significant percentage of the chlorogenic acids and creates a series
of transformation products that may be unique to coffee. Recent studies have focussed on the
chlorogenic lactones because of their bitterness and possible biological effects (Frank et al.,
2006; Farah et al., 2005; Ginz and Engelhardt, 1995; Bennat et al., 1994; Schrader et al.,
1996). Table 2 lists those known to be present in the roasted bean.

Table 2. The Chlorogenic Lactones of Roasted Coffee

Chlorogenic lactones Roasted coffee (%d.b.) References

3-O-caffeoyl-y-quinide 0.08-0.24 Frank et al., 2006;
Farah et al., 2005;
Ginz and Engelhardt, 1995;
Bennat et al., 1994;
Schrader et al., 1996*

4-O-caffeoyl-y-quinide 0.02-0.14 Frank et al., 2006;
Farah et al., 2005;
Ginz and Engelhardt, 1995;
Bennat et al., 1994;
Schrader et al., 1996*

5-O-caffeoyl-epi-y-quinide Frank et al., 2006;
Farah et al., 2005
5-O-caffeoyl-d-quinide Ginz and Engelhardt, 1995
4-O-caffeoyl-muco-y-quinide Frank et al., 2006;
Farah et al., 2005
5-O-caffeoyl-muco-y-quinide Frank et al., 2006;

Farah et al., 2005;
Ginz and Engelhardt, 1995

3-O-feruloyl-y-quinide Frank et al., 2006;
Farah et al., 2005;
Ginz and Engelhardt, 1995

4-O-feruloyl-y-quinide Frank et al., 2006;
Farah et al., 2005;
Ginz and Engelhardt, 1995*

3,4-O-dicaffeoyl-y-quinide Frank et al., 2006;
Farah et al., 2005*
3,5-O-dicaffeoyl-epi-0-quinide Frank et al., 2006;
Farah et al., 2005
4,5-O-dicaffeoyl-muco-y-quinide Frank et al., 2006;
Farah et al., 2005
At least two more feruloylquinides *

* Clifford, unpublished data.
COFFEE CONSUMPTION

Several databases are now available for the content of various phenols and polyphenols in
foods and beverages, but generally these focus on flavonoids and report values of the
(poly)phenolic aglycones measured after release from their conjugating moieties (Clifford and
Brown, 2006). While these provide valuable data with which to seek epidemiologic links
between diet and health, it is important not to overlook the fact that biological properties may
be determined by the nature of the conjugate rather than solely by the aglycone. For example,
it is now well-established that the absorption of quercetin-glycosides differs with the identity
and location of the sugar residue(s) (Day et al., 2003; Graefe et al., 2001). Such differences
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have yet to be investigated for the chlorogenic acids, but there is evidence that their sensory
properties are influenced in this way (Farah et al., 2006; Frank et al., 2006). and it is not
unreasonable to anticipate that other biologically-significant properties might also be.

Studies at the University of Surrey (Gosnay et al., 2002; Woods et al., 2003) indicate very
clearly that chlorogenic acids consumption may be substantial. For example, the mean daily
intake for 103 women (aged 20 to 30 years) was estimated at 350 mg while that for a group of
males (aged 27 to 57) was 670 mg, supplying respectively 47% and 64% of their mean daily
intake of total (poly)phenols. A study of a German population estimated mean daily
chlorogenic acids intakes (as caffeic acid) at 229 mg for women and 179 mg for men (Radtke
et al., 1998). For these, and many other populations, coffee is the richest dietary source of
chlorogenic acids (Clifford, 2000; 1999) demonstrating clearly that if dietary (poly)phenols
are associated with a health benefit, coffee can make a significant contribution.

ABSORPTION AND METABOLISM

Some studies report that after volunteers consumed chlorogenic acid-rich foods or beverages
(including coffee) or pure 5-caffeoylquinic acid, intact chlorogenic acid can be found in
plasma(Bugianesi et al., 2004) or urine (Cremin et al., 2001; Olthof et al., 2001; 2003; Ito et
al., 2005), whereas other similar studies have failed to demonstrate its absorption intact
(Nardini et al., 2002; Wittemer et al., 2005). Plasma concentrations are low (19-45 n™m)
(Nardini et al., 2002). It would appear that more than one isomer of caffeoylquinic acid is
excreted in human urine (Ito et al., 2005), but the relative bioavailability of isomers and
whether or not they can by inter-isomerised in vivo, have not been thoroughly investigated so
far. Data are available for both 5-caffeoylquinic acid (Lafay et al., 2006; Azuma et al., 2000)
and 1,5-dicaffeoylquinic acid (Yang et al., 2006; 2005) administered to rats. There are
currently no data for the chlorogenic lactones.

Absorption of 5-caffeoylquinic acid is biphasic reflecting some absorption in the stomach,
and some in the large bowel (Wittemer et al., 2005).

Only some 2% of the dose has been recovered in urine (Olthof et al., 2001; Ito et al., 2005)
and the majority of the dose is exposed to the gut microflora in the large bowel (Gonthier et
al., 2003). Transformations made by human-associated gut microflora include hydrolysis to
cinnamic acid and quinic acid, dehydroxylation, side chain hydrogenation, and side chain
shortening (Scheline, 1978). These microflora metabolites can be (partially) absorbed from
the colon, some actively by the monocarboxylate transporter (Nardini et al., 2002; Takanaga
et al., 1994; Tsuji et al., 1994; Tamai et al., 1997; Konishi and Shimizu, 2003; Konishi et al.,
2003; Konishi and Kobayashi, 2004), followed by mammalian metabolism, including
methylation, and conjugation with glycine, glucuronate and sulphate. Gut flora metabolites of
caffeic acid and / or chlorogenic acid found in plasma include caffeic, ferulic, isoferulic,
dihydrocaffeic and vanillic acids as glucuronide and sulphate conjugates, with caffeic and
isoferulic also detected as the aglycones. Hippuric acid, produced by a combination of
microbial and mammalian metabolism is probably the major chlorogenic acid metabolite
(Olthof et al., 2003).

BIOLOGICAL EFFECTS
Seeking to demonstrate health-promoting effects of minor dietary components has been an
area of intense activity for more than a decade. Many investigations have used cultured cells

and high doses of test substance, a protocol that is difficult to relate to real life. If the test
substance is chemically ill-defined (for example coffee brew) rather than a pure substance it is
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impossible to identify the active principal for any effect observed. Applying a pure substance
direct to liver cells, for example, does not reflect what happens in real life if the substance is
either not absorbed, or is extensively metabolised before reaching that tissue. Even if the test
substance does indeed reach the tissue in question, the dose used in vitro might be much
higher than would ever occur in vivo, and a linear dose—response should not be assumed since
the effect may be thresholded, or biphasic. Animal studies avoid some of these problems, but
species differences in metabolism may still complicate extrapolation to humans. The
examples of possible beneficial effects discussed below have been selected from the literature
having regard to these limitations so far as is possible (Clifford and Brown, 2006; Clifford,
2004).

The large bowel has a complex, concentrated and intensely active anaerobic microflora.
Poorly absorbed dietary (poly)phenols can reach mg/ml concentrations (ca 0.1 to 1 um)
(Jenner et al., 2005) in the large bowel and there is a potential for prebiotic effects (Clifford
et al., 2005). These might be due to direct inhibition of certain gut microorganisms by the
(poly)phenols consumed, or indirectly by the phenolic acid metabolites that some species are
able to produce but which others cannot tolerate.

The concentrations of certain phenolic acids in human faecal water have been reported to
reach concentrations in the range 40 nM to >400 uM (Jenner et al., 2005), and in some cases
exceed the concentration required in vitro to inhibit Listeria monocytogenes (Fallingborg,
1999). Polyphenol-rich diets consumed by humans, pigs and sheep have lowered the colonic
pH value, suppressed Clostridium perfringens, and increased the proportion of bifidobacteria
without inhibiting lactic acid bacteria (Clifford et al., 2005; Goto et al., 1998; Hara, 1997;
Okubo et al., 1992).

The gut microflora-generated phenolic acids once absorbed may have endogenous biological
activity (Clifford and Brown, 2006). For example, 3,4-dihydroxyphenylacetic acid has in vitro
anti-proliferative activity (Gao te al., 2006); and 2-hydroxybenzoic acid is an effective anti-
inflammatory (Patrignani, 2000) used clinically in the form of low-dose aspirin. Animal
studies have indicated that phenolic acids produced by gut flora metabolism, provided they
reach the tissues without mammalian conjugation, may inhibit platelet aggregation (Kim et
al., 1998; Yasuda et al., 2003), and reduce hepatic cholesterol synthesis through inhibition of
HMG-CoA reductase (Bhat and Ramasarma, 1979; Lee et al., 2001). The cholesterol lowering
has been demonstrated in animals (Lee et al., 2001; Bok et al., 1999; Kim et al., 2003; Lee et
al., 2001; Matsumoto et al., 1998; Yamakoshi et al., 1999) and volunteers (Kurowska et al.,
2000) given foods containing the microbial substrates, and while this does not prove the
mechanism, it does demonstrate plausibility, and in vivo efficacy.

Over the last few years epidemiological evidence has accumulated that higher coffee
consumption might be associated with a lower risk of developing Type II diabetes (van Dam
and Feskens, 2002; Saremi et al., 2003; Agardh et al., 2004; Rosengren et al., 2004; Salazar-
Martinez et al., 2004; Tuomilehto et al., 2004; Andersen et al., 2006). Such statistical
relationships do not prove cause and effect, and do not immediately suggest mechanisms, and
there has been much speculation about possible mechanism(s) involving effects on insulin and
associated peptide hormones (GIP and GLP-1) (Atanasov et al., 2006; van Dam, 2006;
McCarty, 2005; Shearer et al., 2003; Johnston et al., 2003).

We have shown in volunteers under controlled clinical conditions, by observing a reduced
secretion of glucose-dependent insulinotropic peptide (GIP) and an increased secretion of
glucagon-like peptide (GLP-1), that glucose consumed in coffee beverage is absorbed more
slowly and lower down the gastro-intestinal tract than when the same quantity of glucose is
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consumed in the same volume of water (Johnston et al., 2003). Thus, when glucose is
consumed in coffee, the peak plasma concentration is lower than when consumed in water.
Current wisdom suggests that a high post-prandial surge in plasma glucose concentration is an
independent risk factor for the development of Type II diabetes and other (vascular) diseases
(Ludwig, 2002), and thus its suppression may confer some protection against disease
development /In vitro studies have demonstrated that the sweet-tasting 1,5-y-quinide (Shamil
et al., 1987; Kellard et al., 1988) can inhibit active glucose transport in cell culture (Clifford
et al., 2004) at a concentration that might reasonably be expected to occur in the duodenum
after drinking coffee. It is possible that this interaction might explain our observations in
volunteers and, at least in part, the epidemiological relationships. Figure 3 illustrates the
rationale and assumptions made in estimating concentrations of 1,5-y-quinide that might occur
in the gut.

¢ Quinide in medium roasted coffee up to ca 1% (Scholz-Bottcher et al., 1991; Scholz
and Maier , 1990; Scholz-Béttcher, 1991)

®  Assume 25 to 33% total solids extraction during ‘domestic’ brewing (50% for
commercial instant) and no losses of quinide

° .. quinide 3 to 4% of total solids (2% of instant)

Assume coffee beverage 2% solids as drunk

° .. quinide 60 to 80 mg / 100 ml beverage (40 mg / 100 ml instant)
Allow a 10-fold uncertainty factor

° .. quinide in beverage 0.35 to 0.46 mM (0.23 mM in instant)
Allow a 10-fold dilution in stomach and duodenum

° .. quinide in duodenum 35 to 46 uM (23 uM for instant)

In vitro, even 1 uM delayed glucose uptake (p = 0.013)

Could quinide explain delayed glucose uptake in volunteers?

®  Post-prandial hyperglycaemia important risk factor in CVD (Coutinho et al., 1999)

Figure 3. Quinide Inhibition of Glucose Transport.

Some green coffee beans are steam treated (dewaxed) to produce ‘stomach-friendly’ roasted
coffees. One effect of steam treatment is to favour progressive isomerisation of 5-
caffeoylquinic acid to 4-caffeoylquinic and 3-caffeoylquinic acid (Konig and Sturm, 1983;
Clifford, 1985). The feruloylquinic acids and dicaffeoylquinic acids are similarly affected.
Some hydrolysis of dicaffeoylquinic acids to caffeoylquinic acids and caffeic acid, and of the
monoacyl chlorogenic acids to cinnamic acid and quinic acid also occurs. These changes in
composition favour a greater production during roasting of the sweet-tasting 1,5-y-quinide and
the lactones of the 3-acyl and 4-acyl chlorogenic acids. It has been reported that 4-
caffeoylquinic-1,5-y-lactone binds in vitro to the p-opioid receptor with a K; value of 4.4 £ 0.4
uM a value that could possibly be achieved in the gut lumen after coffee consumption. Figure
4 illustrates the rationale and assumptions made in estimating concentrations 4-
caffeoylquinic-1,5-y-lactone that might occur in the gut after coffee consumption.
Pharmaceutical preparations with u-opioid activity are used to alleviate the symptoms of
diarrhoea by reducing gut motility and it may be that the stomach-friendliness of certain
coffees can be explained by a greater content of opioid-active lactones. If motility were also
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reduced in the upper gastro-intestinal tract then this effect might also slow glucose uptake by
delaying gastric emptying.

*  4-CQ-y-L can reach 0.14% in roasted coffee (Bennat et al., 1994; Schrader et al.,
1996)

* Assume 25 to 33% total solids extraction during ‘domestic’ brewing (50% for
commercial instant) and no losses of 4-CQ-y-L

e ..4-CQ-y-L 0.4 to 0.55% of total solids (0.27% of instant)

* Assume coffee beverage 2% solids as drunk

* ..4-CQ--L 8to 11 mg/ 100 ml beverage (5.5 mg/ 100 ml instant)

* Allow a 10-fold uncertainty factor

* ..4-CQ-y-L in beverage 0.024 to 0.033 mM (0.016 mM in instant)

* Allow a 10-fold dilution in stomach and duodenum

* ..4-CQ-y-L in duodenum 2.4 to 3.3 uM (1.6 uM for instant)

e . .for 4-CQ-y-L 4.4 + 0.4 uMm for the w-opioid receptor (de Paulis et al., 2004)

* Could this reduce gut motility and partly explain delayed glucose uptake in
volunteers?
* Might this also explain stomach friendliness of some coffees?

Figure 4. 4-Caffeoylquinic-1,5-y-lactone and Opioid Effects.

The quinides and chlorogenic lactones may well be unique to coffee beverage. If either or
both of these effects prove to be real, then optimising them through manipulation of bean
selection, processing and roasting technology presents both an opportunity and challenge to
the industry, complicated possibly by the need also to balance the content of sweet tasting
1,5-y-quinide and the bitter tasting chlorogenic lactones.
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SUMMARY

Absorption and metabolism chlorogenic acid (5-O-caffeoylquinic acid, CGA), the main
phenolic acid in the human diet, was studied in rats in order to determine where and under
which form this ester of caffeic acid is absorbed. Nutritional intervention, in situ intestinal
perfusion and in situ gastric infusion studies were carried out. CGA was found stable in the
stomach and small intestine contents, whereas it was hydrolysed into caffeic acid in the
cecum. CGA and caffeic acid appeared early at 1.5 h in plasma and urine, suggesting an
absorption of CGA in the upper part of the gastro-intestinal tract. Using the in sifu intestinal
perfusion rat model with cannulation of biliary duct, the net absorption of CGA was
determined and accounted for 8%. Part of CGA was recovered in the gut effluent as caffeic
acid showing the presence of trace esterase activity in the gut mucosa. No CGA was detected
in either plasma or bile and only low amounts of phenolic acids were secreted in the bile. The
present results show that CGA is absorbed with hydrolysis in the small intestine but does not
explain the rapid appearance of CGA in aorta blood showed in the first experiment.
Consequently, by infusing gastric buffer supplemented with CGA in the ligated stomach of
food deprived rats during 30 min, intact CGA was found in the gastric vein and aorta. No
other metabolites could be detected. These results show that CGA is quickly absorbed in the
rat’s stomach in its intact form, absorbed with hydrolysis in the small intestine and hydrolysed
into caffeic acid by the microflora in the cecum. Moreover, in contrast to numerous
flavonoids, absorbed CGA is poorly excreted in the bile or in the gut lumen.

INTRODUCTION

CGA, an ester of caffeic acid with quinic acid is found in a wide range of fruits and
vegetables and is particularly abundant in coffee. Caffeic and chlorogenic acids have
antioxidant properties illustrated by their ability to scavenge various free radicals when tested
in vitro (Phytochemistry, 1994; Free Radical Biology and Medicine, 1995; Clinical Science,
1996; Free Rad. Biol. Med., 1996; IUBMB Life, 1999). In vivo, they increase the plasma
antioxidant capacity, the concentrations of endogenous antioxidants such as vitamin E and the
ex vivo resistance of lipoproteins to oxidation (J Agric Food Chem, 2002; J Agric Food Chem,
2002; Int J Vitamin and Nutrition Research, 2005). Moreover, they have been reported to
prevent different cancers and cardiovascular diseases in several experimental studies on
animal models (Cancer Lett, 1986; Basic Life Sci, 1990; Carcinogenesis, 1993; Journal of
Clinical Biochemistry and Nutrition, 1993; Hypertension Research, 2002).

However, the biological properties of chlorogenic or caffeic acids depend on their absorption
in the gut and on their metabolism. The absorption of caffeic acid in the small intestine has
been well characterized in both experimental animals (in vivo and in sifu) and humans studies
(Arch Int Physiol Biochim, 1971; J. Pharm. Biomed. Anal., 1988; J Agric Food Chem, 2000;
J. Nutr. 2001; J Agric Food Chem, 2001a), however, the bioavailability of CGA is more
controversial. In some studies, CGA has been detected in urine with recoveries varying from
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0.3 to 2.3 % suggesting absorption without structure modification (J. Nutr. 2001; J Agric
Food Chem, 2001; Quimica Nova, 2004; Br J Nutr, 2005). Others authors failed to detect
CGA in plasma in both rats and humans after ingestion as a pure compound or in coffee (J
Agric Food Chem, 2002; J Agric Food Chem, 2000; Free Radic Biol Med, 1999). Caffeic acid
and its O-methylated metabolites are commonly found in plasma and urine after CGA
ingestion in rats and humans showing that CGA is hydrolysed in the body (J Agric Food
Chem, 2002; J Agric Food Chem, 2000; Free Radic Res, 2001; Phytomedicine, 2005)." Such a
reaction could take place either in the gut mucosa or be catalysed by the gut microflora. No
esterase activity able to hydrolyse CGA could be detected in human tissues (intestinal
mucosa, liver) or biological fluids (plasma, gastric juice, duodenal fluid) in rats or humans (J
Agric Food Chem, 2000; J. Nutr. 2001; J. Sci. Food Agric., 1999; J Agric Food Chem, 2001;
Free Radic Biol Med, 2001). On the other hand, microflora in the large intestine possesses
esterase activity towards CGA (J Appl Microbiol, 2001; Free Radic Biol Med, 2004). These
results suggest that caffeic acid found in plasma originates from the hydrolysis of CGA in the
colon. However, this would be inconsistent with a rapid detection (30 min after CGA
administration) of caffeic and ferulic acids in the plasma of rats (J Agric Food Chem, 2000).

The aim of this work was to explore the stability of CGA in the gut, the form under which it is
absorbed through the gut mucosa and the site of absorption along the gastrointestinal tract.
Rats were fed a diet supplemented with CGA and phenolic acids were estimated in the
stomach, small intestine and cecal contents at different time points along the meal as well as
in bladder urine and plasma. Absorption of CGA through the small intestine and the stomach
mucosa was also examined by using an in situ intestinal perfusion and an in situ gastric
infusion models in food-deprived rats.

MATERIALS AND METHODS

Animals and diets

Male Wistar rats, weighing approximately 180 g, were housed, one per cage, in temperature-
controlled rooms (22 °C), with a dark period from 8 a.m. to 20 p.m. and with access to food
from 8 a.m. to 16 p.m. They were fed a semipurified control diet for 7 days. Rats were
maintained and handled according to the recommendations of the National Institute for
Agricultural Research Ethics Committee, in accordance with Decree 87-848. Sixteen rats
were then fed during three days the same diet supplemented with CGA (0.25% w/w). Diet
intake was measured on the last day when each animal was killed and CGA consumption was
calculated accordingly.

The third day of CGA supplementation, rats were anaesthetised with sodium pentobarbital
1.5h,3 h,4.5hand 7 h (n = 4 per sampling time) after the beginning of the meal. Stomach,
small intestine and cecum contents, aorta blood and bladder urine were collected at each time.
The gastric and intestinal contents were weighed separately and immediately frozen at —20 °C
until analysis. Blood was drawn into heparinized tubes and centrifuged. Urines and plasma
were acidified with acetic acid 10 mmol/L. All samples were stored at —20 °C until analysis.
Fourteen other rats were deprived of food for 24 h before in situ intestinal perfusion (n= 8)
and in situ gastric infusion (n = 6) experiment.

Rats were anaesthetized with sodium pentobarbital 24 h after the end of the last meal by

intraperitoneal injection, maintained at 37 °C on a heat plate and kept alive during the
perfusion or the infusion periods.
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In situ gut perfusion

After cannulation of the biliary duct, a perfusion of a jejunal and ileal segment of intestine
(from the flexura duodenojejununalis to 5 cm distal from the valvula ileocoecalis) was
prepared by installing cannulas at each extremity. This segment was continuously perfused in
situ with a physiologic buffer supplemented with 50 pmol/L CGA (n = 4). A flow rate of
about 0.75 mL/min and a temperature of 37 °C were maintained during the 45 min of the
perfusion (Am J Physiol, 1999; J Nutr, 2004; Br J Nutr, 2004; FEBS Lett, 2000; J Nutr,
2003). Average flow rate was determined for each experiment over the 45 min of perfusion.
These quantities of CGA perfused would correspond to an intake for humans of about 500 mg
of CGA. This amount of CGA corresponds to 3 or 4 cups of coffee (Cancer Causes and
Prevention, 2001). CGA was quantified in the buffer at the end of the experiment and found
to be stable in the buffer throughout the perfusion period. The effluent at the exit of ileum and
the bile were collected throughout the 45 min of the perfusion period for analysis of phenolic
acids. At the end of the experiment, blood samples were withdrawn from the mesenteric vein.
Perfusate, bile and plasma samples were acidified with 10 mmol/L acetic acid and stored at
-20 °C.

Determination of the intestinal and biliary fluxes

All the calculated fluxes were expressed in nmol/min. The fluxes in the effluent have been
calculated by taking into account the intestinal absorption of water as previously described
(Am J Physiol, 1999). For a given phenolic acid the net transfer in the enterocyte was
evaluated by the difference between the perfused flux and the flux of perfused molecules
recovered in the non hydrolysed effluent at the end of the perfusion. The secretion of
conjugates back into the gut lumen was determined as the difference between the flux of
molecules perfused measured in the non hydrolysed effluent and the flux of total phenolic
acids in hydrolysed effluent. The net absorption was calculated as the difference between net
transfer into the enterocyte and the intestinal secretion of metabolites (O-methylated
conjugated forms). The biliary secretion of conjugated forms was determined as the product
between the biliary flow rate (uL/min) and the concentrations of the phenolic acids measured
in the bile after enzymatic hydrolysis (umol/L).

In situ gastric infusion

After cannulation of the biliary duct, the pylorus was ligated and the stomach was filled in
situ through the cardia with a 5 mL CGA solution buffered to mimic the osmotic and pH
conditions found in the stomach during a meal. This buffer (pH 3) was maintained at 37 °C
and contained 7 mmol/L of CGA. CGA was stable in buffer under the experimental
conditions (data not shown). Thus, the stomach contained 35 pmol of CGA. The cardia
sphincter was ligated to prevent any gastroesophageal reflux. The amount of CGA infused
into the stomach was established in order to fit in the quantities found in the stomach during
the CGA feeding experiment. Stomach content was collected 30 min later and blood was
withdrawn from the gastric vein and abdominal aorta into heparinized tubes and centrifuged.
Two more rats were used as control, infused with the same buffer without CGA, and blood
treated in identical conditions. Plasma samples were acidified with 10 mmol/L acetic acid. All
samples were stored at —20°C before analysis.
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Analysis of phenolic acids
Treatment of gut content samples

Contents of stomach, small intestine and cecum collected from rats fed the CGA-
supplemented diet were spiked with sinapic acid as internal standard. Nine volumes of
methanol/H,O/conc.HCI (70:28:2; v/v/v) containing sinapic acid was added to one volume of
each content. The mixture was vortexed for 30 sec, sonicated at 0°C and centrifuged for 10
min at 4°C and 3000 x g. The supernatant was diluted with water (1:1, v:v), | mL of hexane
was added and the mixture was vortexed. After centrifugation, the upper organic phase was
removed and the lower was diluted 25 times in methanol/H,O/conc.HCI
(70:28:2 v/v/v) except for cecal samples which were directly analysed.

For the gastric infusion experiment, stomach contents were centrifuged, filtered on fritted
glass and directly analysed. Phenolic acid concentrations in the stomach lumen were corrected
for variations in volume due to gastric secretion. PEG, a compound not absorbed in the
stomach, was added to the gastric buffer, and its concentration in the gastric buffer
determined at the beginning and at the end of the experiment (Am J Physiol, 1968). The ratio
between these two concentrations reflects the intensity of the gastric secretion.

Treatment of other samples

Perfusate, bile, plasma and urine samples were spiked at 5 umol/L with sinapic acid or
vanillic acid as internal standard. Before analysis urine samples were diluted with 0.5 mol/L
sodium acetate containing 2 g/L ascorbic acid to reach pH 6.8. Perfusate, bile and plasma
samples were adjusted to pH 6.8 with 0.1 volume of 0.5 mol/L sodium acetate containing
2 g/L ascorbic acid. Urines and plasma samples were incubated for 4 h at 37°C, perfusate and
bile samples were incubated for 45 min at 37°C in absence or in the presence of 2x10° units/L
B-glucuronidase from Escherichia coli. This enzyme was selected rather than Helix pomatia
enzyme preparation as we noticed that CGA was partially hydrolysed by this last enzyme
mixture (Br J Nutr, 2005) but stable when treated by E. coli enzyme showing the absence of
esterase able to hydrolyze CGA in this enzyme preparation. The presence of sulfatase activity
in the E. coli enzyme preparation was checked, using a rat plasma sample containing known
sulfate esters of quercetin (data not shown).

Phenolic acids, in treated samples, were extracted by adding 2.85 volumes of
methanol/H20O/conc.HC1 (70:28:2 v/v/v) and centrifuged for 4 min at 12,000 x g. The
resulting supernatant was analysed by HPLC as described below.

Chromatographic conditions

Phenolic acids in gut contents, bile, plasma and urine were analysed by HPLC coupled to an
8-electrode CoulArray Model 5600 detector (Eurosep, Cergy, France). The system was fitted
with a 5 um C-18 Hypersil BDS analytical column (150 x 4.6 mm; Life Sciences
International, Cergy, France). Mobile phase A was 5% acetonitrile in 30 mmol/L NaH,POj, at
pH 3, and mobile phase B, 50% acetonitrile in 30 mmol/L NaH,PO, at pH 3. The separation
was performed at 35 °C. The flow rate was 0.8 mLmin .

Plasma samples, collected in the gastric vein and abdominal aorta after the gastric infusion
experiment, were analysed by HPLC-electrospray ionization-tandem mass spectrometry with
triple quadrupole MS detection (HPLC-ESI-MS/MS; API 2000, Applied Biosystem, Canada).
Plasma were treated as above and directly injected (40 uL) into the LC-ESI-MS/MS system,
fitted with a YMC-Pack ODS-AM column (250x3.0 mm L[.D, 5 um particle size, YMC
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Europe GmbH, Schermbeck, Germany) and a YMC-Pack ODS-AM guard column (10x4 mm
[.D, 5 um particle size, YMC Europe GmbH, Schermbeck, Germany). The mobile phase
consisted of water/acetonitrile/formic acid (94.5:4.5:1, v/v/v) (solvent A) and
water/acetonitrile/formic acid (49.5:49.5:1, v/v/v) (solvent B). The eluent was delivered at a
200 uL min™" flow rate.

Data analysis

Numerical values are mean +/- SEM. Data were analysed using XLStat ver.7.5 Addinsoft
2004. Significant differences were determined by one-way or by two-way ANOVA. When
significant differences were detected we used Tukey’s Multiple Comparisons Test to assess
difference among the means. Differences with p < 0.05 were considered significant.

RESULTS
Nutrional intervention study
Stability of chlorogenic acid in the gastro-intestinal contents

In the stomach, similar quantities of CGA were found at the end of each time period. In the
small intestine, CGA content increased significantly after 3 h. Content values at 4.5 and 7 h
were not significantly different from that found at 3 h. Only traces of caffeic acid (1.0 +/-
0.1 % of total phenolic acids) could be detected in both the stomach and the small intestine.
Much lower contents of CGA were found in the cecum. Maximal value was observed 4.5 h
after the beginning of the meal. It was significantly higher than the contents found at the other
time points (mean 0.13 umol). Caffeic acid was also found in the cecum in significant
amount, accounting respectively for 15, 32, 21 and 26 % of total phenolic acids measured at
each time point respectively.

Plasma kinetics of chlorogenic acid and its metabolites

No CGA or other phenolic acids were detected in aortic plasma of control group. In
supplemented group, both chlorogenic and caffeic acids were detected early (1.5 h) after the
beginning of the meal in similar concentrations (Table 1). No significant variations in the
concentrations were observed along the meal.

Table 1. Phenolic acid concentration in the plasma of rats fed a diet supplemented with
chlorogenic acid.

Time after the beginning 1.5 3 4.5 7
of the metal, h

Phenolic acids

Ceffeic acid 0.31+/-0.15 0.50+/-0.21 0.19+/-0.02 | 0.28+/-0.04

Chlorogenic acid 0.33+/—0.07 0.53+/—-0.21 | 0.39+/-0.11 | 0.50+/—0.11

Values are means +/— SEM, n = 4. Ferulic and isoferulic acids were detected at 0.06 and
0.08 umol/L respectively.

Concentrations of phenolic acids in urine taken directly into the bladder and repartition of
excreted metabolites

No CGA or other phenolic acids were detected in urine of the control group. In supplemented
group, CGA was detected in urine from 1.5 h after the beginning of the meal together with
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caffeic, ferulic and isoferulic acids. CGA excretion tends to decrease over time in proportion
to the amount ingested. Caffeic acid was also excreted early after the beginning of the meal;
its relative excretion over other phenolic acids increased at 3 h as compared to 1.5h
(p <0.001).

The early appearance of CGA in plasma and urine suggested an absorption in the upper part
of the gastro-intestinal system.

In situ intestinal perfusion of chlorogenic acid in rats

When CGA was perfused at 40.4 +/— 0.8 nmol/min into the upper intestinal tract, both
chlorogenic and caffeic acids were recovered in the effluent at the end of perfusion. Their
respective fluxes in the non hydrolysed effluent were 36.7 +/— 1.1 nmol/minand
0.23 +/— 0.02 nmol/min. These phenolic acids fluxes correspond to 90.8 % and 0.6 % of the
perfused flux of CGA respectively (Figure 1).

The net transfer of CGA into the entérocytes was 3.7 +/— 0.1 nmol/min corresponding to
9.2 % of the perfused flux. When the effluent was treated with deconjugating enzymes, the
flux of CGA was not changed: 36.7 +/— 0.3 vs 36.7 +/— 1.1 nmol/min in non hydrolysed
effluent, indicating the absence of intestinal secretion of conjugates of CGA.
After enzymatic hydrolysis, the flux of caffeic acid significantly increased
(0.48 +/—0.02 nmol/min; p < 0.05 vs caffeic acid in non hydrolysed effluent) indicating the
presence of caffeic acid conjugates released in the lumen. Free caffeic acid and conjugated
derivatives found in the effluent were due to intestinal activity and their secretion in the
lumen represented 1.2 % of perfused flux.

Thus, net absorption of CGA was 3.2 +/— 0.8 nmol/min and accounted for 8% of the perfused
flux.
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Figure 1. Fate of chlorogenic acid at the splanchnic level after in sifu intestinal
perfusion.

Analysis of the plasma samples collected after CGA perfusion showed the presence of

isoferulic acid in mesenteric plasma (0.12 +/— 0.02 uM). In the bile, only caffeic acid was
recovered in low concentration (3.0 +/— 1.3 pmol/min).
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In situ gastric infusion of chlorogenic acid in rats

A significant proportion of CGA was absorbed as indicated by its disappearance in the
stomach after a 30 min infusion (Table 2). Only traces of caffeic acid were observed in the
stomach content after incubation. Phenolic acids and their metabolites were looked for in the
plasma collected from the gastric vein and aorta by LC-ESI-MS/MS after the 30 min infusion
period. Two peaks with the same m/z transition as CGA were detected. They were absent in
plasma when rats are infused with control buffer. One of the two peaks has a retention time
identical to that of the commercial standard and is attributed to CGA (5-O-caffeoylquinic
acid). This shows for the first time that CGA is absorbed in its intact form in the stomach. The
second peak has not been identified and is more likely an isomer of CGA. No other
metabolites could be detected in the plasma.

Table 2. Chlorogenic acid absorption and plasma a concentrations after its infusion into
the stomach of rats during 30 min.

Chlorogenic acid — umol
Injected into the gastric lumen 35.0+/~1.0
Recovery from the gastric lumen at the end of 29.3 +/-0.7*
infusion % of injected dose
Absorption from the gastric lumen 16.3+/-1.9
umol/L
Gastric vain 33+-13
Aorta 1.6 +~0.3

Value are mean +/— SEM, n = 6. *Different from “Injected into the gastric lumen”, p <
0.001.

CONCLUSION

This study shows for the first time that CGA is not hydrolysed in the stomach and the small
intestine, but absorbed in the stomach in its intact form and as hydrolysed forms such as
caffeic and (iso)ferulic acids in the small intestine. Once reaching the cecum, CGA is
hydrolysed into caffeic acid and further metabolised into other aromatic acids.

Different authors reported that caffeic acid was detected early in plasma, 30 to 60 min after
consumption of pure CGA or coffee by rats or humans (J Agric Food Chem, 2002; J Agric
Food Chem, 2000). They suggested that CGA was hydrolysed in the upper digestive tract as
they could not detect any CGA in plasma. The absence of CGA would most likely be
explained by a too rapid transit through the empty stomach in these two studies carried out
with CGA solutions or brewed coffee in fasting rats or fasting subjects. In contrast, when
volunteers consume coffee with a whole breakfast, CGA was present in urine (Br J Nutr,
2005). Thus, the role of the stomach in polyphenol absorption and the influence of the food
matrix on absorption should be further investigated.

Moreover, further studies will be required to understand the exact mechanisms of absorption
and identify the transporters involved in the different parts of the gastro-intestinal tract.
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SUMMARY

This study aimed at investigating human fluids as bioavailability and excretion markers of
chlorogenic acids from coffee. Three caffeoylquinic acids and other non-esterified cinnamic
acid derivatives were identified in human digestive fluids and plasma. In addition, three
dicaffeoylquinic acids were identified in plasma. Our results show, for the first time, that
chlorogenic acids from coffee are absorbed in humans, circulate in their blood stream and are
partially excreted via saliva and gastro-intestinal fluids.

RESUMEN

Este estudio tuvo como objetivo investigar fluidos humanos como marcadores de
biodisponibilidad y de excrecion de los acidos clorogenicos presentes en café. Tres acidos
cafeoilquinicos y otros derivados de acidos cindmicos no esterificados fueron identificados en
fluidos digestivos y en plasma. Ademas, tres acidos dicafeoilquinicos fueron identificados en
plasma. Nuestros resultados muestran, por primera vez, que los acidos clorogenicos del café
son absorbidos en humanos, circulan en su corriente sanguinea y son parcialmente excretados
a través de la saliva y fluidos gastrointestinales.

INTRODUCTION

For years, coffee has been a target of scientific interest due to the presence of important
bioactive compounds including chlorogenic acids (CGA), which are esters of trans-cinnamic
acids (such as caffeic — CA, ferulic — FA and p-coumaric — CoA acids) with (—)-quinic acid
(Figure 1) (Farah and Donangelo, 2006). In fact, coffee is considered to be one of the main
dietary sources of CGA and, because of that, one of the main sources of antioxidants in a
number of countries (Svilas et al., 2004; Vinson, 2005). 5-caffeoylquinic acid (5-CQA), the
major CGA in coffee, is almost a ubiquitous compound in the plant kingdom, participating in
the composition of most plant-derived foods (Farah and Donangelo, 2006).

Despite the promising research results on antioxidant and other biological properties of CGA,
data on their absorption and metabolism in the human body are still scarce. Among the
various CGA isomers present in coffee, only trace concentrations of 5-CQA have been
identified in rat plasma and urine, even though urine has been considered to be a non-
preferential excretion pathway for CGA, at least in rats (Choudhury et al., 1999). After 5-
CQA consumption, trace amounts of 3-CQA, 4-CQA and 5-CQA were also identified in
human urine (Olthoff et al., 2001). However, no intact CGA has been identified in human
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fluids after coffee consumption, which has lead researchers to believe that in humans most
CGA from coffee are hydrolyzed before or upon absorption.
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Figure 1. Chlorogenic acids and related compounds. (A) Chlorogenic acids immediate
precursors; (B) monoesters of quinic acid with hydroxycinnamic acids (example of 5-
isomers); (C) diesters of quinic acid with caffeic acid.

Considering that CGA metabolites as well as other phenolic compounds have previously been
identified in bile (Das and Sothy, 1971), we investigated human gastrointestinal digestive
fluids (GIF) and saliva as possible CGA bioavailability and excretion markers. As a
significant fraction of the world population carries Helicobacter pylori (HP) in their stomach,
we also compared fluids containing and not containing, this bacteria. Finally, we investigated
the distribution of CGA major isomers in human plasma after coffee consumption.

MATERIAL AND METHODS
Eighty seven GIF samples were obtained from male and female healthy adults and elders

(regular and non regular coffee drinkers), after at least 12 h fasting during upper endoscopy
exams. GIF samples were divided into HP (—) and HP (+) and also into samples with pH < 6
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(with high concentration of gastric fluid) and pH > 6 (high concentration of pancreatic fluid
and bile) (Figure 2). Saliva samples were collected from male and female healthy adults (n =
15) directly into glass tubes after 12h fasting. Samples were clarified and analyzed by HPLC
and LC-MS for phenolic compounds as previously described for coffee (Farah et al., 2005).
Statistical analyses were performed by STATISTICA®, version 7.0 (USA) using LSD Test
and Student t test for independent samples.
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Figure 2. Characterization of human gastrointestinal fluids investigated in the present
study.

RESULTS AND DISCUSSION

HPLC results showed that the three main CGA isomers in coffee (5-CQA, 4-CQA and 3-
CQA) as well as other cinnamic acids were present in both GIF and saliva. About 97% of GIF
samples contained 5-CQA, 66% contained 3-CQA, 55% 4-CQA and 55% CA. Only 5% and
3% of the GIF samples contained FA and p-CoA, respectively. Similarly, 93% of the saliva
samples contained 5-CQA; 87% contained 3-CQA; 53% 4-CQA; 7% FA and 27% p-CoA.
CA was not identified in saliva samples.

There was a large inter-individual variation in the concentrations of CGA and non-esterified
cinnamic acids measured in digestive fluids, probably due to the inter-individual variability in
habitual CGA intake. Despite the inter-individual variability, most volunteers had up to 2.0
nmol/mL of total CGA and hydroxycinnamates in GIF and up to 0.5 nmol/mL of total CGA
and hydroxycinnamates in saliva (Figure 3). The average concentrations of total CGA in GIF
and saliva were, respectively, 2.21 £ 0.50 nmol/mL and 0.49 + 0.24 nmol/mL, being 5-CQA
responsible for about 50% of CGA in both GIF and saliva. The average concentration of total
hydroxycinnamates (including CA, FA and p-CoA) was 2.22 £ 0.62 nmol/mL and 0.72 + 0.39
nmol/mL, respectively.
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Figure 3. a) Relative frequency of total chlorogenic acids (CGA), total
hydroxycinnamates and 5-CQA concentrations in the gastrointestinal fluids of the 87
volunteers. b) Relative frequency of total chlorogenic acids (CGA), total
hydroxycinnamates and 5-CQAconcentrations in the saliva of the 15 volunteers.
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No significant differences were observed between individuals of different sex and age, HP
carriers and non-carriers, and between gastric and enteric fluids. On the other hand, a
significant difference was observed between the phenolic composition of saliva and GIF.
While CQA and CA were preferentially excreted in GIF, saliva contained higher amounts of
FA and p-CoA, which is reflected in the average concentrations of total hydroxycinnamic
acids in GIF and saliva. Figure 4 presents the average distribution of chlorogenic acids and
other hydroxycinnamates in gastrointestinal fluids and saliva of all volunteers — adults and
elders, Helicobacter pylori carriers and non-carriers.
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0.5
0.0- £ 2
GASTROINT. FLUIDS SALIVA
(n=287) (n=15)

Figure 4. Average distribution of chlorogenic acids and other non-esterified
hydroxycinnamic acids in gastrointestinal fluids and saliva of adults and elders
(Helicobacter pylori carriers and non-carriers).

The presence of non-esterified hydroxycinnamates in human and/or rat plasma and urine has
been previously reported (Bourne and Rice, 1998; Olthof et al., 2003; Nardini et al., 2002;
Cremin et al., 2001). Considering that in the analytical tests 5-CQA recovery was very high,
with no isomerization or hydrolysis, the identification of 3-CQA, 4-CQA and 5-CQA in the
investigated digestive fluids indicates that not only 5-CQA but other CGA isomers circulate
in the bloodstream, being excreted via digestive fluids. Since most hydroxycinnamic acids
previously identified in plasma were conjugated with either glucuronic acid, sulfates or other
compounds, investigation of conjugated forms of CGA in digestive fluids is under way.

In order to confirm the bioavailability of CGA isomers from coffee in humans, a coffee
infusion containing 1.31 g of CGA (3.08 mmol CQA; 0.24 mmol FQA; 0.25 mmol diCQA)
was orally administered to female and male adult volunteers (n = 6) after 12 h overnight
fasting period. Plasma and urine samples were collected before and after coffee ingestion for
4 h. In addition to 3-CQA, 4-CQA and 5-CQA, three dicaffeoylquinic acids and CA were
identified in the plasma of all volunteers, mostly in conjugated forms hydrolyzed by a pool of
enzymes from Helix pomatia with B-glucuronidase and sulfatase activity. Also, two
feruloylquinic acids were identified in one volunteer. Figure 5 shows the concentrations of
total CGA, CQA, diCQA and CA in human plasma samples during four hours after coffee
consumption.
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As for digestive fluids, a large inter-individual variation was observed in CGA concentrations
and kinetics in plasma (Figure 5). Two absorption peaks were identified - the first and minor
one 0.5-1 h after coffee consumption, suggesting that some absorption occurs in the stomach,
and the second one 1.5-4 h after coffee consumption, suggesting absorption throughout the
small intestine. Maximum plasma concentrations of CQA ranged from 3.6 to 7.9 nmol/mL,
while maximum plasma concentrations of diCQA ranged from 1.1 to 5.0 nmol/mL. CQA
plasma concentrations are in agreement with those observed in the investigated digestive
fluids from different individuals.

The main CQA identified in plasma was 5-CQA and the ratios 5-CQA/3-CQA and 5-CQA/4-
CQA were higher in plasma then in the coffee beverage consumed by the volunteers.
Considering that 5-CQA recovery in our analytical tests was very high, 3-CQA and 4-CQA
cannot derive from isomerization of 5-CQA, even if we consider some 5-CQA derived from
partial hydrolysis of 3,5-diCQA and 4,5-diCQA.

The only CGA identified in the urine of all volunteers was 5-CQA, which is in accordance
with previous results (Olthof et al., 2003). Other phenolic compounds - CA, dehydrocaffeic
acid, FA acid, isoFA, gallic acid, vanillic acid, sinapic acid — were identified in the urine of
all volunteers, being gallic and dehydrocaffeic acids the major urinary metabolites. p-CoA
and p-hydroxybenzoic acid were also identified although not in the urine of all volunteers.
These are compounds described in the literature as primary and secondary metabolites of 5-
CQA. Some of them, such as 5-CQA, FA, isoFA were also observed in plasma before coffee
consumption.

Our results indicate that besides 5-CQA, other chlorogenic acid isomers from coffee are
bioavailable in humans.
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SUMMARY

Coffee is the major source of chlorogenic acid on human diet and in vitro studies show that
this phenolic compound is a very specific inhibitor of glucose-6-phosphatase, a key enzyme
of the two main hepatic metabolic ways that release glucose. Accordingly, for the first time,
as much as we know, it was observed that an instant coffee extract with high levels of
chlorogenic acids (37.8%), inhibited up to 50% glucose-6-phosphatase activity on microsomal
fraction of hepatocytes. However, a lack of effect of chlorogenic acid on hepatic production
of glucose from glycogenolysis and on glycogenolysis and glycolysis rates on liver perfusion
was observed and could be explained by the fact that possibly this compound hasn’t reached
intracelular compatible levels with the inhibition of glucose-6-phosphatase. Intravenous or
oral administration of the instant coffee extract also didn’t imply in reduction of blood
glucose levels, plasmatic concentration of total cholesterol and triacylglycerols. Chlorogenic
acid, however, promoted a significant reduction (up to 21,76%) on 10 and 15 minutes of the
glycemic peak after the oral glucose tolerance test, that characterizes it as a potential glycemic
index reductor agent, possibly by attenuating the intestinal glucose absorption, highlighting it
as a compound of interest to help in risk reduction of type 2 diabetes development.

INTRODUCTION

Chlorogenic acid is a natural phenolic compound and coffee is its major source on human diet
(Clifford, 1999; Nardini et al., 2002; Olthof et al., 2001). On instant coffee commercially
available, the level of total chlorogenic acids may vary from 0.7 to 5.9% (Nogueira and
Trugo, 2003).

In vitro studies show that chlorogenic acid is a very specific inhibitor of glucose-6-
phosphatase (G-6-Pase) (Arion et al., 1997; Hemmerle et al., 1997; Schindler et al., 1998),
enzyme that catalyses the final reaction of glycogenolysis and gluconeogenisis, the two main
hepatic metabolic ways that release glucose. It was also demonstrated that synthetic
chlorogenic acid derivatives are effective not only in inhibit glucose-6-phosphatase in in vitro
studies, but also in inhibit hepatic glucose output and reduce blood glucose levels (Hemmerle
et al., 1997; Herling et al., 1999; 1998; Parker et al., 1998). However, there is only one known
study were it was observed a reduction of blood glucose levels of fed type 1 diabetic rats,
from 1 to 3 hours, after oral administration of chlorogenic acid (Andrade-Cetto and
Wiedenfeld, 2001).

65



Once there is no available data on literature about the effects of chlorogenic acid on hepatic
production of glucose, its effects on intestinal absorption of glucose are not conclusive and, as
much as we know, there are no studies about the specific effects of instant coffee’s
chlorogenic acids on glucose-6-phosphatase activity, blood glucose levels and plasmatic total
cholesterol and triacylglycerols concentrations, in the present study, these physiological
events were analysed in the presence of either chlorogenic acid (5-caffeoylquinic acid —
5-CQA) or an instant brazilian coffee extract with high levels of chlorogenic acids (37.8%)
and caffeine absence.

MATERIAL AND METHODS
Main Chemicals

Chlorogenic acid (5-cafeoylquinic acid, CI6H1809, MM 354.3) was purchased from Sigma
Chemical Company and the instant brazilian coffee extract with high levels of chlorogenic
acids (37.8%) and caffeine absence was produced as described by Bicchi et al. with
modifications (1995) and was compounded by 19% of 5-CQA and 4-CQA, 16.2% of 3-CQA
and 2.6% of 3-feruloylquinic acid (3-FQA), 20% of carbohydrates, 13.61% of proteins, 6.1%
of moisture, absence of caffeine and absence or maximum levels of lipids similar to instant
coffee (0.2%).

Animals

For the experiments, male Wistar rats (body weight 160-230 g), fed or submitted to 24 hours
of alimentary privation, depending on the metabolic parameter to be investigated, were used.

Bioassays

Glucose-6-phosphatase activity

The effect of the instant coffee extract with high levels of chlorogenic acids on glucose-6-
phosphatase activity was evaluated in rat liver intact microsomes obtained by differential
centrifugation (Bracht and Ishii-Iwamoto, 2003).

Liver perfusion

The studies of the effect of chlorogenic acid 1 mM on hepatic metabolic parameters (glucose

output from glycogenolysis, glycogenolysis and glycolysis rates) were performed in in situ
liver perfusion (Kelmer-Bracht et al., 1984), conducted as follows:

Time interval (min) 0-10 10-40 40-50

Control group* KH** KH + Glucagon 1 nM KH

*Fed animal; **KH= Krebs-Henseleit (perfusion fluid).

Glycogenolysis was calculated as the sum of hepatic production of glucose + 1/2 of the sum
of hepatic production of L-lactate + pyruvate and glycolysis as the sum of hepatic production
of L-lactate + pyruvate (Lopes et al., 1998). The differences between the area under the
curves of both control and experimental groups were analysed by an appropriate statistical
test.
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Intravenous administration

For the analysis of the acute effects of chlorogenic acids naturally found in instant coffee on
blood glucose levels and plasmatic concentrations of total cholesterol, phosphate buffer 5 mM
pH 7.4 (control group) or instant coffee extract (70 mg/kg) dissolved in the same buffer
(experimental group) were administrated intravenously (bolus injection) and blood samples
were collected on 5; 15; 30 and 60 minutes after the administration for biochemical
determinations.

Oral administration

For the analysis of the sub-chronic effects of chlorogenic acids naturally found in instant
coffee on blood glucose levels and plasmatic concentrations of total cholesterol and
triacylglycerols, water (control group) or instant coffee extract (100 mg/kg/day) (experimental
group) were administrated orally by gavage during 15 days and at the end of this experimental
period blood samples were collected for biochemical determinations.

Oral glucose tolerance test

To evaluate the effect of oral administration by gavage of chlorogenic acid on oral glucose
tolerance, the animals received orally a pre-treatment with water (control group) or
chlorogenic acid 3.5 mg/kg (experimental group). Then, the blood glucose base-line was
determined (0 minutes) and it was administrated a 200 mg/kg glucose load on the lack
(control group) or presence of chlorogenic acid 3.5 mg/kg (experimental group). Blood
samples were collected from the tip of the tail in distinct moments (0; 5; 10; 15; 30; 45; 60
and 90 minutes) for glucose determinations. Once chlorogenic acid solution had an acid pH
(2.8), an experiment to control the possible interference of the pH was also conducted by
adding HCI to the glucose solutions in order to reach a pH similar to that found in the
experiment with chlorogenic acid.

Statistical analysis

To analyse the results, accordingly to the necessity, the statistical tests one-way ANOVA
followed by Tukey, unpaired Student’s ¢ test or Mann-Whitney test were employed. Results
are expressed as mean + standard deviation and the significance level adopted was 5%
(p <0.05).

RESULTS AND DISCUSSION

The instant coffee extract, which contains chlorogenic acids, inhibited up to 50% (p < 0.05)
glucose-6-phosphatase activity on microsomal fraction of hepatocytes (Figure 1), where the
enzyme is accessible, and chlorogenic acid does not have to get into the cell. As much as we
know, this is the first evidence that chlorogenic acid’s natural isomers from commercially
available instant coffee showed the functional property of inhibit G-6-Pase.

However, a lack of effect of chlorogenic acid 1 mM on hepatic production of glucose from
glycogenolysis and on glycogenolysis and glycolysis rates on liver perfusion was observed
(Figure 2) and could be explained by the fact that possibly this compound has not reached
intracellular compatible levels with the inhibition of G-6-Pase, once chlorogenic acid is a very
specific inhibitor of G-6-Pase (Hemmerle et al., 1997; Schindler et al., 1998) and its synthetic
derivatives inhibit glucose-6-phosphatase in in vitro studies and hepatic glucose output in
liver perfusion studies and even reduce blood glucose levels (Hemmerle et al., 1997; Herling
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et al., 1999; Herling et al., 1998; Parker et al., 1998; Herling et al., 2002; Van Dijk et al.,
2001).
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Figure 1. Effect of the instant coffee extract with high levels of chlorogenic acids on G-6-
Pase activity. Livers from 24 h fasted rats were homogenized and submitted to
differential centrifugation as described in Methods. The microsomal fraction was used
to do the G-6-Pase activity assay in the lack (M) or presence (M) of different
concentrations of the instant coffee extract with high levels of chlorogenic acids. Each
bar represents the mean + SD of 3 to 5 determinations. Results analyzed by ANOVA
followed by Tukey. Distinct letters represent significant differences (p < 0.05). * p <0.05
versus control.
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Figure 2. Hepatic production of glucose (A), glucogenolysis (B) and glucolysis (C) on the
presence of glucagon. Livers from fed rats were submitted to in situ perfusion with
Krebs-Henseleit buffer. Glucagon 1 nM (®) or Glucagon 1 nM + chlorogenic acid 1 mM
(4) were infused from 10 to 40 minutes. Samples to glucose, L-lactate and pyruvate
determinations were collected each 2 min. Each point represents the mean £ SD of 3 to 5
experiments. Differences between the AUCs of control and experimental groups were
analyzed by unpaired Student’s 7 test.
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Intravenous administration of the instant coffee extract also did not imply in reduction of
blood glucose levels and plasmatic concentration of total cholesterol on 5, 15, 30 and 60
minutes after the administration (Table 1).

Table 1. Plasmatic concentrations of glucose and total chlolesterol after intravenous
administration of the instant coffee extract to fed rats. The blood glucose levels (mg/dL)
and total plasmatic cholesterol concentration (mg/dL) were evaluated on S; 15; 30 and
60 minutes after the intravenous administration of the instant coffee extract with high
levels of chlorogenic acids (70 mg/kg).

Groups Blood glucose levels
5 min 15 min 30 min 60 min
Control 131.25£19.29 (7) | 126.33£10.62 (9) | 119.33£11.03 (9) | 99.65+8.14 (9)

Instant coffee| 137.03+10.39 (7) | 122.02+11.30 (10) | 115.51+8.50 (11) | 106.92+10.58 (10)
extract

Groups Total cholesterol
5 min 15 min 30 min ‘ 60 min
Control 55.17£8.64 (8) 60.44+7.73 (10) | 62.51£13.40 (11) | 52.00+12.98 (9)

I[nstant coffee| 47.99+5.00 (8) 68.92+19.62 (8) 59.26+13.14 (9) | 52.29+11.15 (6)
extract
Data reported as mean £ SD. Results, within fixed time, analyzed by unpaired Student’s t test
(A) or by the equivalent non-parametric test of Mann-Whitney, when necessary (B). ()
Number of animals.

The oral administration, instead, promoted a slight increase in blood glucose (Table 2) and,
once in another experiment of oral administration of chlorogenic acid with the same
conditions (data not showed) it was not observed an increase in blood glucose levels, the result
observed with the instant coffee extract could be explained by physiologic and metabolic
alterations promoted by other extract’s components that not chlorogenic acid.

Table 2. Plasmatic concentrations of glucose, total cholesterol and triacylglycerols and
body weight gain after oral administration of the instant coffee extract to fed rats. The
blood glucose levels (mg/dL), plasmatic concentration of total cholesterol (mg/dL) and
triacylglycerols (mg/dL) and the rat’s body weight (g) were evaluated after 15 days of
oral administration of the instant coffee extract with high levels of chlorogenic acids

(100 mg/kg/day).
Groups Glucose Total cholesterol Triacylglycerols
Control 114.53+£7.67 (9) 44.59+£8.55 (10) 62.52+20.97 (8)
Instant coffee extract 128.91£13.67 (8) * 57.31+11.37(8) * 70.74+14.74 (8)
Groups Inicial weight Final weight Weight gain
Control 163.5+11.80 (10) 226+15.24 (10) 62.5 (10)
Instant coffee extract 160+13.54 (10) 235+20.41 (10) 75 (10)

Data reported as mean = SD. Results analyzed by unpaired Student’s t test. * p < 0.05 versus
control. () Number of animals.

The oral administration of the extract also promoted a slight increase in total cholesterol levels
(Table 2), and this represents a contribution to literature, once the issue “effects of chlorogenic
acid on cholesterol” is still controversial (Frank et al., 2003; Sotillo and Hadley, 2002) and
needs to be elucidated.
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The triacylglycerols levels and the weight gain of the animals were not changed by the oral
administration of the instant coffee extract (Table 2).

Chlorogenic acid, however, provoked a significant reduction (up to 21.76%) (p < 0.05) on 10
and 15 minutes of the glycemic peak after the oral glucose tolerance test (Figure 3), possibly
by attenuating the intestinal glucose absorption, and this effect should not be attributed to the
pH of the solution.
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Figure 3. Effect of chlorogenic acid (A) and pH (B) on the oral glucose tolerance test and
percentage of blood glucose levels reduction on 10 and 15 minutes of the glycemic peak
(C). 24 h fasted rats were submitted to oral glucose tolerance test in the lack (M) or
presence (M) of chlorogenic acid (A) or in the presence of glucose solutions with pH 6.2
(M) or 2.8 (M) (B). Blood glucose levels were evaluated on 0 (basal); 5; 10; 15; 30; 45; 60
and 90 minutes after the oral load of glucose. Each bar represents the mean + SD of 6 to
10 experiments. Differences between control and experimental groups, within fixed time,
were analyzed by unpaired Student’s ¢ test. * p < 0.05 versus control.

In fact, Welsch et al. (1989) described that chlorogenic acid reduced 80% of the glucose
transport capacity in brush border membranes vesicles isolated from rat small intestine and it
was also described that the consumption of glucose with decaffeinated coffee by fasted
humans attenuated glucose absorption on small intestine and resulted in a tendency to reduce
blood glucose levels (Johnston et al., 2003). There is even evidence that consumption of
instant coffee promoted blood glucose levels reduction during oral glucose tolerance tests
with humans [Mccarty, 2005a; 2005b; Van Dam et al., 2004; Yamaji et al., 2004)
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In this sense, the results obtained in the present study characterizes chlorogenic acid as a
potential glycemic index reductor agent, possibly by attenuating the intestinal glucose
absorption, highlighting it as a compound of interest to help in risk reduction of type 2
diabetes development.
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SUMMARY

Polysaccharides, proteins and melanoidins make up at least 30% of the dry matter of coffee
beverages, but little is known about their physiological effects. In this study the fermentability
of high molecular weight fractions obtained from filter coffee beverages (C. arabica, light,
medium and dark roasted) by human intestinal bacteria was investigated. Within 24 h of fer-
mentation polysaccharides were extensively degraded (75-90%) and short chain fatty acids
were produced in molar ratios of about 6:3:1 for acetate, propionate and butyrate, respec-
tively. Whereas galactomannans were fermented rapidly, arabinogalactans were degraded at a
slower rate. The rate of arabinogalactan fermentation varied for fractions differing in the
range of molecular weight. Structural changes of polysaccharides in the course of fermenta-
tion were analyzed by methylation analysis. A faster decrease in (1—3)-linked galactosyl
residues than in (1—6)-linked galactosyl residues accompanied by debranching the galactan
backbone was shown. (1—5)-Linked arabinosyl residues were the least degradable structural
units of arabinogalactans. From a decrease in brown color during fermentation it is assumed
that melanoidins were also degraded or modified by human intestinal bacteria.

INTRODUCTION

Coffee beverages contain remarkable amounts of high molecular weight substances, including
polysaccharides, proteins and melanoidins. Polysaccharides and proteins make up about 30%
of the dry matter. Whereas structural features of polysaccharides from coffee infusions have
been investigated in several studies (Navarini et al., 1999; Nunes and Coimbra, 2002), de-
tailed structures of coffee melanoidins are still unknown. However, they should not be ne-
glected, because they contribute to the high molecular weight fraction of coffee infusions and
may affect human health.

Little is known about physiological effects of high molecular weight components from coffee
beverages. Melanoidins show antioxidant properties and possibly bind nutritionally important
metals. Being part of the dietary fiber complex galactomannans and type II arabinogalactans
present in coffee infusions may have an influence on human health. However, information
about their physiological properties is rare, e.g. effects related to their fermentation by colonic
microbiota have not been investigated yet. Apart from polysaccharides also coffee melanoid-
ins may be utilized by human intestinal bacteria. Fermentation studies using model mela-
noidins have been carried out in vitro and in vivo (rat) (Ames et al., 1999; Dell"Aquila et al.,
2003; Horikoshi et al., 1981; Jemmali, 1969; Wynne et al., 2001). Results indicate that mela-
noidins may be partially degraded by human colonic bacteria and affect faecal bacterial
populations. Information about the fermentability of melanoidins from real food systems is
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limited. Up to now only bread crust melanoidins were shown to be utilized by human gut
bacteria in vitro (Borrelli and Fogliano, 2005).

The aim of this study was to get information about the fate of high molecular weight material
from coffee infusions in the human colon. For this high molecular weight fractions were ob-
tained from filter coffee beverages (C. arabica, light, medium and dark roasted) using ul-
trafiltration. The fractions were chemically characterized and subjected to fermentation with
human faeces bacteria in batch culture. Bacterial growth was monitored and products from
microbial fermentation, e.g. short chain fatty acids, were determined. The extent of polysac-
charide degradation as well as structural changes were determined by detailed carbohydrate
analysis. Furthermore changes in brown color, that would indicate microbial fermentation or
modification of melanoidins, were analyzed.

MATERIALS AND METHODS
Preparation of coffee beverages

Ground Arabica coffee (Columbia; light, medium and dark roasted) was kindly provided by
Tchibo (Hamburg, Germany). Filter coffee beverages were prepared with a commercially
available coffee machine (50 g ground coffee/L water).

Fractionation of coffee beverages

After removal of material insoluble at room temperature, the filter coffee beverages were
fractionated by sequential ultrafiltration (Vivaflow 50, Sartorius AG, Goettingen, Germany)
with molecular weight cut-offs of 100, 50, 10 and 3 kDa. The obtained fractions >100 kDa,
50-100 kDa, 10-50 kDa und 3-10 kDa were freeze-dried and analyzed as described below.

Batch culture fermentation

Human faecal samples were washed and bacteria were subsequently separated by centrifuga-
tion (10000 g, 6 min). The obtained pellet was used for the fermentation of high molecular
weight fractions (1.8 mg/mL), which was carried out for 24 h in a minimal medium under
anaerobic conditions. Controls included glucose as substrate and blanks without substrate or
without bacteria. Aliquots were taken after 0, 6, 12 and 24 h of fermentation and analyzed as
described below.

Determination of optical density

Aliquots of each batch culture sample were centrifuged (14000 g, 5 min). The pellet was re-
suspended in a defined volume of phosphate buffered saline and applied to optical density
measurement at 600 nm (Beckman DU-640 Spectrophotometer, Beckman, Krefeld, Ger-
many).

Analysis of short chain fatty acids (SCFA)

SCFA were determined by GC-FID (HP 5890 Series II GC, Hewlett-Packard, Waldbronn,
Germany) using a HP-FFAP capillary column (30 m length, 0.53 mm i.d., and 1.0 um film
thickness). Isobutyric acid was used as internal standard.
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Determination of total carbohydrates

The total carbohydrate content was determined using the phenol-sulfuric acid method (Dubois
et al., 1956). Calibration data were obtained on the basis of mannose and arabinose (working
range 10-150 pg/mL). The total sugar content was calculated as sum of anhydrosugars.

Analysis of monosaccharides

Neutral monosaccharides were released by Saeman hydrolysis, modified by Englyst et al.
(Englyst et al., 1994) and analyzed as their alditol acetates by GC-FID (Blakeney et al., 1983)
(GC Focus Series, Thermo Electron S.p.A., Milan, Italy) using a DB-5 capillary column (30
m length, 0.32 mm i.d., and 0.25 pm film thickness).

Methylation analysis

Methylation analysis was carried out as described by Nunes and Coimbra (2001) with minor
modifications. Partially methylated alditol acetates were characterized by GC-MS (HP 5890
Series II GC, HP 5972 Series Mass Selective Detector, Hewlett-Packard, Waldbronn, Ger-
many) using a DB-5MS capillary column (30 m length, 0.25 mm i.d., and 0.25 pm film thick-
ness). Quantitation of partially methylated alditol acetates was accomplished by GC-FID (GC
Focus Series, Thermo Electron S.p.A., Milan, Italy) using a DB-5 capillary column (30 m
length, 0.32 mm i.d., and 0.25 pm film thickness). Molar response factors of Sweet et al.
(1975) were used for quantitation.

RESULTS AND DISCUSSION
Starting material

500 mL of filter coffee beverages prepared from light, medium and dark roasted Arabica cof-
fee contained about 2 g of high molecular weight material (soluble at room temperature). The
major part obtained by ultrafiltration was present in the fractions 3-10 kDa and >100 kDa.

Polysaccharides were major components of the high molecular weight material. The total car-
bohydrate content was comparable for the fractions from coffees with different roasting de-
grees (Table 1). The fractions 3-10 kDa were all characterized by a lower content of carbohy-
drates than fractions >10 kDa. The polysaccharides were mainly composed of mannose, ga-
lactose and arabinose, which are the main constituents of galactomannans and arabinogalac-
tans. Their molar proportions vary to some degree for the different high molecular weight
fractions and also depend on the degree of roast. Compared to fractions from medium and
dark roasted coffee, fractions obtained from light roasted coffee are characterized by higher
proportions of arabinose and galactose, which is in accordance with the results obtained by
Nunes and Coimbra (2002).

For all three coffees, the fractions 10-50 kDa showed the highest relative amounts of mannose
and as a consequence higher relative amounts of galactomannans. However, for the dark
roasted coffee, the four fractions >3 kDa were very similar in their monosaccharide composi-
tion.
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Table 1. Total sugar content, monosaccharide composition and degradation of total
sugar after 24 h of fermentation.

coffee fraction total sugar” monosaccharide composition total sugar
[g/100g] [mol%] degradation [%]
Rha | Ara | Man | Glc | Gal
- >100 kDa 49.6 48 | 215|158 | 1.4 | 56.6 81
%ﬁ 2 50-100 kDa 40.6 33 | 17.8 1196 | 1.7 | 57.6 85
= § 10-50 kDa 41.8 23 | 138 [ 37.8 | 1.3 | 45.0 80
3-10 kDa 28.6 2.8 | 21.1 | 272 | 2.5 | 46.5 80
& >100 kDa 53.7 45 | 159 1267 | 3.9 | 49.0 80
=22 50-100 kDa 50.0 23 | 11.1 [ 442 | 3.0 | 393 82
T s 10-50 kDa 56.7 2.1 84 | 57.2 | 2.2 | 30.1 90
B = 3-10 kDa 33.2 3.6 | 185 1269 | 40 | 47.1 77
- >100 kDa 47.0 30 | 142 | 398 | 0.8 | 422 75
¥ 2 50-100 kDa 47.0 14 | 14.0 | 384 | 0.7 | 454 81
S 8 10-50 kDa 42.4 1.6 | 123 | 46.6 | 0.8 | 38.8 82
- 3-10 kDa 30.2 25 | 15,6 | 347 | 2.0 | 452 80
“anhydrosugar.

Fermentation experiments

Distinct increases in optical density, caused by bacterial growth, indicated that all high mo-
lecular weight fractions obtained from light, medium and dark roasted coffee beverages were
utilized as a sole carbon source by human faecal bacteria. Polysaccharides, are probably the
preferred substrates of colonic bacteria. After 24 h of fermentation a substantial decrease (75-
90%) in total carbohydrate content was observed for all fractions indicating that polysaccha-
rides were extensively degraded (Table 1). Presumably, the presence of melanoidins or struc-
tural units deriving from the Maillard reaction did not affect the fermentability of polysaccha-
rides.

As a result of carbohydrate utilization SCFA were produced by intestinal bacteria. The fer-
mentation of all subjected fractions led to the production of acetate, propionate and butyrate
in molar ratios of about 6:3:1. The degree of roast did not significantly affect molar ratios of
produced SCFA. Compared to dietary fiber from most other sources, the fermentation of
polysaccharides from coffee beverages led to higher relative amounts of propionate. This is in
accordance with results obtained by in vifro fermentation studies using galactomannans (from
guar gum, tara gum, locust bean gum) or arabinogalactans (from larch) (Amado, 2005;
Englyst et al., 1987). It is generally accepted that SCFA play an important role in maintaining
human gut health (Plaami, 1997). Butyrate is preferred as a luminal nutrient by the colonic
mucosa, whereas propionate is only partially metabolized by colonocytes and preferably
transported to the liver. The production of SCFA is associated with a decrease of colonic pH
thus reducing the conversion of primary to secondary bile acids that are regarded as cytotoxic.
Lower pH-values also impede growth of pathogenic bacteria whereas growth of bifidobacteria
and other lactic acid bacteria is supported.

After 24 h of fermentation the monosaccharide composition of residual carbohydrates
changed, indicating that galactomannans and arabinogalactans were degraded to a different
extent and/or at a different rate (Figure 1). The molar proportion of mannose decreased in all
fractions, whereas the relative amount of arabinose increased. Taking into account the low
total sugar content after 24 h of fermentation it can be concluded that mannans were almost
completely degraded. Arabinogalactans, however, were degraded to a lesser extent.
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Figure 1. Monosaccharide composition of polysaccharides present in non-fermented
(NF) and fermented (F) coffee fractions.

In order to investigate the rate of degradation of individual monosaccharides the residual ma-
terial was analyzed after 0, 3, 6, 12 and 24 h (fractions from medium roasted coffee). Man-
nose was shown to be degraded rapidly between 6 and 12 h of fermentation, whereas the deg-
radation of arabinose and galactose was decelerated. Probably due to their highly branched
nature arabinogalactans are not as rapidly degraded as mannans. For mannans, the rate of deg-
radation did not depend on the molecular weight fraction, whereas arabinogalactans of differ-
ent molecular weights where fermented at varying rates. This might be due to a varying com-
plexity of arabinogalactans present in coffee beverages and hence in fractions of different
molecular weights. Although an influence of Maillard reaction products on the polysaccharide
fermentation is not likely, we cannot fully rule out that they affect the fermentation process of
arabinogalactans. However, for a better estimation of the effects of Maillard reaction products
on the fermentation of polysaccharides it is necessary to learn more about possible linkages
between polysaccharides and products deriving from Maillard reaction.
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Methylation analysis gave more detailed information about arabinogalactan degradation and
time dependent structural changes. A decrease in the ratio branched/non-branched galactosyl
residues with increasing fermentation time allowed the conclusion that side chains were re-
moved from the galactan backbone. It was also shown that the relative amounts of (1—3)-
linked galactosyl residues decreased faster than these of (1—=6)-linked galactosyl residues. A
decrease in the ratio terminally/(1—5)-linked arabinosyl residues might indicate that arabino-
syl residues terminating side chains composed of galactosyl residues are better degradable
than those terminating arabinan side chains. The least degradable structural units of arabi-
nogalactans were made of (1—5)-linked arabinosyl residues.

For all fractions a slight decrease in brown color (determined as absorbance at 405 nm) was
observed during fermentation. After 24 h of fermentation the absorbance at 405 nm decreased
about 20% compared to blanks (coffee fraction in culture medium without bacteria). Although
polysaccharides probably are the preferred substrates for colonic microbiota, it seems possible
that also melanoidins were partially degraded or modified. In order to investigate the fate of
melanoidins in the human colon, it is necessary to get a better insight into their structural
properties. This requires the development of suitable separation procedures. Due to the com-
plexity of these high molecular weight components a lot of research has to be done in this
area.
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Evaluation of the Nutritive Value of Soluble Coffee
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SUMMARY

The European Union is considering to making nutritive labeling mandatory for all food,
including coffee. Food legislation has defined methodologies to evaluate nutritive values,
which are not adapted to roasted products such as coffee. The evaluation of the energy
value and dietary fibers were revisited for soluble coffee. The energy value of soluble
coffee should be determined from its detailed composition. Applying this approach,
soluble coffee provides 67 kCal/100 g powder compared to the 350 kCal/100 g established
with the official method. This difference is due to a systematic over-evaluation of the
protein and carbohydrate contents in soluble coffee with the official method. The nutritive
value is fairly independent of the blend characteristics but increases for soluble coffee
obtained from severe extraction processes (e.g. 98 kCal/100 g). The contribution of soluble
coffee to the energy balance of a diet is minute, i.e. ~1 kCal/cup brought by 0.1 g of
proteins and < 0.2 g of carbohydrates. However, soluble coffee is an important source of
soluble dietary fibers (mannans, arabinogalactans), i.e. ~30%, which correspond to
0.6 g/cup of fibers. The possible contribution of melanoidins to dietary fibers needs further
clarification.

RESUME

La déclaration nutritionnelle pourrait devenir obligatoire dans 1’union européenne pour
tous les aliments, y compris le café. Les méthodes officielles d’évaluation de la valeur
nutritionnelle ne sont cependant pas adaptées aux produits torréfiés comme le café. La
méthode d’évaluation de la valeur énergétique et du contenu en fibres du café soluble est
discutée dans cette étude. La valeur énergétique du café soluble devrait étre déterminée a
partir de sa composition détaillée. Ainsi le café soluble apporte 67 kCal/100 g de poudre
contre 350 kCal/100 g selon la méthode officielle. La différence est le résultat d’une
surévaluation systématique des teneurs en protéines et glucides du café soluble par la
méthode officielle. La valeur nutritionnelle dépend peu des caractéristiques du blend, mais
augmente dans les cafés solubles fabriqués dans des conditions d’extraction séveres,
98 kCal/100 g. Une tasse de café soluble contribue de fagon marginale a la balance
énergétique ~1 kCal/tasse et apporte 0.1 g de protéines et moins de 0.2 g de glucides. Le
café soluble contient ~30% de fibres solubles (arabinogalactanes, mannanes) ce qui
représente 0.6g de fibres par tasse. La contribution des mélanoidines aux fibres
alimentaires mériterait d’étre étudiée plus précisément.

BACKGROUND

The European Union is considering making the nutritive labeling mandatory for all food,
including coffee. Methodologies to evaluate nutritive values described by EU directives
(Directive E 90/496/CEE 24.09.1990) are based on the global evaluation of water, ash,
protein, fat, carbohydrates, organic acids and dietary fibres. Although this approach may be
appropriate in most cases, such crude evaluation leads to systematic over-evaluation of the
nutritive value when dealing with thermally treated products such as roasted coffee and
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soluble coffee. The purpose of this work was to assess the detailed chemical composition
of soluble coffees and propose a more adapted way for calculating its nutritive value.

EXPERIMENTAL
Green & Soluble Coffees

* Three green coffees blends (i.e. pure Arabica, pure Robusta, 50/50 Arabica/Robusta)
were prepared from commercial grade coffees. Each green coffee blend was roasted in
an industrial roaster at four different roast levels (i.e. CTN 110, 92, 73, 55CTN). From
each coffee roast, a soluble coffee was prepared by applying identical industrial
extraction conditions. Twelve soluble coffees covering the range of commercially
available soluble coffees were thus obtained.

* A commercial soluble coffee prepared from a medium roasted mixed blend (i.e. 65%
Arabica, 85CTN) was used for the dietary fibre evaluation.

Analytical Procedures

* The green coffee blends were analysed as previously described (Leloup et al., 2004).
An extensive characterisation of the soluble coffees was performed as described in
Figure 1.

* The nutritive values in kilojoules or kilocalories were calculated from the amounts of
the energy-supplying constituents, i.e. protein, fat and available carbohydrates as
defined above, multiplied by the corresponding factors and subsequent summation. The
factors are those from EU directive on the nutritive values of food ingredients:

Fat 37kl/g or 9kCal/g
Protein/available carbohydrates 17k]/g or 4kCal/g
Available organic acid 13kJ/g or 3kCal/g

|Humidity determined gravimetrically after 2h drying at 95°C |

|Ash determined gravimetrically after total combustion of organic matter at 550°C |

Total fat extracted under reflux in petroleum-ether and determined gravimetrically after solvant evaporation. Total fatty acid profile is established
after hydrolysis by gas chromatography

Total carbohydrate content was obtained from monosacchraride content after acid hydroylsis 2N H ~ ,SO,. Anion
exchange chromatography on Carbopac PA100 in water was used with amperometry detection L

Mono- & Oligo-saccharides were prepared in aqueous solution and analysed by anion exchange

Carbohydrates were 1
chromatography on Carbopac columns with amperometry detection aspreviously described .

analysed for their <

c.omposmon and molecular Soluble & Insoluble dietary fibers were analysed according to Protsky et al. * Fibers were recovered for further

sSize analysis of carbohydrates and proteins applying the presently described methods.

\, [Molecular weight distribution was investigated by size exclusion chromatography on a Superose12 & a
Superdex peptide in series followed by orcinol sulfuric detection .

Caffeine was extracted by aqueous methanol (70%). Reverse phase chromatography on Spherisorb ODS1 in

acetonile/water gradient was used with UV detection (274nm)

-

Nitrogenous ponent
were specifically analysed
for the three main groups

Tigonelline was extracted by hot HCI 0.02N. Reverse phase chromatography Nucleosil 50-5 in aqueous
acetonitrile was used with UV detection (274nm)

(i.e. caffeine trigonelline, Protein content was obtained from total amino acid content after hydrolysis. Three different hydrolyses were
proteins) while the < performed: 6N HCI, performic acid + 6N HCI (Met, Cys) or 4.2N NaOH (Trp) 3. Amino acids were analysed by
melanoidins were calculated reverse phase chromatography on C18 column with fluorimetric detection. Free amino acids were analysed

similarly without the hydrolysis step

Melanoidins was obtained from total nitrogen after the removal of the nitrogen contribution from caffeine
(28.85%), trigonelline (10.22%) & amino acids (16%). The residual nitrogen was multiplied by the conversion
factor of melanoidin (i.e. 23.5) previously published ‘

\

|Organic acids were solubilised in hot water and analysed by anion exchange chromatography on a AS11-HC column and conductimetry |

Chlorogenic acids were solubilised in aqueous methanol (70%). Reverse phase chromatography on Spherisorb ODS1in acetonile/water gradient
was used with UV detection (320nm)

(1) V. Leloup, J.H. de Michieli, R. Liardon, Characterization of oligosaccharides in coffee extracts 17" ASIC proceedings, Nairobi, 1997

(2) L. Prosky et al. , Determination of insoluble, soluble and total dietary fibers in food and foods product , J. Assoc. Off. Anal. Chem. 1988; 71(1017): 526-531

(3) G Sarwar et al. , Inter- and intra-laboratory variation in amino acid analysis of food proteins , Journal-of-Food-Science. 1983; 48(2): 526-531

(4) B. Cammerer, L.H. Kroh, Investigation of the influence of reaction conditions on the polymer composition of model melanoidins , Current status and future trends in
analytical fodd chemistry, 8th European conference on food Chem, 1995 (3) 597

Figure 1 . Analytical approach for the detailed characterization of soluble coffee.
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RESULTS & DISCUSSION
Coffee Processing and Impact on Coffee Chemistry

Green coffee is composed of carbohydrates (~50%), proteins (~12%), fat (9-15%) and ash
(~4%) Additionally green coffee also contains significant amounts of other nitrogen
components (~2-3%) (i.e. caffeine, trigonelline) and organic acids (~10-12%) such as
chlorogenic acids (Table 1).

However, green coffee is not consumed as such. With a view of producing a flavourful and
soluble beverage in coffee manufacturing, green coffee is basically submitted to two
successive thermal treatments.

* Roasting consists in heating up coffee beans at high temperature to initiate complex
chemical and physical changes. Chemically, roasting induces the degradation of
proteins and polysaccharides into more reactive compounds (i.e. carbonyl, amino
group), which further participate to complex Maillard-type reaction pathways.
Melanoidins are one of the end products of the Maillard reaction and are generally
described as high molecular weight, nitrogenous, coloured compounds (Figure 2).

* Extraction consists in submitting the roasted coffee to successive water extraction
steps in percolators at temperatures ranging approximately between 100-180 °C.
Chemically, the water extraction results in a selective solubilization of coffee solids.
Depolymerization and degradation mechanisms may occur during the extraction at high
temperature resulting in the generation of low molecular weight compounds (e.g.

oligosaccharides).
Polysac charides
Reducing sugars E
—iy —y
- — —_— P
Trotein = on
Aming acid T 4 cove Bate- et sl v I-Demsyodede l
/ —————————— Melmoidin
—
— —p —p
Adidcn cdipcudd < it | -Demu yodcds

Figure 2. Maillard reaction pathways.

Therefore, in order to determine a meaningful value of the nutritive value of soluble coffee,
one should determine both quantitatively and qualitatively the solids actually extracted
during the process. The extensive evaluation of the twelve soluble coffees is presented in
Table 1 and compared to those of the initial green coffees. The chemical entities (e.g.
proteins, melanoidins) and their relative ratio in soluble coffee highly differ from that
found in green coffee. The next paragraphs will focus at evaluating (1) the energy value
and (2) the dietary fibre content of soluble coffee.
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Table 1. Chemical composition of green coffee bean blends and soluble coffees obtained
by industrial manufacturing (roasting, extraction, drying).

Blend pure Arabica Blend 50/50 Arabica/Robusta Blend pure Robusta Mean stdev
Arabica % 100 100 100 100 100 50 50 50 50 50 0 0 0 0 0
Roast colour CTN | Green 110 92 73 55 | Green 110 92 73 55 | Green 110 92 73 55
H20 % 1110 425 4.26 3.10 3.56 | 11.07 3.76 398 3.62 383 |11.37 3.60 391 207 3.14 3.59 0.60
Ash %d.b.] 3.86 806 7.91 799 7.77 | 440 7.82 8.01 7.77 7.89 | 4.36 737 1.1 743 7.67 7.74 0.27
Lipids %d.b.] 1521 013 0.7 0.11 0.18 | 1222 0.15 009 015 0.26 | 9.44 0.16 0.18 0.26 0.27 0.18 0.06
Saturated fat %d.b. | n.d. 0.05 0.06 0.04 0.06 nd. 0.05 0.03 0.05 0.09 n.d. 0.06 0.07 0.09 0.10 0.06 0.02
Total Nitrogen %db.] 232 294 289 2.84 290 | 258 3.18 3.21 315 3.27 | 2.78 344 337 332 343 3.16 0.22
Caffeine %db.] 126 251 2.51 248 240 | 1.88 3.33 326 319 297 | 2.27 389 374 380 3.75 3.15 0.57
Caffeine nitrogen %d.b. | 0.36 072 072 0.71 0.69 054 096 094 0.92 0.86 | 0.65 1.12  1.08 1.10 1.08 0.91 0.16
Trigonelline %d.b.] 082 1.21 0.91 0.67 0.41 0.74 091 0.73 052 0.32 | 0.67 0.74 055 037 0.19 0.63 0.29
Trigonelline nitrogen % d.b. | 0.08 012 0.09 0.07 0.04 0.08 0.09 007 0.05 0.03 | 0.07 0.08 0.06 0.04 0.02 0.06 0.03
Total Amino Acids %d.b.] 1111 6.91 6.50 6.19 6.25 | 11.41 6.79 656 6.26 7.01 | 11.82 7.33 645 6.05 6.14 6.54 0.40
Amino acid nitrogen %d.b. | 1.78 1.11 1.04 0.99 1.00 1.83 1.09 1.05 1.00 1.12 1.89 1.17  1.03 097 0.98 1.05 0.06
NH4 %d.b.] 026 0.09 0.08 0.07 008 | 027 0.07 0.08 0.06 0.08 | 0.28 0.11 0.10 0.09 0.07 0.08 0.01
Non polar apliphatic %d.b.] 378 250 2.39 224 225 ] 395 249 243 231 257 | 410 279 238 224 227 241 0.17
Aromatic %d.b.] 096 0.64 0.62 062 0.58 1.01 0.74 070 067 0.71 1.1 1.09 074 0.69 0.68 0.71 0.13
Polar uncharged %d.b.] 095 029 021 0.14 0.14 1.02 0.25 022 0.14 017 1.07 033 0.18 0.11 0.11 0.19 0.07
Sulfured %d.b.] 000 0.12 0.12 0.13 0.15 | 0.00 0.12 0.12 012 0.12 | 0.00 0.11 0.10 010 0.11 0.12 0.01
Acidic %d.b.] 348 3.04 288 283 287 | 355 288 279 276 315 ] 3.59 255 271 262 271 2.82 0.17
a-amino %d.b.] 167 022 0.20 0.18 0.18 162 024 022 020 022 1.68 035 023 0.19 020 0.22 0.04
Free Amino Acids %d.b.] 037 076 0.69 064 067 | 044 071 0.71 063 0.72 | 0.51 079 068 0.65 0.64 0.69 0.05
Melanoidins %db.] 22 232 242 251 275 31 244 26.8 276 29.6 3.8 252 283 286 315 26.8 25
Melanoidin nitrogen % d.b. | 0.09 0.99 1.03  1.07 1.17 0.13 1.04 1.14 1.17 1.26 | 0.16 1.07  1.20 1.22 1.34 1.14 0.11
Total carbohydrates % d.b.]| 49.90* 37.3 37.0 371 36.4 | 51.90* 37.2 370 36.6 349 |48.86* 364 356 351 343 36.2 1.0
Mannitol %d.b.] 043 036 0.39 043 041 040 0.31 032 035 035 035 025 027 028 0.30 0.34 0.06
Total Arabinose %d.b.] 392 415 355 3.07 291 473 433 4.1 346 325 | 4.82 484 408 357 332 3.72 0.58
Total Galactose %d.b.| 10.37 1563 14.14 1297 1320 1223 1580 1522 13.89 13.24| 1276 16.78 15.04 14.13 13.14 ] 14.43 1.24
Total Glucose %d.b. | 9.35 1.16 1.06 1.06 0.92 | 9.06 1.14 1.08 1.08 094 | 8.93 1.12 1.07 1.05 0.96 1.05 0.08
Total Xylose %d.b.] 022 015 0.13 013 012 | 026 0.14 0.12 0.1 0.11 0.27 0.13 0.1 0.09 0.08 0.12 0.02
Total Mannose %d.b.| 19.85 1530 17.11 18.81 18.33 [ 19.82 14.87 1556 17.05 16.57 | 1896 12.76 14.37 1534 1590 ] 16.00 1.69
Mono-saccharides %d.b.] 017 546 5.50 550 4.51 0.22 5.54 523 525 431 0.16 532 550 557 4.83 5.21 0.43
Free Arabinose % d.b. | 0.00 1.34 1.00 0.67 061 0.00 1.36 1.06 082 0.55 | 0.00 1.54 114 080 0.54 0.95 0.34
Free Galactose % d.b. | 0.08 1.29 1.33 1.37 1.09 | 0.06 1.36 1.33 1.34 1.08 | 0.03 1.32 1.41 1.40 1.22 1.30 0.11
Free Glucose %d.b.] 0.00 0.31 0.32 0.34 027 | 0.00 0.30 029 031 0.26 | 0.00 027 031 035 0.31 0.30 0.03
Free Mannose % d.b. | 0.00 194 223 246 2.05 § 0.00 1.92 196 217 1.92 | 0.00 164 203 235 218 2.07 0.22
Free Fructose %d.b.] 009 058 0.62 066 049 | 0.16 0.60 0.58 0.61 0.50 § 0.13 055 0.61 067 0.59 0.59 0.06
Di-saccharides %d.b.] 3.63 393 3.96 396 3.00 | 296 4.00 3.70 372 281 1.68 3.79 396 4.03 331 3.68 0.41
Sucrose %d.b.] 3.63 0.00 0.00 0.00 000 | 296 0.00 0.00 0.00 0.00 1.68 0.00 0.00 0.00 0.00 0.00 0.00
Di-saccharides** % d.b. - 393 3.96 396 3.00 - 4.00 370 372 281 - 379 396 4.03 3.31 3.68 0.41
Organic acids %d.b.] 233 753 7.96 809 844 ] 199 6.86 739 777 834 | 1.7 639 7.41 7.87 8.37 7.70 0.62
Quinic %d.b.] 063 355 4.11 459 488 | 047 375 434 488 520 | 027 382 491 549 585 4.61 0.72
Pyroglutamic %d.b.] 000 045 0.3 062 0.77 | 0.00 042 0.51 059 0.82 | 0.00 040 050 059 0.75 0.58 0.14
Formic % d.b. | 0.02 1.03 1.04 099 1.03 | 0.01 0.85 085 0.87 085 | 0.02 079 083 079 0.77 0.89 0.10
Malic %d.b.] 046 0.75 0.68 057 050 | 0.34 048 044 039 038 | 0.26 029 026 023 022 0.43 0.17
Oxalic %d.b.] 004 017 0.20 020 022 | 0.09 0.19 019 020 022 | 0.14 019 019 0.18 0.18 0.19 0.01
Citric %d.b.| 1.08 1.54 1.36 1.07 099 | 0.94 1.12 1.02  0.81 0.81 0.89 084 068 054 052 0.94 0.31
phosphate %d.b. | 0.11 0.05 0.05 005 006 | 013 0.05 005 0.05 006 | 0.14 005 0.05 0.05 0.08 0.05 0.01
Chlorogenic acids %d.b.] 813 521 3.79 256 1.77 | 9.08 4.80 349 238 1.84 | 9.93 480 314 162 135 3.06 1.36
Other unknown %d.b.] 5.04 8.05 9.20 9.77 9.08 | 3.07 7.95 6.74 7.98 7.11 6.98 784 7.64 914 6.70 8.10 1.01

* Total carbohydrate in green coffee also includes uronic acids

** di-saccharide of mannose, galactose and/or arabinose evaluated from a calibration curve relating mono- and di-saccharide levels

Energy Value Assessment

From these analytical data, the nutritive value of soluble coffee was further calculated by
applying the factors for the four energy-supplying constituents. These values were further
discussed with those obtained when applying the analytical methodology recommended by
Food legislation (Directive E 90/496/CEE 24.09.1990; Souci.Fachmann.Kraut).

Fat is hardly extracted during conventional industrial extraction process. The total fat
content in soluble coffees is low and on average 0.18 + 0.06%. It has a marginal
contribution to energy (i.e. 1.6 kCal/100 g). Saturated fatty acids accounted for about
45% of total fatty acids, resulting in about 0.06 + 0.02% saturated fat in the soluble
coffee.

Nitrogenous components in soluble coffee are a complex mixture of chemical
families including proteins (6.5 + 1.4%), caffeine (3.2 = 0.6%) and trigonelline (0.6 £+
0.3%) from green coffee and melanoidins (26.8 £ 2.5%) formed upon soluble coffee
manufacturing. The latter compounds do not contribute significantly to the energy
balance (Dworkschack, 1980).

Food legislation defines protein as being N x 6.25, the removal of other nitrogen
sources being not explicitly mentioned. Table 2 provides for the twelve soluble
coffees the different ranges that can be proposed for proteins in soluble coffee. Protein
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evaluation based on total nitrogen is over-evaluated and should be replaced by a
protein content determined from the total amino acid content.

Table 2. Protein content and energy depending on analytical methodology.

Method N x 6.25 Neorrected X 0.25 * Amino acids
N by kjeldhal Corrected N by HPLC

“Proteins” in g/100g 19.8+1.4% 13.7+0.6% 6.5+£0.4%

“Energy ” in kCal/100g 79 55 26

* N by Kjeldhal corrected for N contained in caffeine and trigonelline.

* Carbohydrates in soluble coffee are essentially composed of two non-digestible
polysaccharide families, i.e. arabinogalactans, galactomannans. Initial sucrose is entirely
degraded during roasting, but variable amounts of mono- and disaccharides (e.g.
mannobiose) may be generated by thermal hydrolysis of coffee polysaccharides during the
extraction process. Their amount increase at higher thermal load as shown in Figure 3.
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Figure 3. Impact of thermal load on soluble coffee carbohydrates (left) Molecular weight
profile (right) Mono-/disaccharide content evaluated by HPLC for ~30 soluble coffees.

There is no legal obligation for a detailed analysis of carbohydrates, which may be evaluated
by difference to 100 of all other quantified components (i.e. humidity, ash, proteins, fat,
dietary fibers, available organic acids). This approach applied to soluble coffee is misleading,
as many compounds (e.g. chlorogenic acids: ~1-5%, melanoidins: ~23-31%) will be
considered as available carbohydrates. It results in over-evaluated available carbohydrate
levels reported for soluble coffee, i.e. 72%’. A revisit of carbohydrate assessment on the basis
of biochemical determination was already discussed within the AOAC (International AOAC,
2005) but is still not adopted.

The available carbohydrates should be determined from the mono-/disaccharide content in
soluble coffee. In the present soluble coffee range, available carbohydrates account for 8.9 +
0.8%, but could be lower or higher depending on the thermal load applied during the
extraction process (Table 3).

Table 3. Available carbohydrate content and process severity. Available carbohydrates
[CHO,yai1ab1e] €valuated from monosaccharides [CHOwono |
[CHOavai]ab]e] (g/l 00g)=1o97[CHOM0n0 ]'1.37.

Thermal load Mild Medium High
Available Carbohydrates in g/100g 2.6 8.9 16.4
“Energy ” in kCal/100g 10 36 65
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* Available organic acids are those that can be used by the human organism (i.e. lactic,
malic, citric). They account for 1.4+0.5% in soluble coffees and have a marginal
contribution to energy (i.e. 4 kCal/100 g).

Energy value of the soluble coffees was further calculated by integrating the proposal for
protein and carbohydrate assessment (Table 4). A soluble coffee provides on average 277
kJ/100g powder or 67 kCal/100g powder. The nutritive value is almost independent of blend
composition and roast colour. A cup of coffee (2g serving) delivers ~6 kJ/cup or ~1
kCal/cup brought by ~0.1g of protein and 0.2g of mono-/disaccharides.

Depending on the severity of extraction conditions, the energy value may be modulated
towards lower values, i.e. ~4 kJ/cup or < 1 kCal/cup, for mild processes or higher values, i.e.
~8 kJ/cup or ~2 kCal/cup, for severe processes. Most commercial soluble coffees, however,
belong to the mild/medium process category.

In conclusion, the energy value of soluble coffee calculated from its detailed chemical
characterization is five times lower than the data obtained by applying the analytical
methodology recommended by Food legislation, i.e. 67 kCal/100g powder vs. 350 kCal/100 g
(Souci.Fachmann.Kraut). The contribution of soluble coffee to the energy balance of the diet
is thus minute (~1 kCal/cup). In conclusion, the analytical methodology should be reviewed
to take into account the particularities of soluble coffee composition.

Table 4. Nutrient content and energy value of soluble coffees based on detailed
chemical analyses.

Nutrient Unit Mild Process | Medium Process | Severe Process

Fat g/100g 0.18+0.06

Protein g/100g 6.54+0.40

Carbohydrates g/100g 2.6 8.89+0.84 16.4

Organic acids g/100g 1.37+0.48

Energy in pwd kCal/100g 42 (173) 67+4 (277£16) 98 (400)
(kJ/100g)

Energy per cup | kCal/cup (kJ/cup) 0.8 (3.5) 1.3+0.1(5.5+0.3) 1.9 (8.0)

Cup size : 2g soluble coffee powder in 100mL.
Dietary Fibres in Soluble Coffee

Dietary fibers are primarily defined as the sum of all high molecular weight (MW)
substances, which cannot be enzymatically degraded in the human digestive system.
Basically, they include polysaccharides (e.g. cellulose, hemicellulose) as well as phenolic
polymers (e.g. lignin) (Souci.Fachmann.Kraut). Recently, non-digestible oligosaccharides
with a degree of polymerization DP=3 and substances associated with fibers (e.g. waxes,
modified cellulose) have also been suggest to count as dietary fibers (Tungland, D. Meyer,
2002).

Coffee melanoidins are products resulting from the degradation of carbohydrates and proteins
through Maillard-type reactions. Coffee polysaccharides bear substantial amounts of low
molecular weight units generated by Maillard-type reactions (Nunes et al., 2006). Therefore,
on the basis of both the dietary fiber definition and the structural association between coffee
polysaccharides and Maillard reaction products, the possible classification of melanoidins into
the dietary fiber category should be reviewed.
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Dietary fibers in soluble coffee were evaluated by the classical gravimetric and enzymatic
method (Prosky et al., 1017). In such methods, proteins or derived compounds (e.g.
melanoidins) are removed from the final fiber balance resulting in the quantification of high
MW carbohydrates. The carbohydrates composition and MW profile of the fibers were
analyzed. The low MW soluble fibers were further derived from the detailed carbohydrate
analysis of soluble coffee and fibers (Figure 4).

Soluble coffee contains ~20% of high MW fibers composed of mannans and
arabinogalactans. A small proportion (~3%) made of mannans is non soluble. Low MW fibers
account for ~10% and are composed of oligosaccharides of mannose, galactose and/or
arabinose. Summing the different contributions, carbohydrates contributing to the dietary
fibers account for ~30% in soluble coffee. The contribution of melanoidins to dietary fibers
should be investigated in more details as it could contribute significantly to the dietary fiber
balance (i.e. > 20%).
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Figure 4. Molecular weight distribution and composition of carbohydrates in the

different dietary fiber fractions i.e. non-soluble high MW, soluble high MW, soluble low

MW.

CONCLUSIONS

The energy value of soluble coffee should be determined from its detailed composition.
Applying this approach, soluble coffee provides 67 kCal/100 g powder. The nutritive value is
fairly independent of the blend characteristics. The contribution of soluble coffee to the
energy balance of a diet is minute, i.e. ~1 kCal/cup brought by 0.1 g of proteins and < 0.2 g of
carbohydrates. However, soluble coffee is an important source of soluble dietary fibers
(mannans, arabinogalactans), i.e. ~30%, which correspond to 0.6 g/cup of fibers.
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SUMMARY

Despite the innumerous potential pharmacological properties of chlorogenic acids reported in
the literature, little is known about their bioavailability in humans. The goal of the present
study was to evaluate the distribution profile of the major chlorogenic acid isomers and their
metabolites in human plasma and urine, after oral coffee administration. Three caffeoylquinic
acid isomers and three dicaffeoylquinic acid isomers were identified in the plasma of all six
volunteers after coffee consumption, while two feruloylquinic acids were identified in only
one volunteer. The main chlorogenic acids metabolites identified in urine were: isoferulic,
gallic, dihydrocaffeic, p-hydroxybenzoic, vanillic, p-coumaric, sinapic, caffeic and ferulic
acids. Our results show that the major chlorogenic acid isomers from coffee are bioavailable
in humans.

RESUMEN

A pesar de las innumerables propiedades farmacologicas de los acidos clorogénicos
reportadas en la literatura, poco se sabe sobre su biodisponibilidad en humanos. El objetivo de
este estudio fue evaluar el perfil de distribucién de los principales isémeros de acidos
clorogénicos y sus metabolitos en plasma y orina de humanos, después de la administracion
oral de café. Tres isomeros del acido cafeoilquinico y tres isdmeros del acido dicafeoilquinico
fueron identificados en el plasma de los seis voluntarios del estudio después de la ingestion de
café, mientras que dos acidos ferruoilquinicos fueron identificados en apenas un voluntario.
Los principales metabolitos de los acidos clorogénicos identificados en orina fueron los
acidos isoferrulico, galico, dihidrocafeico, p-hidroxibenzoico, vanilico, p-cumadrico, sindptico,
cafeico y ferrulico. Nuestros resultados muestran que los principales isomeros de los 4cidos
clorogénicos del café son biodisponibles en humanos.

INTRODUCTION

Chlorogenic acids (CGA) are a family of phenolic compounds formed by the esterification of
certain frans cinnamic acids, such as caffeic (CA), ferulic (FA), and p-coumaric (p-CoA),
with quinic acid. The main CGA subgroups in coffee are caffeoylquinic acids (CQA),
feruloylquinic acids (FQA) and dicaffeoylquinic acids (diCQA), with at least three isomers
per group. These compounds have been receiving much attention due to their pharmacological
properties observed in vitro and in vivo, such as antioxidant and hypoglycemiant (Moreira et
al., 2005; Shearer et al., 2003). However, studies on CGA bioavailability in humans are
limited, mainly due to the inexistence of commercial standards for all CGA isomers. CA, a
primary metabolite of CQA, and diCQA, have been detected in human plasma and/or urine,
especially in conjugated forms (Cremin et al., 2001; Nardini et al., 2002; Rechner et al., 2001;
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Olthof et al., 2003; Wittemer et al., 2005). From all CGA in coffee, only 5-CQA — the major
CGA in coffee — has been detected in rat plasma (Azuma et al., 2000). In humans, only traces
of 5-CQA, its isomers 3-CQA and 4-CQA, and metabolites have been detected in urine after
oral supplementation with 5-CQA (Booth et al., 1957; Olthof et al., 2001). In the present
work, we investigated the presence of the major CGA isomers in human plasma, and
metabolites in urine, after the oral administration of coffee.

MATERIAL AND METHODS

A coffee infusion prepared with light medium roasted Robusta coffee and containing 1.31 g of
CGA (3.08 mmol CQA; 0.24 mmol FQA; 0.25 mmol diCQA) was offered to six adult
volunteers. Blood samples were collected after 12 h fasting and 0,5; 1.0; 1.5; 2.0; 3.0 and 4.0
h after coffee administration. Plasma was deproteinized, treated with B-glucuronidase,
extracted with a methanolic solution, clarified and analyzed by reverse-phase (RP) HPLC.
Identification of peaks was perfomed by LC-MS and standards (Trugo and Macrae, 1984;
Farah et al., 2006). Urine samples were also collected prior and after coffee administration,
clarified and analyzed by RP-HPLC and LC-MS. Statistical analyses were performed by
Statistica® version 7, Tulsa, OK, USA), using Student t test for independent samples. Molar
ratios of isomers, calculated from the areas under the curve (AUC) of CGA isomers in plasma
and from the content of CGA isomers in the beverage, were compared. Differences were
considered when p < 0.05.

RESULTS AND DISCUSSION
Characterization of the brewed coffee offered to the volunteers

Eight CGA isomers (3-CQA, 4-CQA, 5-CQA, 3,4-diCQA, 3,5-diCQA, 4,5-diCQA, 4-FQA
and 5-FQA) were identified and quantified in the coffee beverage, from which CQA
represented the great majority (86%) (Table 1).

Table 1. Content of the main CGA isomers in the coffee beverage offered
to the volunteers during the study*.

Compound Content (_mol/200 mL beverage)
3-CQA 903

4-CQA 1055

5-CQA 1117

4+5-FQA 239

3,4-diCQA 82

3,5-diCQA 75

4,5-diCQA 91

Total CGA 3562

*Analyses performed in triplicates, with variation coefficient < 4%.
Plasma samples

No CGA or CA was detected in plasma before coffee administration. After oral coffee
administration, 3-CQA, 4-CQA, 5-CQA, 3,4-diCQA, 3,5-diCQA, and 4,5-diCQA were
identified in the plasma of all volunteers (Figure 1), while 4-FQA and 5-FQA were detected
in the plasma of only one volunteer. Maximal plasma concentration (Cmax) of CGA was
observed at 2,25 h after coffee administration (Table 2). CA — a precursor and immediate
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metabolite of CQA and diCQA — was also present in all plasma samples after coffee
administration, with maximum concentration 1,4 h after coffee consumption (Table 2).

The presence of free and conjugated forms of 5-CQA in rat plasma after intraperitoneal
administration of 5-CQA has been previously reported (Azuma et al., 2000). Conjugated CA
has also been identified in rat and human plasma after coffee digestion (Cremin et al., 2001;
Nardini et al., 2002; Rechner et al., 2001; Olthof et al., 2003; Wittemer et al., 2005; Azuma et
al., 2000). 3-CQA, 4-CQA and 5-CQA have been previously identified in human digestive
fluids (Farah et al., 2006). The presence of 5-CQA and other CGA isomers from coffee in
human plasma has not been described in the searched literature. The low amount of CA (4%)
formed during analytical recovery tests in our study suggests that most CA identified in
plasma would come either from a high uptake and/or from degradation of CGA inside the
human body.

= 20
Detoctor A {0 5mm)
— OO0 V2 AN-Smin
OATI00% V2 AN s <
)
Q
Yo}
g - L1s
=
0 3
N << <L
™ gL O
= OS O | f»
S S D
] < < S
o G S ™ <
o Q .
_8 ° ) A L5
<
<
b i
1 \—ﬂ_u——--—-——/\—f-'\____\/\-‘, ot Lo
( % 2 2% 2

&4
&

M
Time (minutes)

Figure 1. Typical chromatogram of human plasma obtained 2 h after oral coffee
consumption.

Table 2. Tmax, Cmax and AUC of CGA isomers and CA identified in human plasma after
coffee administration®.

Compound Tmax (h) Cmax (nmol/mL) AUC (nmol/mL.h)
3-CQA 1,75 +£0,99 1,00 £ 0,75 1,65+ 0,96
4-CQA 2,08 £ 1,20 1,04 + 0,68 1,85+ 1,24
5-CQA 2,33 +1,17 3,14+ 1,64 8,10 + 5,05
3,4-diCQA 2,25+1,25 0,92 £0,32 1,75+0,58
3,5-diCQA 2,33 £1,17 1,17 +0,95 1,85+ 0,83
4,5-diCQA 2,33 +£1,17 1,11 £0,36 2,04 + 0,67
Total CQA 1,75 +0,99 5,00 £2,53 11,48 7,12
Total diCQA 2,33 +£1,17 3,63 +£1,28 5,63 +1,83
Total CGA 225+ 1,25 8,00 + 2,50 17,11 £ 8,41
CA 1,42 £ 0,38 1,56 £ 1,52 2,81 +1,75

Chax - Maximum Concentration; Ty, - Time Corresponding to Cia- AUC- Area under the
curve;, * Mean results from six volunteers.
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A large interindividual variability was observed in the kinetics of all CGA isomers identified
in plasma. Individual differences in the absorption and metabolism of 5-CQA, CA and other
phenolic compounds have been previously reported in the literature (Farah, 2004; Rechner et
al., 2004).

The average molar ratio CQA:diCQA was about six times higher in coffee beverage than in
plasma, suggesting different mechanisms of absorption and/or metabolization, where the
absorption of diCQA would be favored over CQA or where tissue uptake of CQA after
absorption would be favored over that of diCQA.

Similarly, the molar ratios 5-CQA:3-CQA and 5-CQA:4-CQA were about four times higher
in plasma than in the coffee beverage, suggesting a higher absorption of 5-CQA compared to
3-CQA and 4-CQA isomers, or that 3-CQA and 4-CQA are quickly metabolized and/or stored
in liver and/or other organs, compared to 5-CQA.

Urine samples

The only CGA isomer identified in urine after coffee administration was 5-CQA, the major
CGA in coffee. CGA metabolites identified in urine after coffee administration were:
isoferulic, gallic, dihydrocaffeic, -hydroxybenzoic, vanillic, -coumaric, sinapic, caffeic and
ferulic acids. Gallic acid was the phenolic compound with the highest increment after coffee
administration in the urine of all the volunteers, followed by dihydrocaffeic acid. On average,
the amounts of gallic acid and dihydrocaffeic acid, represented together about 56% of the total
amount of phenolic compounds identified in urine after coffee administration. All these
phenolic compounds have been previously identified in urine after coffee consumption
(Cremin et al., 2001; Olthof et al., 2003; 2001). As with plasma, there was a large
interindividual variability in the concentration and kinetics of all compounds identified in
urine.

CONCLUSIONS

Our results show that not only 5-caffeoylquinic acid but also other major chlorogenic acid
isomers from coffee are absorbed and metabolized by humans.
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SUMMARY

The aim of this study was to investigate the effect of human digestive fluids on chlorogenic
acids (CGA) from coffee in an ex vivo digestion model. While gastric fluids did not affect
CGA concentration in coffee during incubation for up to 8 h, most digestive fluids with
higher concentration of enteric fluids produced isomerization and partial hydrolysis of CGA.
These effects increased with increasing pH and incubation time, although they were highly
variable among individual samples. While average 5-CQA loss after 8h incubation was ~9%,
total average CGA loss was ~6%. Therefore, a large amount of CGA is probably available for
absorption after human digestion.

RESUMEN

El objetivo de este estudio fue investigar el efecto de fluidos digestivos humanos sobre los
CGA del café en un modelo de digestion ex vivo. Mientras que los fluidos gastricos no
afectaron la concentracion de CGA del café durante una incubacion de 8 h, la mayor parte de
los fluidos digestivos con alta concentracion de fluidos entéricos produjeron isomerizacion e
hidrolisis parcial de CGA. Estos efectos aumentaron con el aumento del pH y del tiempo de
incubacion, a pesar de que fueron altamente variables entre las muestras individuales. A pesar
de la perdida promedio de ~9% en 5-CQA después de 8h de incubacion, la pérdida total de
CGA no excedi6 6%.

INTRODUCTION

Chlorogenic acids (CGA) are non-flavonoid phenolic compounds abundant in coffee. The
major CGA groups in coffee are the caffeoylquinic acids (CQA); feruloylquinic acids (FQA)
and dicaffeoylquinic acids (diCQA), with at least three isomers per group. In the last decade,
a series of pharmacological properties have been attributed to these compounds (Farah et al.,
2005). Although CGA-rich coffee has a potential use as a functional food, data on the
bioavailability of CGA is scarce. Literature reports on human studies suggest a small
absorption of 5-caffeoylquinic acid (the only commercially available CGA) in the intestinal
portion of the gastrointestinal tract. Despite the brief contact of food with saliva,
gastrointestinal transit time may take from 2-8 h (Davenport, 1980). Since coffee may be
ingested between and after meals, and considering variations in transit time, CGA may remain
in contact with digestive fluids for many hours. Artificial gastric fluids did not succeed in
hydrolyzing 5-CQA (Olthof et al., 2001). The activity of esterases in the small intestine
mucosa and lumen has been suggested (Andreason et al., 2001; Nardini et al., 2002) and an
intense esterase activity was observed in the gut (Couteau et al., 2001; Dupond et al., 2002).
But the question whether 5-CQA undergoes hydrolysis in the digestive tract has not been
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answered yet. Therefore, our aim was to investigate the effect of human digestive fluids on
CGA from coffee in an ex vivo digestion model.

MATERIAL AND METHODS

Eleven gastrointestinal fluid samples, six with pH < 6 (higher concentration of gastric juice)
and five with pH = 6 (higher concentrations of pancreatic juice and bile), were obtained from
male and female adult volunteers during upper endoscopy exams. A concentrated aqueous
green coffee extract containing: 22.9 = 0.2 ug of 3-CQA; 25.5 £ 0.1 ug of 4-CQA; 136.6 +
0.4 ug of 5-CQA; 4.2 £ 0.1 nug of 4-FQA; 10.2 + 0.2 ug of 5-FQA; 8.1 £ 0.1 ug of
3,4-diCQA; 8.5 £ 0.3 ug of 3,5-diCQA and 8.1 + 0.3 ug of 4,5-diCQA was incubated in
triplicates for 2 and 8 h with water and human digestive fluids, in the dark, at 37°C and under
mild agitation. After the experiments, samples with pH > 3 were acidified with HCI 3N.
Samples were then clarified with Carrez solutions and analyzed by HPLC (Farah et al., 2005).
Statistical analyses were performed by Statistica®, version 6.0, 2000 (USA), using ANOVA
and Student t test for independent samples. Differences were considered when p < 0.05.

RESULTS AND DISCUSSION

Neither water nor digestive fluids with pH < 6 affected CGA isomers concentrations during
incubation for up to 8 h. These results confirm those previously reported in the literature after
incubation of 5-CQA with human gastric juice for 2 h (Olthof et al., 2001), and strongly
suggest the absence of esterases able to hydrolyse CGA in the stomach. In contrast, most
digestive fluids with pH = 6 produced isomerization of the phenolic acid moiety attached to
the 5-position of the (-)-quinic acid to the 3- and 4- positions and partial hydrolysis of the
CGA isomers, in general. These effects tended to increase with increasing pH and incubation
time, although they were non-linear and highly variable among individual samples (Figure 1).
For example, while a sample with pH 6,3 produced a 9.3% decrease in 5-CQA concentration
after 8 h incubation, a sample with pH 7.2 produced a 7.2% decrease. The differences
observed among the effects of digestive fluids on CGA could most probably be attributed to
differences in ionic forms concentration in the fluids, and not to the presence of esterases,
since an increase was observed in the concentrations of 3- and 4- isomers and not so much of
CA. However, specific experiments should be performed in order to investigate the presence
of esterases in the fluids.

Despite losses of up to 25% in experiments using 5-CQA alone after 8 h incubation (data not
shown), losses of 5-CQA in coffee ranged from 2.1 to 7.8% after 2 h incubation, with average
loss of 4.7%, and from 7.2 to 10% after 8 h incubation, with average loss of 8.7%. Total CGA
loss ranged from 1.8% to 4.3% after 2 h incubation and from 4.2% to 8.0% loss after 8h
incubation, with average losses of 2.9% after 2h incubation and 5.7% after 8h incubation.
These lower losses in CGA compared to losses in 5-CQA are mostly due to the increase in 3-
CQA and 4-CQA concentrations produced in consequence of the isomerization of 5-CQA
during incubation.

CONCLUSIONS
Our results suggest that all CGA isomers from coffee consumption remain intact in the

stomach, and that despite some loss after contact with intestinal fluids, a large amount of
CGA remains available for potential absorption in the small intestine.
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SUMMARY

In this study, we investigated the effect of artificial and human gastrointestinal fluids on
5-caffeoylquinic (5-CQA) acid. Neither water nor artificial and natural digestive fluids with
pH < 6 affected 5-CQA concentrations during incubation for up to 8 hs. On the other hand,
artificial and natural fluids with pH = 6 produced isomerization and hydrolysis of 5-CQA, as
pH and incubation time increased. A large variation in the natural fluids responses within this
pH range was observed, with average 5-CQA losses of ~20% after 8 h incubation. The
comparison of natural and artificial fluids suggests the absence of esterases able to hydrolyze
5-CQA in gastric fluids. The possibility of existence of esterases able to produce mild
hydrolysis of 5-CQA in the intestinal portion of some individuals cannot be discarded yet.

RESUMEN

En este estudio, investigamos el efecto de fluidos gastrointestinales humanos y fluidos
artificiales, sobre el 4cido 5-cafeoilquinico (5-CQA). Ni el agua ni fluidos artificiales y
naturales, con pH < 6, afectaron las concentraciones de CQA durante incubacion hasta 8h. Por
otro lado, los fluidos artificiales y naturales con pH > 6 produjeron isomerizacion e hidrélisis
del 5-CQA, a medida que el pH y el tiempo de incubacion aumentaron. Fue observada una
gran variacion en las respuestas de los fluidos naturales dentro de este rango de pH, con
perdidas promedio de 5-CQA de ~20% después de 8h de incubacion. La comparacion entre
fluidos naturales y artificiales sugiere la ausencia de esterasas capaces de hidrolizar 5-CQA en
fluidos gastricos. Por otro lado, la posibilidad de la existencia de esterasas capaces de
producir hidrdlisis parcial de 5-CQA en la porcién intestinal de algunos individuos no puede
ser todavia descartada.

INTRODUCTION

Chlorogenic acids (CGA) are important phenolic constituents of coffee, accounting for 6-14%
of green beans composition (Farah and Donangelo, 2006). Despite their thermolability, light
to medium roasted coffees still contain considerable amounts of these compounds.
5-caffeoylquinic acid (5-CQA) is the main CGA in coffee, being responsible for about 50-
60% of total CGA content. Various medicinal properties of 5-CQA have been observed in in
vitro and animal models, some of them related to their natural antioxidant properties (Moreira
et al., 2005; Farah et al., 2005). However, data on digestibility and bioavailability of 5-CQA
in humans is limited. The occurrence of a small absorption, mostly in the jejunum portion of
rats intestine is reported (Spencer et al., 1995). Evidences of 5-CQA absorption in human are
still insufficient. Only caffeic acid has been identified in plasma after coffee consumption
(Nardini et al., 2002), although traces of intact 5-CQA have been identified in human urine
(Olthof et al., 2001). The action of esterases in the intestinal mucosa has been reported
(Andreason et al., 2001). The possibility of partial hydrolysis in intestinal lumen is not
discarded, especially considering that despite the brief contact of food with saliva in the
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mouth, gastrointestinal transit time may take from 2-8 hs (Davenport, 1980) and 5-CQA from
coffee or other food sources may remain in contact with digestive fluids for many hours. In
the present study, our aim was to investigate the effect of human digestive fluids on 5-CQA in
an ex vivo digestion model. We also compared the results obtained with human digestive
fluids with those from artificial digestive fluids in order to distinguish between the effects of
the ionic forms — present in both fluids — from the enzymatic effects present only in the
natural fluids. As a considerable percentage of the population carries Helicobacter pillory
(HP) in their digestive tract, we included in our investigation some fluids containing this
bacteria.

MATERIAL AND METHODS

Digestive fluid samples were obtained from thirty adult volunteers during upper endoscopy
exams. Ten samples were Hp (+) and twenty were Hp (-). Samples were also divided
according to pH (< 6 and > 6) in order to separate those with higher concentration of gastric
fluid from those with higher concentrations of pancreatic fluid and bile. pH groups were
determined based on intestinal pH reported in the literature (Figure 1).

Gastric and pancreatic juices (pH 1.3 and pH 8.3, respectively) were prepared with the
mixture of HCI, NaHCO;, NaCl and KCl, according to literature data (Tunio et al., 1997;
Code , 1975; Berne and Levy, 1998) (Figure 1).

Mouth
Saliva ,
pH 5.8-7.8 . Y
KHC O? UL/ Stomach
NaHCO; SR Gastric juice
NaCl ~ (Plam) pH 1-2
Ca3(POy), HCI
KCl
Intestine Nacl
pH5.9-7.8 /
Bile pH ~7.0 ! Pancreatic juice
(5.9-7.8) pH 8.2
Biliary salts NaHCO4
NaCl Natl
KCl el

NaHCO:s

Figure 1. Characterization of digestive fluids in the human digestive tract according to
literature data (Tunio et al., 1997; Code , 1975; Berne and Levy, 1998).

Mixtures with different pH were made representing the pool of digestive fluids in the
gastrointestinal tract. A concentrated aqueous solution of 5-CQA (Sigma-Aldrich, USA) was
incubated with water, artificial fluids or human digestive fluids (final concentration of
60 pg/mL) for 2 and 8h, and for 2, 4, 6 and 8h, depending on the available volume of fluid, at
37 °C, under mild agitation. Samples were then clarified and analyzed by HPLC (Farah et al.,
2005). Statistical analysis was made by Statistica® software, version 6.0 (2000) using LSD
test and Stuart t test for independent samples. Results were considered significant when p <
0.05.
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RESULTS AND DISCUSSION

Figure 2 shows the interactive effects of pH, time and the presence of Helicobacter pylori in
natural digestive fluids on 5-CQA, during 8 h of incubation in the dark, at 37 °C, under mild
agitation. Neither water nor digestive fluids with pH < 6 affected 5-CQA concentrations
during incubation for up to 8 h. On the other hand, artificial and natural fluids with pH = 6
produced isomerization and hydrolysis of 5-CQA, as pH and incubation time increased, with
production of 3-CQA, 4-CQA and caffeic acid. A large variation in the natural fluids
responses within this pH range was observed, with losses of up to ~60% after 8 h incubation.
Average 5-CQA loss in this pH range was ~20% after 8 h incubation. The comparison
between the results obtained from artificial and natural human digestive fluids strongly
suggests the absence of esterases able to hydrolyze 5-CQA in gastric fluids. In the enteric
fluids, the increase in NaHCO3 concentration — and not necessarily in pH — seemed to be
associated with isomerization and loss of 5-CQA during incubation. This was concluded after
comparison of natural fluids results with those from artificial fluids with same pH but
different concentrations of NaHCO;. Moreover, considering the behavior of a few individual
samples, the existence of esterases in enteric fluids able to hydrolyze this compound in some
individuals could not be discarded and needs further investigation.
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Figure 2. Interactive effects of pH, incubation time (0, 2, 8 h) and the presence of
Helicobacter pylori (HP) in natural digestive fluids on 5-CQA, at 37 °C, under mild
agitation. Initial 5-CQA concentration was 60 pg/mL. Results are means of triplicates of
experiments. pH A <6; pHB = 6.

No differences were observed between the average results obtained with Hp (+) and Hp (-)
fluids after 2 h of incubation. After 8 h incubation, only a small difference of ~3% was
observed between the average results obtained for Hp (+) and Hp (-) fluids. However, looking
at individual values, this difference was not consistent among samples, being caused by the
large individual differences that are more likely due to a large variation in concentrations of
ionic forms and/or a mild action of esterases in some individuals.

CONCLUSIONS

The results obtained in this study strongly suggest that the 5-caffeoylquinic acid orally
consumed by humans remains intact in the stomach, and that despite of large differences in
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the action of intestinal fluids from different individuals on 5-caffeoylquinic acid, a
considerable portion of this compound is still available for absorption in the intact form or for
the action of esterases in the small intestine mucosa.
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SUMMARY

The uptake of chlorogenic acids from coffee extracts by HepG2 human hepatoma cells was
investigated. HepG2 cells were incubated with a commercial instant decaffeinated coffee
solution (1.5% and 4% w/v) for 1.5-7.5 hours. Results from incubation with coffee at 1.5%
showed that although the concentration of 5-caffeoylquinic acid (5-CQA) in cell culture
media was about 1.5 times higher than that of both 3-CQA and 4-CQA, the uptake of the
latter two isomers by HepG2 cells was 5 and 6 times higher, respectively, than the uptake of
5-CQA. Similar results were observed for 3- and 4-feruloylquinic acids (FQA) compared to
5-FQA. FQA uptake was also facilitated compared to CQA uptake. Increasing CGA
concentration in cell media caused a relative decrease in the uptake of feruloylquinic acids in
comparison with caffeoylquinic acids and the uptakes of 3- and 4-substituted isomers,
especially FQA isomers, while the uptake of 5-CQA and 5-FQA was proportional to their
concentration increase in the cell culture media. Our results suggest differentiated transport
systems for CGA isomers, where the uptake of some isomers is facilitated — at least in part —
by a carrier system(s). Further investigation is under way.

INTRODUCTION

Chlorogenic acids (CGA) are esters of hydroxycinamic acids with (-)-quinic acid. These
compounds are largely distributed in the plant kingdom, with especially high amounts in
coffee seeds, where they play an important role as antioxidants. The main groups of CGA in
coffee are the caffeoylquinic acids (CQA), dicaffeoylquinic acids (diCQA) and feruloylquinic
acids (FQA), with at least three isomers per group. During coffee roasting, quinolactones are
produced through dehydration of CGA and formation of intramolecular bonds (Farah and
Donangelo, 2006). A number of pharmacological properties have been attributed to CGA
such as hepatoprotective, anti-inflammatory and the ability to increase hepatic glucose
utilization and to lower blood glucose (Farah and Donangelo, 2006; Moreira et al., 2005;
Jonston et al., 2003; Shearer et al., 2003; Basnet et al., 1996). However, studies on CGA
absorption and metabolism are scarce. CGA isomers have recently been identified in human
plasma, urine and digestive fluids (Olthof et al., 2003; Farah, 2004; Monteiro, 2006), mostly
in conjugated forms. The partial absorption of CGA via portal system and storage in the liver
prior to systemic distribution has also been suggested (Baer-Dubowska and Szaefer, 1998).
Despite this, no reports are found on CGA isomers uptake by liver cells.

The human hepatome HepG2 cell line has been largely used in studies investigating the liver
uptake of different food components, including phenolic compounds such as flavonoids (Yi et
al., 2006). In the present study, we used HepG2 human hepatocytes to investigate CGA
isomers uptake during incubation with coffee beverage.
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MATERIAL AND METHODS

HepG2 cells were incubated with a commercial instant decaffeinated coffee infusion added
directly into the cell culture media (1.5% and 4% w/v) for 1.5-7.5 hours. After the incubation
period, cells were washed with saline and the phenolic fraction was extracted with a mixture
of methanol/water, clarified by filtration and analyzed by reverse-phase HPLC (Farah et al.,
2005). Aqueous cell extracts were also incubated with -glucuronidase type II from Helix
pomatia (Sigma-Aldrich, USA) to investigate the existence of conjugated forms. Cell culture
media was also analyzed at each time point.

RESULTS AND DISCUSSION

Six chlorogenic acid isomers and two lactones were identified and quantified in the media
used in this study. Only traces of 3,4-diCQA and caffeic acid were identified in the media,
probably due to diCQA degradation during the roasting process. The thermolability of CGA
is well known (Farah and Donangelo, 2006) and the coffee used in this study could be
classified as very dark roasted coffee. CGA concentration in the cell media remained
relatively stable during the 7.5 h of incubation (Figure 1).

Maximum CGA uptake was at 5.5 h of incubation. After this point, the cells started to loose
viability probably due to the presence of one or more toxic substances in the culture media.
One possibility could be the low amount of caffeine remaining in decaffeinated coffee
(0.3 g %), since caffeine was previously shown to be toxic to neuroblastoma cells (Jang et al.,
2002). Although HepG2 cells incubated with up to 10 mM of 5-CQA and caffeic acid in our
laboratory were viable even after 24 h incubation, other phenolic compounds have previously
shown toxicity for HepG2 cells (Yi et al., 2006; Ramos et al., 2005), which raises the
possibility of application of such compounds in cancer prevention and therapy. Therefore, the
toxicity of CGA and cinnamic acids other than 5-CQA and CA for HepG2 cells should be
studied.

Results from incubation with coffee at 1.5% showed that although the concentration of 5-
CQA in cell culture media was about 1.5 times higher than that of 3-CQA and 4-CQA, the
uptake of the latter two isomers by HepG2 cells was 5 and 6 times higher, respectively, than
the uptake of 5-CQA. Similar results were observed for FQA - intracellular concentrations of
3-FQA and 4-FQA were 5 and 7 times higher, respectively, than that of 5-FQA, while in the
cell culture media concentrations of 3-, 4- and 5-substituted isomers were similar. FQA cell
uptake was also higher than CQA uptake (Figure 2).

CA was identified inside the cells, which indicates degradation of CQA inside the cell or high
uptake of CA from the media. Ferulic acid was not identified inside the cells, even though
FQA were uptaken, which increases the possibility of a high uptake of CA from the media
rather than degradation of CQA. Lactones levels inside the cells were low at all time points,
suggesting either low uptake, degradation or return to the chlorogenic acid form inside the
cells.

Increasing CGA concentration in cell media (4% coffee infusion) reduced, relatively
speaking, the uptake of 3- and 4-substituted CGA isomers, especially FQA, which could,
perhaps, be inhibited by larger amounts of CQA while the uptake of 5-CQA and 5-FQA was
proportional to their concentration increase in cell culture media. Toxicity was also increased.
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Figure 2. Chlorogenic acids (CQA and FQA) and caffeoylquinic lactones (CQL) uptake
by HepG2 cells after incubation with decaffeinated instant coffee at 1,5%. Average of
triplicate of experiments + standard deviation.

No glucuronated forms were identified in HepG2 cell extracts.

Results suggest that HepG2 uptake of CGA isomers with substituents in the 3- and 4-
positions of the quinic acid is mediated — at least in part — by a carrier system. Isomers with
substituents in 5- position seem to be uptaken by passive diffusion. Further investigation is
under way.
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SUMMARY

In vitro studies show that chlorogenic acid is an inhibitor of glucose-6-phosphatase, enzyme
that catalyses the final reaction of glycogenolysis and gluconeogenisis. Accordingly, in this
study, chlorogenic acid inhibited approximately 40% of glucose-6-phosphatase activity, but
had no effect on hepatic production of glucose from gluconeogenesis. Since there were
indications of lack of hepatic uptake of chlorogenic acid, it is possible that this compound
hasn’t reached intracellular compatible levels with the inhibition of the target-enzyme, what
was reinforced by the fact that intravenous and oral administration of chologenic acid also
didn’t imply in reduction of blood glucose levels and plasmatic concentration of total
cholesterol and triacylglycerols.

INTRODUCTION

Chlorogenic acid, a phenolic compound found in coffee, was identified as an inhibitor of
glucose-6-phosphatase in rat liver microsomes (Arion et al., 1997; Hemmerle et al., 1997;
Schindler et al., 1998). It was also demonstrated that synthetic chlorogenic acid derivatives
are effective not only in inhibit glucose-6-phosphatase in in vitro studies, but also in inhibit
hepatic glucose output and reduce blood glucose levels (Hemmerle et al., 1997; Herling et al.,
1999; 1998; Parker et al., 1998). However, there is no available data on literature about the
effects of the natural compound chlorogenic acid on hepatic production of glucose and its
effects on blood glucose levels and lipidic metabolism are not conclusive. The present work’s
objective was to study the effect of chlorogenic acid on glucose-6-phosphatase activity,
hepatic glucose output, blood glucose levels and plasmatic total cholesterol and
triacylglycerols concentrations. Hepatic uptake of chlorogenic acid and its effects on hepatic
catabolism of L-alanine were also evaluated.

MATERIAL AND METHODS

For the experiments, male Wistar rats, fed or submitted to 24 hours of alimentary privation,
depending on the metabolic parameter to be investigated, were used. The glucose-6-
phosphatase activity was evaluated in rat liver intact microsomes (Bracht and Ishii-Iwamoto,
2003). The studies of hepatic metabolic parameters (glucose output from gluconeogenesis, L-
alanine catabolism and hepatic uptake of chlorogenic acid) were performed in in situ liver
perfusion (Kelmer-Bracht et al., 1984) and chlorogenic acid levels were determined by HPLC
(Ky et al., 1997). For the analysis of the chlorogenic acid effects on blood glucose levels,
plasmatic concentrations of total cholesterol and triacylglycerols, chlorogenic acid was
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administrated intravenously (unique injection of 70 mg/kg) or orally (100 mg/kg/day-during
15 days) and blood samples were collected for biochemical determinations. To analyse the
results, accordingly to the necessity, the statistical tests one-way ANOVA followed by Tukey,
unpaired or paired Student’s ¢ test, Mann-Whitney or Wilcoxon tests were employed. Results
are expressed as mean + standard deviation and the significance level adopted was 5% (p <
0.05).
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Figure 1. Effect of chlorogenic acid on G-6-Pase activity. Livers from 24 h fasted rats
were homogenized and submitted to differential centrifugation. The microsomal fraction
was used to do the G-6-Pase activity assay in the lack (I) or presence (M) of different
concentrations of chlorogenic acid. Each bar represents the mean £ SD of 5
determinations. Results analyzed by ANOVA followed by Tukey. Distinct letters
represent significant differences (p < 0.05).* p < 0.05 versus control.

RESULTS AND DISCUSSION

Chlorogenic acid 1 mM inhibited approximately 40% (p < 0.05) of glucose-6-phosphatase
activity on microsomal fraction of hepatocytes (Figure 1), but a lack of effect of the tested
doses of chlorogenic acid (0.33 mM; 0.5 mM and 1 mM) on hepatic production of glucose
from gluconeogenesis and L-alanine catabolism on liver perfusion was observed (Figures 2, 3
and 4).

Since there were indications of lack of hepatic uptake of chlorogenic acid (Table 1), it is
possible that this compound hasn’t reached intracellular compatible levels with the inhibition
of the target-enzyme.

Accordingly, intravenous (Table 2) and oral administration of chologenic acid (Table 3) also
didn’t imply in reduction of blood glucose levels. In these studies, it was still observed that
plasmatic concentration of total cholesterol and triacylglycerols were not reduced by
chlorogenic acid (Tables 2 and 3).

So, studies were higher intracellular levels of chlorogenic acid can be reached will be
necessary to verify its physiological properties and to analyse coffee potential to modulate
high hepatic production of glucose in type 2 diabetes.

Financial support: Companhia Iguagu de Café Soluvel and Conselho Nacional de
Desenvolvimento Cientifico e Tecnologico (CNPq).
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Figure 2. Hepatic production of glucose (A), pyruvate (B) and urea (C) from L-alanine.
Livers from 24 h fasted rats were submitted to in situ perfusion with Krebs-Henseleit
buffer. L-alanine 2.5 mM (@) or L-alanine 2.5 mM + chlorogenic acid 0.33 mM (4A) were
infused from 10 to 30 minutes. Samples to glucose, pyruvate and urea determination were
collected each 2 min. Each point represents the mean + SD of 4 or 5 experiments.
Differences between the AUCs of control and experimental groups were analyzed
unpaired Student’s 7 test.
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Figure 3. Hepatic production of glucose from glycerol. Livers from 24 h fasted rats were
submitted to in situ perfusion with Krebs-Henseleit buffer. Glycerol 2 mM (@) or
glycerol 2 mM + chlorogenic acid 0.5 mM (4.) were infused from 10 to 30 minutes.
Samples to glucose determination were collected each 2 min. Each point represents the
mean = SD of 4 or 5 experiments. Differences between the AUCs of control and
experimental groups were analyzed by unpaired Student’s 7 test.
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Figure 4. Hepatic production of glucose from L-lactate. Livers from 24 h fasted rats
were submitted to in situ perfusion with Krebs-Henseleit buffer. L-lactate 2 mM was
infused from 10 to 30 minutes and L-lactate 2 mM (®) or L-lactate 2 mM + chlorogenic
acid 1 mM (4) were infused from 30 to 70 minutes. Samples to glucose determination
were collected each 2 min. Each point represents the mean £ SD of 3 experiments.
Differences between the AUCs of control and experimental groups were analyzed by
unpaired Student’s 7 test.

Table 1. Chlorogenic acid concentrations before and after passing through liver.
Different concentrations (0.33; 0.5 or 1 mM) of chlorogenic acid were infused in liver
(before get into the liver) and samples of the effluent perfusate (after passing through

liver) were collected on 10; 20; 30 or S0 minutes to chlorogenic acid concentration
(_g/mL) determination.

Chlorogenic acid before get Chlorogenic acid after passing through liver
into the liver
10 min 20 min 30 min 50 min
59.32+6.22 (0.33 mM) 61.49+6.15 -—-- --- ---
96.77+15.69 (0.5 mM) 94.40+5.17 — — —
261.76£19.57 (1 mM) 259.02+26.14 — 276.99+8.34 | 267.77£6.52
247.41426.33 (1 mM) — 228.95+31.91 — —

Each data represents the mean £ SD of 3 experiments. Results analyzed by paired Student’s t
test and confirmed by the non-parametric test of Wilcoxon, when necessary.

Table 2. Plasmatic concentrations of glucose and total chlolesterol after intravenous
administration of chlorogenic acid to fed rats. The blood glucose levels (mg/dL) and total
plasmatic cholesterol concentration (mg/dL) were evaluated on S; 15; 30 and 60 minutes

after the intravenous administration of chlorogenic acid (70 mg/kg).

Groups Blood glucose levels

5 min 15 min 30 min 60 min

Control 131.25£19.29 (7) | 126.33£10.62 (9) | 119.33£11.03 (9) | 99.65+8.14 (9)

Chlorogenic | 134.32+7.97 (6) | 115.08+£16.04 (10) | 123.2249.25(9) | 103.70+10.41 (10)
acid
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Groups Total cholesterol
5 min 15 min 30 min 60 min
Control 55.17£8.64 (8) | 60.44+7.73 (10) | 62.51£13.40 (11) | 52.00£12.98 (9)
Chlorogenic acid | 59.7449.28 (8) | 55.47+12.94 (8) | 65.34+£9.73 (7) | 61.28%16.55 (6)

Data reported as mean = SD. Results, within fixed time, analyzed by unpaired Student’s t test
(A) and confirmed by the non-parametric test of Mann-Whitney, when necessary (B). ()

Number of animals.

Table 3. Plasmatic concentrations of glucose, total cholesterol and triacylglycerols after
oral administration of chlorogenic acid to fed animals. The blood glucose levels (mg/dL),
plasmatic concentration of total cholesterol (mg/dL) and triacylglycerols (mg/dL) were
evaluated after 15 days of oral administration of chlorogenic acid (100 mg/kg/day).

S

Glucose

Total cholesterol

Triacylglycerols

Control

114.53+7.67 (9)

44.59+8.55 (10)

62.52+20.97 (8)

Chlorogenic acid

120.54+9.13 (9)

61.87+11.35(8)

75.95+£25.02 (8)

Data reported as mean = SD. Results analyzed by unpaired Student’s t test. * p<0.05 versus
control. () Number of animals.
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In vitro Antimicrobial Activity of Coffee Extracts
on Enterobacteria
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SUMMARY

The in vitro antimicrobial activity of commercial coffee extracts was investigated on 9 human
safety relevant strains of enterobacteria: Citrobacter freundii, Enterobacter aerogenes,
Enterobacter cloacae, Escherichia coli, Klebsiela oxytoca, Proteus hauseri, Proteus
mirabilis, Salmonella choleraesuis and Serratia marcescens. The antimicrobial activity was
investigated by the disc diffusion method. The three coffee extracts showed similar inhibitory
effects on all tested strains, except for two strains which responded differently, with C.
freundi showing the least sensitivity of all strains and P. hauseri showing the highest.

INTRODUCTION

Coffee is one of the most popular and widely consumed beverages throughout the world due
to its pleasant taste and aroma and to its stimulant effect. Recently, a number of beneficial
health properties have been attributed to coffee (Yen et al., 2005), among them, the
antimicrobial activity. Dogazaki et al. (2002) and Furuhata et al. (2002) reported antibacterial
activity of brewed coffee against Legionella pneumophila. According to Daglia et al. (2002)
and Almeida et al. (2004), the growth of Streptococcus mutans, the major causative agent of
dental caries in humans, was inhibited by coffee extracts.

Enterobacteria are ubiquitous microorganisms, but have a predominant habitat in the
gastrointestinal tract of humans and animals. Because of the survival under adverse
environmental conditions, they can colonize diverse ecological niches, being found in a large
number of foods (Diekma et al., 1999). Furthermore, there is concern regarding their
antibiotic resistance and the presence of virulence factors.

Therefore, the objective of this study was to investigate the antimicrobial activity of coffee
extracts against enterobacteria.

MATERIALS AND METHODS
Coffee samples and standards

Three different brands of coffee (Coffea arabica L.) were purchased in Belo Horizonte, state
of Minas Gerais, Brazil. The grains were ground by means of a domestic mill (Braun, USA)
and passed through a 20 mesh sieve. Coffee extracts were obtained by using 8.0 g of coffee
per 40 mL of boiling water. The mixture was kept in a boiling water bath for 3 min under
agitation and filtered through qualitative filter paper. Chlorogenic acids [5-caffeoylquinic
acid, Aldrich C44206; 3- and 4-caffeoylquinic acid (Farah et al., 2006)], trigonelline (Sigma
T5509) and caffeine (Reagen) were used as standards.
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Characterization of coffee extracts

The CIE color characteristics of the ground roasted coffees were determined using the
ColorTec colorimeter PCM (Accuracy Microsensor). The pH of the extracts was obtained by
means of a pH meter. The levels of chlorogenic acids (Farah et al., 2006), trigonelline and
caffeine (Farah et al., 2006) were determined. The samples were clarified and analyzed by
HPLC using two different systems.

Determination of the antimicrobial activity

The antimicrobial activity of the coffee extracts was determined by the disc diffusion method
(NCCLS, 1993). The inoculum was standardized by transferring colonies from Nutrient Agar
to sterile saline up to 10° cfu/mL. 200 uL of the suspensions were placed onto the surface of
Mueller Hinton Agar in 150 mm Petri dish and spread homogeneously with a Drigalski
spatula. Discs (6.0 mm diameter) were impregnated with 20 uL of the coffee extracts and
placed on the surface of the agar containing each bacterium. The plates were incubated at 36.5
+ 1.0 °C for 48 h. The inhibition zones were measured with a caliper considering the total
diameters. Similarly, each plate carried a blank disc containing 20 uL sterile distilled water
and an antibiotic disc containing 30 ug of chloramphenicol.

Statistics

Each experiment was performed in triplicate. The results were submitted to analysis of
variance and the means were compared by the Tukey test (p < 0.05).

RESULTS AND DISCUSSION
Characteristics of the coffee samples

There was no significant difference on a* values and hue angles of the three coffee samples
(Table 1). However, L*, b* and c* varied significantly, with higher values observed for
samples B and C. The significant inverse correlation between L* and the degree of roasting is
well known (Farah et al., 2006; Borges et al., 2002). It suggests that sample A was roasted to
a higher degree compared to samples B and C, which did not differ statistically.

The pH of the coffee extracts varied significantly, with higher values observed for brand A,
followed by brand C which differed from brand B. According to Sabbagh and Yokomizo
(1976), the stronger the roasting degree, the higher the pH, which is in agreement with
luminosity results for sample A.

The levels of the chlorogenic acids varied significantly among coffee brands. Since
chlorogenic acids are partially degraded during the roasting process (Monteiro and Trugo,
2005) and sample A showed to be darker than samples B and C, one would expect lower
levels of chlorogenic acids in sample A. These results are in accordance with the levels of
chlorogenic acids described by Farah et al. (2006) for samples classified as very dark
regarding roasting degree. The levels of caffeine and trigonelline in the coffee samples were
similar to values reported in the literature (Ky et al., 2001). Higher levels of caffeine and
lower levels of trigonelline were found in sample A. According to Macrae (1989), even
though high temperatures can be reached (~230 °C) during coffee roasting, the loss in caffeine
is insignificant. The degradation of trigonelline during the roasting process is well known
(Monteiro and Trugo, 2005; Macrae, 1989).
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Table 1. CIE L*a*b* color characteristics of the ground roasted coffee samples and pH
and levels of trigonelline and chlorogenic acids of different brands of coffee extracts.

Parameter Values / Brands
A B C
CIE L*a*b* color
L* 2092 +1.18° 29.4+0.37° 264 +1.08°
a* 5.98 +2.99 10.3 + 1.36 8.53+2.16
b* 11.7£2.08° 26.0 £0.77 ° 20.8 +2.17°
chroma 13.3+226°¢ 28.0+024°% 226+137°
hue 63.4+12.9 68.4+3.16 67.5+7.07
pH 5.29+0.03° 4.88+0.03° 5.02+0.01°
Trigonelline (mg/mL) 0.49 £ 0.05° 1.63 £0.04° 1.50 +0.02°
Caffeine (mg/mL) 2.23+0.03° 2.18 £0.03 * 2.11£0.04°
Chlorogenic acids (mg/mL)
3-CQA 0.08 = 0.00 © 0.88 = 0.01 ® 0.71 0.01°
4-CQA 0.12£0.00° 1.11 £0.02° 0.90 = 0.01°
5-CQA 0.09 £ 0.01° 1.79 £ 0.03 ® 1.46 = 0.01°

CQA = caffeoylquinic acid. Mean of triplicates. Means (+ standard deviations) with
different letters in the same line (a,b,c) are significantly different (Tukey test, p < 0.05).

Even though physico-chemical characterization indicated a difference on the degree of
roasting among samples, they could be all categorized according to the Brazilian Association
of the Coffee Industries-ABIC reference color system as very dark regarding roasting degree.
In vitro antimicrobial activity of coffee extracts against enterobacteria

There was no significant difference on the inhibitory effect of the different coffee brands on
the strains investigated, even though physico-chemical characteristics varied among samples

(Table 2).

Table 2. Inhibition zones obtained with coffee aqueous extracts on enterobacteria.

Strains Inhibition zones (mm) / coffee brands
A B C

C. freundii (ATCC 8090) 71+0.6° 6.9+0.5° 7.0+£05°

E. aerogenes (ATCC 13048) 8.4+0.6% 82+0.7% 87+03%
E. cloacae (ATCC 23355) 9.0+1.0° 93+13° 97+13%
E. coli (ATCC 25922) 8.1+04% 8.1+03% 82+0.5%
K. oxytoca (ATCC 49131) 75+0.7% 77+03% 75+05°

P. hauseri (ATCC 13315) 92+1.1° 93+1.1° 9.8+0.6°

P. mirabilis (ATCC 25933) 8.1+0.5% 88+03% 875+04®
S. enterica (ATCC 14028) 8.1+13% 79+12% 83+1.56™
S. marcescens (ATCC 8100) 92+03° 92+0.8% 9.1+0.1%

Mean of triplicates. Mean values (+ standard deviation) with different letters (a,b) in the
same columns are significantly different (Tukey Test, p < 0.05). Positive control: 30 ug
chloramphenicol/disk formed inhibition zones with mean (+ standard deviation) diameters in
mm of: C. freundii — 32.7 = 1.7, E. aerogenes — 25.0 = 2.3, E. cloacae — 32.2 = 1.2, E. coli —
28.3 = 1.5, K. oxytoca — 30.8 = 0.8, P. hauseri — 20.9 + 1.1, P. mirabilis, — 21.2 = (.8, S.
enterica—27.3 = 0.9, S. marcescens— 27.4 = 1.6.
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On the other hand, when comparing the susceptibility of the different strains to the coffee
extracts, differences were observed. Larger diameters of the inhibition zones were observed
for P. hauseri indicating the higher sensitivity of this specie to the coffee extracts. Smaller
diameters were observed for C. freundii, which indicated that it was less sensitive to the
coffee extracts. The other strains of enterobacteria showed intermediate sensitivity to these
compounds.

The present work demonstrates that the three coffee extracts included in this study showed
antimicrobial activity for the nine enterobacteria investigated. However, the enterobacteria
responded differently to the coffee extracts.
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SUMMARY

Coffee bean polysaccharides, consisting mostly of arabinogalactan, galactomannan, and
cellulose, make up about 50 % of the dry weight of the bean. The bioactive properties of
arabinogalactan from several plant sources have been reported in relation to their prebiotic,
cholesterol-lowering and immunomodulating properties. To investigate whether
arabinogalactan from coffee beans also has bioactive properties, we examined the
proliferation or production of cytokines in murine, splenocytes and bone marrow-derived
dendritic cells (BMDCs) in response to arabinogalactan from coffee beans, and
immunomodulating activity in mice. In the presence of arabinogalactan from coffee beans the
proliferation of macrophage and splenocyte was observed. Furthermore, murine BMDC and
splenocytes treated with arabinogalactan from coffee beans exhibited the production of T
helper-1-type cytokines, IL-12p40 and IFN-gamma. In the in vivo study, the production of IL-
12p40 in mice that ingested arabinogalactan from coffee beans (2.5 mg/day) increased as
compared to control mice. These results show that arabinogalactan from coffee beans can
stimulate immunocytes and enhance Thl immune responses.

INTRODUCTION

Type 11 arabinogalactan (AG) composed of beta- (1—3)-linked galactan main chain with
frequent arabinose and galactose residues containing side chains (Clarke and Vitzthum, 2001).
AG from coffee beans is contained in the coffee beans up to 17% (Redgwell et al., 2006).
Experimental analysis has determined molecular weights of AG from coffee beans ranging
from 150,000 to 2,000,000 (Redgwell et al., 2002).

Many immune responses are controlled by the proportion of T helper (Th) 1 to Th2.
Interleukin (IL)-12 produced by macrophages and dendritic cells (DCs) induces Thl
development and interferon (IFN)-gamma production by T cells. Thl response has been
shown to play an essential role in defense against tumors and microbial infections.

It is reported that various polysaccharides potentiate Th1 immune responses. However, the
processes of immunoenhancing in AG from coffee beans is not yet understood.

In the present study, to investigate whether AG from coffee beans are activated the immune
cells, we analyzed the proliferation of mouse splenocytes and macrophages stimulated with
AG from coffee beans, IL-12 or IFN-gamma secretion of mouse splenocytes and bone
marrow derived dendritic cells (BMDCs) stimulated with AG from coffee beans, and the
effect of the administration of AG on IL-12 production in vivo.
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MATERIALS AND METHODS
Preparation of Arabinogalactan from coffee beans

AG from coffee beans was prepared according to the modified methods of Hashimoto et al.
(1971), Wolfrom et al. (1960), and Bradbury et al. (1990). The commercial quality (Indonesia
AP-1) coffee beans obtained in 2004 from Java Island, Indonesia, were used. The powdered
beans (100 g) were extracted for 2 h in 1000 ml water at 121 °C and sediment was removed
by centrifugation (5000 rpm, 30 min). The hot water extract (1000 ml) was extracted with
1000 ml of 0.2 M NaOH (25 °C, 6 h). Then, the extract was adjusted to pH 7.5 and
sequentially extracted with chloroform (1 h), ethyl acetate (1 h), diethylether (1 h). Then, the
aqueous layer was adjusted to pH 8.0, and 300 mg of Trypsin (Nacalai Tesque Inc. Kyoto,
Japan) was added while stirring continuously for 72 h at 50 °C. After 72 h, the mixed solution
was filtered and the supernatant was dialyzed in water for several days. Then, 100 ml of
NaClO was added to the solution at 60 °C for the purpose of degrading polyphenolic
compounds and ethanol (98%) was added and stirred constantly until it reached a final
concentration of 75%. The supernatant and precipitate was centrifuged, the supernatant was
discarded and the precipitate was dialyzed in water for 2 weeks and freeze-dried.

Molecular weight distribution

A size-exclusion chromatography was performed on a column (100 cm x 16 mm) of Sephadex
G-200 (GE Healthcare Bio-Sciences Co.Ltd., NJ). A 10 mg of sample was eluted with a 50
mM phosphate buffer (pH 6.8) containing 100 mM NacCl at a flow rate of 20 ml/h.

Preparation of splenocytes and peritoneal macrophages

7-10 weeks aged specific pathogen-free BALB/c mice splenocytes and peritoneal
macrophages were prepared as described previously (Choi et al., 2005) with some
modifications. Briefly, splenocytes were suspended in RPMI 1640 supplemented with 10 %
fetal bovine serum, 100 units/ml penicillin, 100 ug/ml streptomycin and 2 x 10° M of 2-
mercaptoethanol and placed at densities of 5 x 10° cells /well in 96-well plates and 30 x 10
cells /well 24-well plates for proliferation and cytokine determination, respectively.

Peritoneal exudates cells (PECs) were obtained with ice-cold Hank’s balanced salt solution
(HBSS) and plated at densities of 1 x 10° cells/well in 96-well plates. PECs were incubated
for 2 hours at 37 °C. Non-adherent cells were removed by washing four times with cold
HBSS and adherent peritoneal macrophages were cultured with RPMI 1640 medium.

Isolation of bone marrow derived dendritic cells (DCs)

A modification of the methods of Inaba et al. (1992) was used. The bone marrow cells
(10° cells/well) were placed in 24-well plates in 500 ul of RPMI 1640 complete medium
supplemented with 4 ng/ml of IL-4 and 10 ng/ml of GM-CSF. Every 2 days, cells were
washed with medium to remove non-adherent granulocytes. After 6-day cultures, cells were
analyzed for the effects of AG from coffee beans on cytokine production.

Administration procedure

BALB/c mice (9 week old) were used in the oral administration study. Two group of study
were established: a control group with water to drink, and a group receiving a beverage that
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provided them with 2.5 mg/day of AG from coffee beans. After 1-week administration, the
plasma samples from the mice were collected for cytokine assay.

Proliferation assay

Splenocytes and macrophages were stimulated with AG from coffee beans (0.125, 0.25, 0.5
png/ml), LPS (20 pg/ml), Con A (20 pg/ml) or medium as a negative control. The simulation
was a period of 1 hour for splenocytes and of 4 hours for macrophages. These proliferations
were measured by the WST-1 reagent (Takara, Otu, Japan) according to manufacturer’s
instructions using Microplate Reader Model 550 (Bio-Rad Laboratories, Alfred Nobel Drive
Hercules, California) at 450 nm (605 nm reference filter). Proliferation activity was calculated
as a ratio of the control.

Cytokine production by ELISA

Splenocytes and BMDCs were stimulated with 0.25 pg/ml of AG from coffee beans and
medium as negative control for 20 hours at 37 °C in 5% CO,. The plasma samples and the
culture supernatants were collected and stored at —80 °C until needed for the assay. The
plasma samples and the culture supernatants were assayed for IL-12+p40 and IFN- gamma
using commercially available ELISA kits (BioSource International, Inc., Camarillo,
California) according to manufacturer’s instructions.

RESULTS
Molecular weight distribution

Analysis by gel-filtration chromatography on Sephadex G-200 column using standard
pullulan markers showed that the AG from coffee beans indicated the presence of a single
peak and had an apparent molecular weight distribution of 90.3-197 kDa. The molecular
weight range of AG from coffee beans samples is a fairly narrow. Redgwell et al. reported
that AG from coffee beans with a wide range of molecular weights, from 500 to 2000 kDa (3).
However, Leloup et al. (1993) reported that the molecular weight range of water extractable
carbohydrates (predominantly galactomannans and AGs) from green arabica beans was found
to be up to 200 kDa, and their results agreed with ours.

Carbohydrate composition of AG from coffee beans

The galactose / arabinose ratio of AG from coffee beans was 2.6. This result was similar to
the major AGP fraction isolated and purified from green coffee beans in a resent study
(Redgwell et al., 2002; 2005). Based on the sugar composition of AG from coffee beans
samples, it is speculated that this population consists of AG.

Proliferation of splenocytes and macrophages stimulated with AG from coffee beans

The proliferation of splenocytes and macrophages stimulated with AG from coffee beans at
concentrations ranging from 0.125 to 0.5 ug/ml was significantly increased (Figure 1A, B).
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Figure 1. Proliferation of splenocytes (A) and macrophages (B) treated with AG.
Proliferation is expressed as the ratio of absorbance relative to the control absorbance at
450 nm. The results are expressed as means = SD (n = 3). *p < 0.05 v.s. Control. Results
were analyzed using ANOVA and multiple comparison tests.

Cytokine production of splenocytes and BMDCs stimulated with AG from coffee beans

Thl type cytokine IL-12 of splenocytes incubated with AG from coffee beans was 1.2 times
greater than the control (data not shown) IL-12 and IFN-gamma production in BMDCs
stimulated with AG from coffee beans was 1.6 times and 25 times higher, respectively,
compared with the control (p <0.01) (Figure 2A, B).
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Figure 2. Quantitative analysis of IL-12 and IFN-gamma production from DCs. DCs
were stimulated with AG for 20 hours. We used the cells, which were stimulated by only
medium, as control. The results are expressed as means = SD (n = 3). **p < 0.01 v.s.
Control. Results were analyzed using Student’s t-test.

In vivo effects of AG from coffee beans on production of cytokines

A significant increase in IL-12 production was observed in the mice treated with AG from
coffee beans compared with the control (p < 0.01) (Figure 3).

DISCUSSION

In this study, we reconfirmed that AG is contained in coffee beans and obtained the fact that
the molecular weight of our purified AG from coffee beans ranges from 90.3-197 kDa. This
finding is larger than AG from other plants. Furthermore, we have demonstrated that AG from

119



coffee beans enhanced proliferation of splenocytes and peritoneal macrophages and activated
production of Thl-type cytokines, IL-12 and IFN-gamma. We also showed that AG from
coffee beans raised the level of IL-12 in mouse plasma. Our results suggest that AG from
coffee beans may be immunomodulating properties.
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Figure 3. Quantitative analysis of IL-12 production in plasmas from mice, which were
administered with AG (2.5 mg/day). We used the plasma, which was from mice
administered with only water, as control. The results are expressed as means £ SD
(n =3). **p < 0.01 v.s. Control. Results were analyzed using Student’s t-test.
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Coffee and Sexuality

L. W.JONES

Huntington Medical Research Institutes, Pasadena, California

SUMMARY

Coffee consumption has played various and controversial roles in human sexuality since the
advent of its use without much in the way of scientific validation. Contemporary science has
clarified the relationship of coffee (caffeine) to sexuality. Its actions include central nervous
system stimulation, glucagon enhancement, and phosphodiesterase-5 inhibition. Despite
intriguing findings, there is no conclusive evidence that coffee might aid in the treatment of
sexual dysfunction. Nevertheless, science supports long held beliefs and that coffee’s role in
sexuality may be the promotion of endurance, positive behavior, and an alert response.

INTRODUCTION

Kaldi was a mythical Ethiopian goat herder believed to have discovered coffee. Arabians and
Western Europeans subsequently adopted its use. Its rise in popularity incited reaction based
on the hypothesis that coffee along with tea was an intoxicant and influenced social behavior
including sexuality.

Twentieth century science supported the thesis that coffee (caffeine) was related to sexuality
biochemically and behaviorally. This report reviews some elements of social history and
scientific inquiry relating to coffee and sexuality. Our review includes political and religious
historical texts, and twentieth century science.

HISTORY OF SOCIAL DEVELOPMENT

According to the myth, Kaldi found his flock prancing around after grazing on the bright red,
cherry-like fruit of a shrub native to Kaffa, Abyssinia in northeastern Africa where it grew
wild. After indulging, Kaldi was noted by pilgrims on their way to Mecca to be dancing
among his herd. The pilgrims were delighted to discover that the fruit enabled longer prayers
and greater concentration, especially when the seeds were roasted, ground and steeped in hot
water. They called it “Kahwah” or “Cahuah”. Yemen Mocha was the first coffee to be
commercially cultivated (Ukers, 1922).

Kiva Han, the world’s first coffee shop, opened in Constantinople in 1475. From there, its use
spread throughout Arabia in the 16™ century (Bersten, 1999). However, conservative Islam
discouraged its use regarding it as an intoxicant and therefore a product of the devil’s work.
The early sixteenth century Turkish siege of Vienna introduced coffee to the Viennese.
Thereafter, its use spread across Europe. Once again, reaction occurred. This time it involved
the church. Pope Clement VIII is credited for saving the day for us by saying “Why, this
Satan’s drink is so delicious that it would be a pity to let the infidels have exclusive use of it”
(Ukers, 1922).

Bach’s Coffee Cantata, 1732-1735, was a most popular secular composition (Ukers, 1922). It
addressed a recurring theme relating coffee to sexuality. “Ah! How sweet coffee tastes!
Lovelier than a thousand kisses.” It concluded with the aria “no wooer may come to the
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house, unless he promises me himself, and has it put in the marriage contract that he will
allow me to make coffee whenever I will!”

The coffee craze hit London in mid 16" century. Once again reaction occurred. Charles I,
who was incidentally no model of decorum himself with his many mistresses, regarded
coffeehouses as centers of sedition (Bersten, 1999). In response to the “Women’s Petition
Against Coffee,” he closed all coffee houses in Britain. The proclamation read, in part,
“Whereas it is most apparent that the multitude of coffee houses of late years set up and kept
within this kingdom ... and the great resort of idle and disaffected persons to them, have
produced very evil and dangerous effects; His Majesty hath thought it fit and necessary; that
the said coffee houses be put down and suppressed.” Public protest forced him to reverse his
decision two weeks later. Frederick the Great of Prussia also tried to block coffee with a
protective tariff against importation (Ukers, 1922). At the same time, concerns were raised
about coffee and sexuality.

In the 1670’s, British wit zeroed in on coffee. The Huntington Library and Gardens in San
Marino, Californa houses a collection of such pamphlets. The language is unauthored, raw
Elizabethan street talk. One writer’s image of a coffee house character is that “He is so
refractory to divinity that morality itself cannot hold him, he affirms human nature knows no
such things as principles of good and evil, and will swear all women are whores, though his
mother and sister both stand by” (Anonymous, 1673). This was answered with a medically
interesting vindication that coffee was good for “expelling wind; fortifying the liver, refueling
the heart, corroborating the spirits, both vital and animal, quickening the appetite, afflicting
digestion, helping the stone, taking away rheums and dysreflexias” (Anonymous, 1673).
Finally, A Lash for the Parable-Maker under the Allegory of Apes and Monkeys read in part:
“But this discourse was interrupted by a She-monkey of a Mercury, that cried about the
Coffee-House, the restored Maidenhead; What would not some She-monkeys about this town
give to have their Maidenheads restored, that they might lose them as often?” (Anonymous,
1691). With each era, coffee was perceived as an intoxicant as well as a sexual stimulant for
better or for worse.

CONTEMPORARY SCIENCE

Biochemical and behavioral scientific investigations of caffeine undertaken in the later half of
the 20™ century helped to define coffee’s influence on human sexuality. Earl W. Sutherland,
Jr. with T. W. Rall discovered cyclic adenine monophosphate (cAMP). For this, Sutherland
won the Nobel Prize in physiology and medicine. In the 1960’s, his group identified
phosphodiesterase-5 (PDESY) inhibitors, which were deemed responsible for mediating energy
to actively relax smooth muscles such as those in the pulmonary bronchioles and genital
cavernosal tissue. This was a brilliant but counter-intuitive concept. The first agent they
studied in this regard was caffeine. Indeed their group has stated that caffeine was the first
PDES inhibitor to be identified (Corbin and Francis, 2003). They also found that caffeine
enhanced glucagon thereby causing accumulation of cAMP and conversion of stored
glycogen to glucose.

Nitric oxide is involved in the nonadrenergic, noncholinergic neurotransmission that leads to
the smooth-muscle relaxation in the corpus cavernosum thereby permitting penile erection
(Rajfer et al., 1992; Goldstein et al., 2002). Sildenafil blocks breakdown of cyclic guanosine
monophosphate (¢cGMP) and drives the reaction towards dilation (Corbin and Francis, 1999).
Today’s list of PDE inhibitors includes sildenafil, caffeine (dipyridamole), an experimental
peripheral vasodilator (3-isobutyl-1-methylxanthine, IBMX) and theophylline (a common
agent for treating asthma). Sildenafil has the highest relative potency of these PDES inhibitors
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with caffeine falling in the middle followed by IBMX and theophylline. Caffeine and
sildenafil both have similar structural sites capable of binding to allosteric cGMP binding
sites (Figure 1).
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Figure 1. Structure comparison of PDES inhibitors with cGMP.

It appears that we may have come full circle, that science may have ratified the past, that
“Coffee, Tea And Me” may have scientific as well as historical and social significance.

Caffeine is said to be the most widely used stimulant in the world (Guarraci and Benson,
2005). In athletics, it has been said that caffeine may be of ergonogenic benefit during
endurance exercise performance, especially when glycogen depletion would be rate limiting
to performance (Tarnopolsky, 1994). Moderate doses of caffeine might have influenced the
behavior of female Texas rats as well as the women of Charles II and Frederick the Great. A
recent Texas study showed that caffeine altered locomotor mating behavior of the female rat
in a dose related fashion by decreasing the latency to return to the male following ejaculation
(Guarraci and Benson, 2005). In the 1950’s, similar findings were reported for male rats:
decreased latency to first sexual activity and increased rate of copulation (Zimbardo and
Barry, 1958). In the Texas study of female rats, caffeine also influenced sexual motivation. It
selectively increased entries of female rats into the male chamber. The controls were pregnant
females. The authors concluded that the effects of caffeine on female mating behavior, like
the male, might have reflected an increase in both locomotor activity and sexual motivation.

CONCLUSIONS

Coffee consumption has historically played various and controversial roles in human
sexuality since the advent of its use. Until now, however, despite suggestive findings, there is
no conclusive evidence that coffee might aid in the treatment of sexual dysfunction.
Notwithstanding, science supports long held beliefs and that coffee’s role in sexuality may be
the promotion of endurance, positive behavior, and an alert response.
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SUMMARY

In this report we introduce metabolomics as a promising approach to study the metabolite
composition of the coffee plant and its products in a comprehensive manner. Using both gas
chromatography and liquid chromatography coupled to high resolution mass spectrometry, we
were able to detect and compare thousands of mass signals likely representing hundreds of
compounds simultaneously. Here, we studied the alterations in the metabolite profiles upon
open air-drying of fresh ripe fruit of Coffea arabica (50% moisture) towards fully-dried green
coffee beans (11% moisture). Various patterns of alterations in relative metabolite abundance
upon drying could be discriminated, suggesting differential and specific effects on metabolites
and biosynthetic pathways. The example provided clearly indicates that metabolomics can
provide novel insights in coffee metabolism. The wide-ranging analyses approaches will
greatly enhance our possibilities to find novel markers for quality traits or genotypes, to
monitor and control changes occurring upon pre- and post-harvest treatments, and to unravel
coffee biology.

INTRODUCTION

Metabolomics is the latest — omics tool and aims to study the metabolic composition of
organisms, tissues or cells in an as detailed as possible manner (Hall et al., 2002; Hall, 2006;
Kopka et al., 2004; Bino et al., 2004). By comparing the metabolomes of different samples
detailed insight in the similarities and/or differences in metabolic pathways between the
samples under investigation can be obtained. This information can be coupled to specific
characteristics or traits such as genotype, plant growth, disease resistance, after-harvest
processing, product quality, etcetera. As such, metabolomics is fully complementary to
genomics, tanscriptomics and proteomics. Since plants are particularly rich in chemically
diverse metabolites, which can be present at a large range of concentrations, no single
analytical method is currently capable of extracting and detecting all metabolites. Several
methods suitable for large-scale analysis and comparison of metabolites in highly complex
extracts have been described (Hall, 2006). Yet, gas chromatography coupled to mass
spectrometry (GC-MS) and liquid chromatography-mass spectrometry (LC-MS) are currently
the most widely used techniques in plant metabolomics.

GC-MS based applications mostly involve derivatization of metabolites after extraction from
plant tissues. This approach covers of large variety of non-volatile metabolites, mainly those
involved in primary metabolism, including organic acids, amino acids and sugars (in polar
extracts) as well as lipophilic compounds (in apolar extracts) (Lisec et al., 2006; Roessner-
Tunali et al., 2003). A different GC-MS based metabolomics application, without
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derivatization, is profiling compounds that are naturally volatile, such as volatile esters,
alcohols, aldehydes and mono- and sesquiterpenes (Tikunov et al., 2005). The preferred
technique for profiling of semi-polar compounds is definitely LC-MS. Compounds that can be
detected by LC-MS involve a number of plant primary metabolites, like citric acid and
phenylalanine, but more specifically the large group of plant secondary metabolites, such as
alkaloids, phenolic acids, phenylpropanoids, flavonoids, polyamines, saponins and all kinds
of derivatives thereof (Moco et al., 2006; Verhoeven et al., 2006).

Since standards are commercially available of most primary metabolites, GC-MS can produce
quantitative data for up to a few hundreds of compounds involved in central cellular
metabolism (Kopka et al., 2004; Lisec et al., 2006; Roessner et al., 2000). For LC-MS,
however, the number of commercially available standards of secondary metabolites is still
very limited per plant species or tissue. Thus, an essentially untargeted approach in which all
mass signals present in the datasets are taken into account will provide sample comparison at
a more comprehensive level (Vorst et al., 2005). In such approach, all mass signals from both
known and unknown compounds are extracted and aligned across all samples. After applying
appropriate statistics and multivariate analyses tools, mass signals correlating with a specific
quality trait or genotype are then identified as far as possible, e.g. by using accurate mass
calculations, MS/MS fragmentation and comparison with standards (if available). Examples
of such metabolomics approaches in plant research are the comparison of Arabidopsis
(Arabidopsis thaliana) plants (von Roepenack-Lahaye et al., 2004), mutants of tomato
(Solanum lycopersicum) fruit (Bino et al., 2005), tubers of potato (Solanum tuberosum)
genotypes and different harvest times (Vorst et al., 2005), tissue-specificity of metabolic
pathways in tomato fruit (Moco et al., 2006), and identifying quantitative trait loci (QTL’s)
controlling metabolite composition in Arabidopsis (Keurentjes et al., 2006).

Raw (green) coffee beans are known to contain a high diversity of metabolites including
natural volatiles, polar compounds such as sugars and amino acids, semi-polar compounds
like alkaloids, chlorogenic acids and other phenylpropanoids, and apolar compounds like fatty
acids and sterols. The exact metabolite composition of the raw beans depends on various
factors including genetic origin, growth conditions, (a)biotic stress, fruit and seed
development, and coffee processing treatments. In fact, most studies on coffee metabolites
aimed to describe the relationship between chemical composition of the raw beans and the
quality of the final beverage (Campa et al., 2005; Clifford, 1985) or to detect differences
between genotypes (Andrade et al., 1998; Casal et al., 2003; Martin et al., 1998). During the
last decades, these studies provided relevant information on the levels and quality importance
of these specific compounds. However, large-scale comprehensive metabolomics approaches
may greatly enhance the possibilities to find novel markers for quality traits and genotypes, to
establish unforeseen but relevant alterations upon pre- and postharvest-treatments and to
unravel coffee biology.

In this paper, we introduce metabolomics as a novel tool in coffee research. As an example of
its potential power, we investigated the alterations that take place in metabolome of Coffea
arabica seeds upon sun-drying from fresh fruits towards the final dry state, using both GC-
TOF MS and LC-QTOF MS techniques.

MATERIAL AND METHODS

Plant material

Ripe fruits of Coffea arabica L. (variety Topasia) were selected and processed in the Federal
University of Lavras, Brazil. The dry-processing method was used and drying was carried out
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in open air in the yard. During drying samples were taken by immediately freezing entire
fruits in liquid nitrogen. Subsequently, the exocarp and endocarp were manually removed
from the frozen fruits, avoiding contamination and thawing of the endosperm. Samples of
fresh seeds (non-dried, 50% moisture) and at moisture contents of about 40, 30, 20 and 11%
were sent to Plant Research International, The Netherlands, on ice and stored at -80°C before
analyses.

Metabolite extraction

Frozen seeds were ground into a fine powder in liquid nitrogen. For LC-MS analyses, frozen
powder corresponding to 100 mg dry matter was weighed and extracted with 4 ml of 75%
aqueous-methanol acidified with 0.1% formic acid, by taking into account the exact water
content of each sample. After sonication for 15 min and centrifugation for 10 min, the
samples were filtered over a 0.2 pm teflon filter. For GC-MS, an equivalent of 50 mg dry
matter was weighed, and methanol and water were added such that the water content in all
samples was 4% (v/v) in a total volume 1.4 ml. A two-phase extraction method was used to
separate polar and apolar compounds (Lisec et al., 2006), using ribitol as an internal standard.
The polar water-methanol extracts were taken and completely dried under vacuum.

Metabolic profiling

Two different metabolite profiling techniques were applied, i.e. soft-ionization LC-MS of
semi-polar extracts and electron impact GC-MS of derivatized polar extracts. In case of LC-
MS, metabolites were separated by reversed phase HPLC on a Luna C;s column (150 x 2.0
mm; Phenomenex) and detected online firstly by a photodiode array detector and secondly by
a high resolution quadrupole time-of-flight mass spectrometer (QTOF-MS Ultima) equipped
with a separate lock mass spray for accurate mass calculation (Moco et al., 2006). Mass
spectra of ions (mass 100 to 1500) were collected every second. In case of GC-MS, dried
polar extracts were derivatized by methoximation and trimethylsilylation (Lisec et al., 2006)
using a CombiPal robot for on-line derivatisation. Samples were injected in a GC6890N gas
chromatograph (Agilent Technologies), compounds separated on a ZB50 capillary column
(30 m x 0.32 mm; Phenomenex) and detected by a Pegasus III time-of-flight mass
spectrometer (LECO) at a scanning rate of 20 spectra per second (mass 50-600).

Data processing

Metalign™ software (www.metalign.nl) was used to extract per analytical method all mass
signals detected, to align these signals across the samples and to visualize differential mass
peaks between (groups of) samples (Moco et al., 2006; Vorst et al., 2005; Bino et al., 2005).
Mass signal intensities were nlog-transformed and loaded into GeneMaths (Applied Maths,
Belgium) software for multivariate analyses and data-clustering.

RESULTS AND DISCUSSION

Coffee extracts were analyzed by both GC-(TOF)MS and LC-(QTOF)MS. Visual inspection
of the LC-MS chromatograms (Figure 1) revealed a number of different metabolites involved
in secondary metabolsim, many of which have been previously reported to be important in
coffee quality. Thus, a number of phenylpropanoids (including several mono- and
dicaffeoylquinic acids) and alkaloids appeared as prominent peaks in the LC-MS profiles.
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Figure 1. Example of LC-QTOF MS chromatogram of green coffee. Sample (fresh
beans, 50% moisture) was extracted with aqueous-methanol and analyzed in ESI-
positive mode. Compounds indicated are some examples of metabolites identified based
on their accurate mass and absorbance spectra.
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Figure 2. Example of GC-TOF MS chromatogram of a derivatized polar extract of
green coffee (fresh beans; 50% moisture). Some compounds identified are indicated.
Ribitol is used as internal standard (IS).
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In the GC-MS chromatograms (Figure 2) metabolites mainly involved in primary metabolism,
such as sugars including sucrose, organic acids and amino acids, were visible, next to the
coffee-specific compounds trigonelline and caffeine.

Using the dedicated Metalign-software, per sample about 2,000 relevant mass signals (signal
to noise ratio > 3) could be extracted from the LC-MS chromatograms. Though LC-MS is a
so-called soft-ionization technique meant to produce ions from the entire molecule (parent
ions), other signals such as natural isotopes and unintended fragmentation and adduct
formation from the parent ion are frequently observed as well. Thus, the total number of
coffee metabolites detected by LC-MS is less. Based on results obtained with other plant
species (Moco et al., 2006; Vorst et al., 2005; Bino et al., 2005; Keurentjes et al., 2006) we
estimate that the total of 2,000 LC-MS signals represent a few hundred of metabolites, mainly
of semi-polar nature. Likewise, more than 20,000 mass signals were extracted by GC-MS
analysis of polar extracts. As the GC-MS approach involves electron impact ionization meant
to obtain many fragments per metabolite, the number of (polar) metabolites detectable by GC-
MS is much lower and likely also in the order of a few hundred (Lisec et al., 2006). Anyway,
the number of different compounds detectable by these two complementary metabolomics
techniques is substantial and may cover a significant part of the coffee bean metabolome.

Using standards, metabolites detected by GC-MS or LC-MS can be quantified. However,
facing the facts that the amount of commercially available standards for coffee metabolites is
rather limited, especially for secondary metabolites, and that many compounds detected by
metabolomics techniques are still unknown (i.e. novel compounds) (Hall, 2006; Vorst et al.,
2005; von Roepenack-Lahaye et al., 2004; Bino et al., 2005; Moco et al., 2006), we usually
regard all mass peaks as separate signals in data processing and multivariate analyses. Since
the same amounts of dry matter were extracted, the (semi-quantitative) data obtained can be
directly exploited to compare samples based on the measured intensity of each mass signal.
GeneMath software was used to cluster the metabolite signals across the samples (Figure 3A).
Next to isotopic forms and other redundant signals from the same metabolite, highly
correlated mass signals may reveal metabolites from the same biosynthetic pathway. Mass
signals were subsequently grouped according to their overall response upon coffee drying
(Figure 3B) and some examples of drying-induced effects on metabolite abundance are shown
in Figure 4. As shown by targeted analysis of free amino acids in green coffee (Bytof et al.,
2005), the stress related amino acid gamma-aminobutyric acid (GABA) is markedly higher in
dry-processed coffee as compared to fresh seed and wet-processed coffee. In our
metabolomics experiments on dry-processed coffee, it appeared that a number of compounds,
most of which still have to be identified, clearly increased upon seed drying (left pattern,
second raw of Figure 3B). Among these was GABA: this compound increased continuously
upon drying from 50% to 11% moisture (Figure 4A). Also a specific dicaffeoyl-quinic acid
isomer was found to increase upon drying, though its relative level did not increase further
from 20% to 11% moisture (Figure 4B). This result suggests that phenylpropanoid
dimerization can continue up to water contents as low as 20%. As is obvious from the
different patterns observed (Figure 3B), not all metabolites respond to seed drying: citric acid,
for example, was not markedly affected (Figure 4C).
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Figure 3. Multivariate analyses of metabolomics data of coffee samples upon sun-drying.
Dry-processed C. arabica seeds were allowed to dry in the sun in open air, and samples
were taken. Samples at indicated seed moisture levels (% of wet basis) were analyzed in
3 replicates using both GC-TOF MS and LC-TOF MS. Mass peaks were extracted and
aligned using Metalign software, mean values of replicate analyses calculated and loaded
into GeneMaths software for multivariate analyses. A: Hierarchical clustering (Pearson
correlation) of mass signals across samples. Relative abundance of mass signals (n-log
data, normalized to raw average) is indicated in grey-scale. B: Self-organizing map of
mass signals (using 12 groups) indicating different patterns of response upon coffee
drying. Note that the order of samples in each group is the same as in A, i.e. 50%, 40%,
30%, 20% and 11% moisture (from left to right). Error bars indicated at each moisture
level indicate the overall variation in signal patterns within each cluster.
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Figure 4. Some examples of metabolite patterns observed upon drying of C. arabica
beans. A: gamma-aminobutyric acid (GABA); B: dicaffeoyl-quinic acid (isomer eluting
at 30.5 min); C: citric acid

In conclusion, our data indicate that in potential metabolomics is a powerful tool in coffee
research. The results obtained with metabolomics approaches are well comparable with those
obtained by dedicated analysis targeted towards only a few compounds or a single group of
compounds. However, the key advantage of metabolomics is the simultaneous (“multi-
parallel”) detection of hundreds of compounds from different metabolic pathways. As such,
metabolomics approaches provide a more comprehensive view of the metabolome of the
coffee plant, which may result in novel insights in the effects of, amongst others, genetic
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variation, growth environment, diseases, fruit development, harvest and post-harvest
treatments, drying and roasting on the metabolic composition of coffee and finally on the
quality of its beverage. In fact, using LCMS- and GCMS-based metabolomics approaches we
are currently studying in detail the effects of different post-harvest processing and drying
treatments on the green coffee metabolome (manuscript in prep.).
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SUMMARY

It is well known that the carboxylic acid-5-hydroxytryptamides (C-5-HT) in coffee wax are
on a certain scale decomposed during roasting or steam treatment of coffee beans.
Additionally, a decrease in C-5-HT contents can be observed when decaffeinating the beans
with dichloromethane. Aside from the influence of the processing methods roasting, steam
treatment and decaffeination upon the total C-5-HT contents in coffee beans, the effects of
these methods on the up to now known 5-HT, consisting of saturated, unsaturated and
hydroxy fatty acids, are presented in this paper. Regarding all three of the processing
methods, different impacts on the various C-5-HT were observed. Additionally, the increasing
decomposition of C-5-HT in relation to the roasting degree is presented. Whereas varying the
steaming parameters has no influence on the total C-5-HT reduction, different decaffeination
methods with carbon dioxide and dichloromethane result in distinct differences.

ZUSAMMENFASSUNG

Aus der Literatur ist bekannt, dass Carbonsédure-5-Hydroxytryptamide aus Kaffeewachs bei
der Rostung und der Behandlung mit Wasserdampf in gewissem Mal3 abgebaut werden.
Ebenso ist bei der Entkoffeinierung mit Dichlormethan eine Abnahme im C-5-HT-Gehalt zu
beobachten. In der vorliegenden Arbeit wurde der Einfluss der Behandlungsverfahren
Rostung, Dampfung und Entkoffeinierung auf die Gesamtgehalte der C-5-HT untersucht. Die
Auswirkung der genannten Verfahren auf die mittlerweile bekannten 5-HT mit geséttigten,
ungesdttigten und Hydroxyfettsduren wird beschrieben. Es zeigt sich bei allen drei
Behandlungsverfahren ein abweichendes Verhalten der verschiedenen C-5-HT. Dariiber
hinaus wird gezeigt, dass bei steigendem Rostgrad ein vermehrter Abbau von C-5-HT auftritt.
Wihrend die Variation von Dampfungsparametern keinen Einfluss auf die C-5-HT
Reduzierung aufweist, werden Unterschiede bei der Entkoffeinierung mit verschiedenen CO,-
Methoden und Dichlormethan deutlich gemacht.

INTRODUCTION

The surface of green coffee beans is covered by a thin waxy layer. The amount of the surface
wax is between 2% and 3% of the total coffee lipids. Depending on the solvent, this layer is
more or less removed by treating green coffee beans with organic solvents. Some of the main
constituents of the coffee wax are the so called carboxylic acid-5-hydroxytryptamides (C-5-
HT). This substance group, amides of serotonin (5-hydroxytryptamine, 5-HT) and fatty acids
with different chain lengths, was first introduced by Wurziger et al. (1968). They isolated and
characterised the three dominant 5-HT with arachic, behenic and lignoceric acid (Figure 1).
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Lateron, Folstar described stearic acid-5-HT as well as 20-hydroxy-arachic- and 22-hydroxy-
behenic acid-5-HT (Folstar et al., 1980). Recently, apart from palmitic acid-5-
hydroxytryptamide, our working group identified the unsaturated components
octadecadienoic and eicosenoic acid-5-HT and the odd numbered henicosanoic and
tricosanoic acid-5-HT in green coffee wax (Kurzrock et al., 2004; Hinkel and Speer, 2005).
The latter C-5-HT can be found in coffee wax in very small amounts, only.

The occurrence of the odd-numbered C-5-HT was confirmed by Lang and Hofmann (2005).

HO
- CH,—CH,—NH—R
o N
I g i
R= C—(CHy)n—CHj4 C—{CH;)n—CH,—-OH
n=14, 16, 18, 19, 20, 21, 22 n=18, 20

Figure 1. Structural formulae of carboxylic acid-5-hydroxytrypamides.

Aside from the distribution of the up to now known C-5-HT in green coffee beans, the
influence of processing methods such as roasting, steam treatment and decaffeination on the
5-HT connected with saturated, unsaturated and hydroxy fatty acids is presented in this paper.

EXPERIMENTAL

Frozen coffee beans were ground in a mill and afterwards sieved. The powder obtained with a
particle size of less than 630 um was used for accelerated solvent extraction (ASE). After
dilution, 2 ml were used for clean up by means of solid phase extraction (SPE). To increase
the repeatability the RapidTrace system (Caliper) for automated SPE was used. A portion of
the purified extract was evaporated and the same amount of mobile phase was added to the
residue. After filtration, this solution was used for injection. For the HPLC analysis a Merck-
Hitachi LaChrom 7000 system with a fluorescence detector was used. The fluorescence
detector was operated at an excitation wavelength of Aex =281 nm, and the emission
wavelength was set at Ae,, = 330 nm.

For quantification, standard solutions made of various synthesised reference C-5-HT were
used. Since the difference in the concentration levels of minor and major components in the
coffee was up to 200 times, two calibration curves were used for the different levels. The
contents of the single C-5-HT were calculated on the basis of the synthesised standard and
then related to the dry weight of the samples.

RESULTS AND DISCUSSION
In the working range, the run of the calibration curves was linear (Figure 2). The recovery rate

of the method was determined to be about 90%, and the limit of detection was 2.5 pug/g at a
signal to noise ratio of 3. The variation coefficients were below 5%.
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Figure 2. Calibration curves for quantification of the C-5-HT for minor (A) and major
components (B)

In Figure 3, a HPLC-chromatogram of a green Robusta coffee is shown. Whereas the minor
constituents can be observed in the first fifteen minutes of the chromatogram, the major
components C20- and C22-5-HT can be found at retention times greater than 20 minutes.
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Figure 3. C-5-HT in green Robusta coffee.
C-5-HT in green coffee beans

For determination of the C-5-HT in green coffee beans, 17 Arabica and 22 Robusta coffees
were available. Whereas about 90% of the Robusta coffees analysed had total C-5-HT
contents below 1200 pg/g, 90% of the Arabica coffees showed values above 1400 pg/g
(Figure 4).

Concerning the total content of the C-5-HT in Arabica coffees, it was nearly twice the value
of the Robusta coffees (Figure 5). When comparing the peak-area-ratio of the two major
components behenic and arachic acid-5-HT, this once again resulted in a factor of two.
Whereas in Robusta coffees the signal area ratio of C22- to C20-5-HT is equivalent, it is
about 2:1 in Arabica coffees (Figure 6). Hunziker et al. also found some indications of
differences in the fatty acid distribution of C-5-HT. But due to the limited number of samples
analysed, they could not specify these findings (Hunziker and Miserez, 1979).
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Figure 5. Total C-5-HT content in green coffee*.
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Figure 6. Peak-area-ratio of behenic and arachic acid-5-HT in green coffee beans*.

136



Although there are clear differences in the total C-5-HT content and the peak-area-ratio of the
two major homologues, the percentage of the C-5-HT in Arabica and Robusta is similar. The
major part of the C-5-HT in green coffee is represented by the amides with saturated even-
numbered fatty acids (94%, D). The percentage of the minor components is 6%, segmented in
saturated odd-numbered fatty acids (2%, C), unsaturated fatty acids (1%,B) and in 3% (A) of
5-HT with hydroxy fatty acids (Figure 7).

107 -

Yo I

Robusta ' Prabica
Figure 7. Percentage of C-5-HT groups in green Robusta and Arabica coffees.
C-5-HT in roasted coffee beans
The influence of roasting on the total content of C-5-HT in coffee beans was already
described by van der Steegen et al. and Wurziger et al. 30 years ago (van der Steegen and
Noomen, 1977; Wurziger, 1969). To get additional information about the roasting impact on
the C-5-HT, an industrially roasted Colombia coffee was available at three different roasting

degrees.

The influence of low, medium and strong roasting is shown in Figure 8.

1200 Roasting degree
B green ooffee
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hon B redium
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ng/g

Colombia

Figure 8. Influence of the roasting degree on the total C-5-HT content (n = 2)*.
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Figure 9. Roasting effects on different C-5-HT groups.

The different roasting degrees are represented by the ratio of the coffee diterpenes cafestol
and dehydrocafestol. After roasting, dehydrocafestol is found as a decomposition product of
cafestol. The stronger the roasting, the smaller are the values: 36 for the mild roasting, 26 for
a medium degree of roasting and 17 for strong roasting conditions.

Depending on the roasting degree, the total C-5-HT content in the analysed Colombia sample
is reduced from 7% to 12% and 17%. Regarding the influence of roasting on the different C-
5-HT groups, the greatest effect is observed in the 5-HT with hydroxy fatty acids (Figure 9).
Whereas the 5-HT of the other groups are reduced in a similar way with increasing roasting
conditions, the amount of the hydroxy fatty acids-5-HT is minimized to approx. 20% at mild
roasting conditions.

C-5-HT in steam-treated coffee beans

For consumers with a sensible stomach, the coffee brew can have certain irritating effects.
Since the Lendrich patent 70 years ago, steam treatment of coffee beans is an appropriate
method to reduce these irritating effects (Lendrich et al., 1933).

Aside from the removal of until now not clearly identified irritating substances, the waxy
layer of the coffee bean is partially removed when steam-treating the coffee. As a result, a
decrease in the total C-5-HT content was described earlier by Wurziger et al. (1973). Apart
from similar steamed samples and additionally roasted ones, a sample with varying steaming
parameters was analysed.

When comparing the total C-5-HT content of green and treated beans, the loss of C-5-HT is,
in accordance to Wurziger et al. (1973), equivalent to 30% (Figure 10).

A variation in the processing parameters time and temperature resulted in a maximum
reduction of 30%. In Figure 11 the effects of the steam treatment at two different temperatures
for 30 and 120 minutes respectively on the total C-5-HT content are shown. Both at 120 °C
and 132 °C, there is hardly any influence on the total C-5-HT from the prolongation of the
steaming time. Additionally, the variation of the steaming temperature shows no differences
in the amounts of C-5-HT. Therefore, independent from the applied steaming parameters,
there is always the same reduction of about 30% of the total amount of the tryptamides.
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Figure 10. Effect of steam treatment on the total C-5-HT content in green coffee beans
(n=5)*.
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Figure 11. Variation of steaming parameters (n=2)*.

Similar to roasting, 5-HT with hydroxy fatty acids are decomposed to an above average
degree (Figure 12). When steaming, the reduction is 40%. The effect of combined steaming
and roasting is shown in Figure 13.

total saturated saturated  unsaturated OH
even odd

Figure 12. Percentage of remaining C-5-HT after steaming (n = 10)*.
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Figure 13. Effects of a combined roasting and steaming on the C-5-HT content of green
coffee beans (n = 4)*.

When roasting the green coffee beans, the total amount of C-5-HT is reduced by 20%. An
additional steaming of the beans prior to roasting results in a decomposition of 25%.
However, the decrease of the hydroxy fatty acids-5-HT is about 40%, which is comparable to
the single processing steps of steaming and roasting.

C-5-HT in decaffeinated coffee beans

Nowadays, the removal of caffeine from the coffee beans is carried out either by using
supercritical carbon dioxide, water, or the application of organic solvents like ethyl acetate or
dichloromethane (DCM). Different green coffee beans and their corresponding decaffeinated
counterparts were investigated. The effects of two different decaffeination methods with
carbon dioxide as well as the decaffeination of a Robusta and Arabica coffee with
dichloromethane were analysed.

Ha/y

. COs-(A) CO-(B) COs-(B) DCM DCM
Arabica Robusta

Figure 14. Impact of decaffeination on total C-5-HT content (n = 2)*.
Regarding the influence of the decaffeination method used, there were differences in the

effects on the different C-5-HT groups. As is shown in Figure 15, the single C-5-HT groups
act in a similar way when applying decaffeination method CO;-(A). When using method CO»-
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(B) the 5-HT with hydroxy fatty acids are less affected than those with saturated even-
numbered fatty acids. A similar picture is obtained when taking a look at the decaffeination
with dichloromethane. While the fatty acid amides with saturated even-numbered fatty acids
are reduced to 10% of the total C-5-HT content, those with saturated odd-numbered and
unsaturated fatty acids show a percentage of 40%.

Whereas method CO,-(A) leads to a reduction of about 20%, the other method CO,-(B)
decreases the total C-5-HT content by 60% (Figure 14). The greatest effect on the total
amount of C-5-HT in the coffee beans can be noticed in reference to decaffeination with
dichloromethane. In both, Arabica and Robusta coffee, a decrease of 85% can be observed.
This correlates with data from Wurziger et al. (1973).

CoO2-(A)
co2-(B)
co2-(B)
DCM Robusta
DCM Arabica

T
total satu ﬂcd saturated  unsatu ﬂc:l
ev odd

Remaining C-5-HT [%%])

*(xS.D.)

Figure 15. Influence of different decaffeination methods on the percentage of C-5-HT
groups.

CONCLUSIONS

The green Arabica coffees analysed here show twice the C-5-HT contents the Robusta
coffees. Whereas 90% of the Arabica coffees have values greater than 1400 pg/g, almost the
same percentage of Robusta coffees has total C-5-HT contents lower than 1200 pg/g.

The decomposition of the C-5-HT is connected to the roasting degree. With an increasing
thermal load, the decomposition of fatty acid-5-hydroxytryptamides rises. Steam treatment of
the analysed coffee beans leads to an overall reduction in C-5-HT contents of 30%,
independent of the applied temperature and time. The 5-HT with hydroxy fatty acids are more
strongly influenced by roasting and steam treatment than those with saturated and unsaturated
fatty acids. Regarding decaffeination, the greatest effect in reduction of the C-5-HT can be
observed when using dichloromethane, although not all groups are removed in comparable
percentages.
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SUMMARY

The final aroma and taste of roasted coffee depends on the content of flavor precursors in
green coffee beans, which can be influenced many factors such as coffee variety, growing
conditions, and harvesting (post-harvest) conditions. Thus, a good knowledge of the chemical
composition of green coffee is indispensable for the development of premium quality
products. Classical wet chemistry analysis is time-consuming and costly. Near InfraRed
(NIR) spectroscopy is a rapid alternative method that can be employed to assess green coffee
composition. A NIR calibration was developed for the main chemical compounds (i.e.
moisture, lipids, proteins, sucrose, caffeine, trigonelline, chlorogenic acids, organic acids) on
120 green coffee samples with a wide distribution in geographical origin. The calibration was
subsequently used to determine the composition of another 1200 green Arabica and Robusta
coffee samples and the results were statistically interpreted for determination of
compositional differences based on geographical origin. Classification models can be
established based on geographical origin but they do not validate if applied to other crop
years. The results clearly show the potential of the NIR to assess a large number of coffee
varieties by using a small but representative reference set. However, they also show the
danger of using a predictive instrument for derivation of functional relationships.

RESUME

La qualité finale d’une infusion de café dépend de teneur en précurseurs d’ardmes et de
flaveurs dans le café vert. La balance de ces derniers dépend de facteurs génétiques (espece,
variété), agronomiques (climat, sol) et technologiques (traitement post-recolte). En
conséquence, une bonne connaissance de la composition chimique du café vert est
indispensable pour développer des produits de haute qualité. Les méthodes chimiques
classiques sont longues et coliteuses. Le développement de méthodes rapides telle que la
spectroscopie proche infra-rouge (NIR) présente une alternative intéressante pour évaluer la
composition chimique du café vert. Une calibration NIR a été¢ développée pour les principaux
composés chimiques (humidité, lipides, protéines, saccharose, caféine, trigonelline, acides
chlorogéniques, acides organiques) sur la base des données analytiques obtenues pour 120
cafés verts (Adrabica/Robusta) de diverses origines géographiques. La calibration a été utilisée
pour déterminer la composition de 1200 cafés verts Arabica et Robusta et les résultats
analysés statistiquement. Des classifications on pu étre établies sur la base de ’origine
géographique mais. Ces résultats montrent le potentiel du NIR pour évaluer rapidement la
composition chimique du café vert a partir d’une sélection restreinte d’échantillons
représentatifs. Mais ils montrent également le danger a utiliser le NIR comme outil prédictif
de relations fonctionnelles.
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INTRODUCTION

The final aroma and taste of roasted coffee depends on the flavor precursors content of the
green coffee beans, which in turn depend on many factors such as coffee variety, growing
conditions, and harvesting (post-harvest) conditions. Thus, a good knowledge of the green
coffee chemical composition is indispensable for the development of premium quality
products. Classical wet chemistry analysis is time-consuming and costly. Near InfraRed
(NIR) spectroscopy is a rapid alternative method that can be employed to assess green coffee
composition.

EXPERIMENTAL

1. NIR - NIR reflectance spectra were collected using a scanning monochromator FOSS
NIRsystems spectrophotometer (model 6500, Gerber Instruments, Effretikon,
Switzerland), using the software WinISI II (Foss-Tecator, Infrasoft International, LLC).
The analyses were performed on green coffee beans in a full size rectangular cell. For
each sample 16 scans were recorded in reflectance mode in the 1100-2500 nm range in 2
nm steps.

2. Chemical Analyses — Moisture, lipids, proteins, carbohydrates, caffeine, trigonelline,
chlorogenic acids, organic acids were determined by classical analytical means (Leloup et
al., 2004).

3. Statistical Processing — Calibration models (PLS) were developed with WinISI II.
Discriminant models (PLS-DA) were developed with the SIMCA P11 (Umetrics,
Sweden).

4. Samples — For calibration and validation 120 samples of green coffee beans were used.
The calibrations were used to assess the composition of 1200 samples comprising of both
Arabica and Robusta genotypes from South America (Brazil, Colombia, Costa Rica,
Guatemala, Mexico), Africa (Ethiopia and Kenya) and Asia (Vietnam and Thailand). The
samples comprised of crops from the years 2001 to 2005. Samples from the crop years
2002 to 2004 were used to develop discriminant models while the samples from crop year
2005 were used for the purposes of validating the models.

RESULTS AND DISCUSSION

NIR calibrations to assess green coffee composition parameters are well described in the
literature (Esteban-Diez et al., 2004; Vaast et al., 2004; Bertrand et al., 2005) and it will not
be insisted upon here. Main statistics presented in Table 1 give an estimate of the calibration
goodness of fit and the level of errors that can be expected for determinations of new samples.

The calibration was used to determine the parameters listed in Table 1 for 1200 green coffee
samples (both Arabica and Robusta types). Chemometric analyses were then carried out with
the purpose of obtaining classification models based on a wide geographical distribution on
both the NIR determined composition and the 2™ derivative NIR spectra.
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Table 1. NIR calibration statistics. N = number of samples, STDEV= standard deviation.

Parameter Calibration | Prediction | R* |Mean | Maxim | Minim |[STDEV| N
Error Error
Moisture 0.19 0.23 098|996 | 1433 | 558 147 |343
Lipids 0.60 0.66 093 ]12.10| 18.72 | 547 223 |113
Caffeine 0.09 0.10 098 | 1.76 | 3.46 0.05 0.57 |116
Trigonelline 0.05 0.06 082] 0.73 | 1.09 0.36 0.12 |119
Chlorogenic Acids 0.36 0.44 093 8.69 | 1296 | 442 144 | 119
Organic Acids 0.14 0.16 0.88 | 2.01 3.20 0.82 039 |122
Sucrose 0.55 0.63 095| 657 | 13.64 | 0.00 239 |116
Total Nitrogen 0.06 0.07 096 | 252 | 3.38 1.66 028 |122
protein 0.32 0.39 0901201 | 1505 | 8.96 1.00 |122

PCA carried with the above parameters as variables for the Arabica type on the crop years
2002-2004 shows a good separation between samples from South America and Africa (Figure
1). Lipids and protein stand out as the variables with the highest influence on the separation of
the two groups. Moreover, in the African group, Ethiopian and Kenyan samples are also
clearly distinguishable. An average compositional difference shows that coffee from Ethiopia
is higher in lipid contents, while coffee from Kenya is closer to the South American
counterparts. A modeling of only the South American samples (Figure 2 with only the
clusters for Colombia and Brazil shown for clarity) clearly distinguishes between Brazil,
Colombia, Salvador and Ecuador, while samples from Nicaragua, Costa-Rica, Guatemala and
Mexico form a mixed cluster. Again an average compositional difference shows that the green
coffees from Brazil and Salvador have the higher protein content, green coffee from Ecuador
has the lowest (Table 2). Coffee from Ecuador has the highest sucrose content, Brazil and
Colombia the lowest. Coffees from Brazil and Colombia also have the highest lipid content.
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Figure 1. PCA on compositional parameters — Africa and South America, Arabica type.
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Figure 2. PCA on compositional parameters — South America, Arabica type.

Table 2. Average Compositions, crop years 2002-2004 (blue: Max, Pink: Min).

Dry |Lipids|Caffeine|Trig. | Chlorogenic |Organic|Sucrose | Total [Protein
Matter Acids Acids N

Costa Rica | 90.57 | 1420 | 1.25 [0.82 7.14 2.28 7.89 2321147
Guatemala | 90.13 | 1430 | 1.25 |0.81 7.35 2.24 7.81 [231] 1147
Salvador 90.68 | 14.10 | 1.22 [0.83 7.21 2.34 8.02 | 238 | 11.93
Ecuador 91.64 | 14.13 | 136 |0.72 7.54 232 895 |2.23]10.99
Brazil 90.60 | 14.73 | 1.30 |0.90 7.58 2.33 6.93 | 2.39 | 12.15
Colombia | 89.00 | 14.74 | 131 |0.81 7.56 2.23 728 [ 228 | 11.24
Nicaragua | 89.39 | 1421 | 1.26 |0.79 7.08 2.27 7.87 234 ] 11.59
Ethiopia 91.26 | 15.17 | 126 |0.84 8.21 2.22 8.54 | 2.15 | 10.71
Kenya 90.78 | 14.79 | 1.19 ]0.82 7.88 2.24 8.28 |2.20 | 10.98

In order to verify the clustering results and obtain models that can be used for prediction
purposes, a discriminant analysis has to be carried out using the whole NIR spectra since our
calibrations do not take into account all the chemical composition of the coffee beans. For this
purpose the samples were divided in two sets. One set comprising of two third of the samples
was used to develop the models. The other set comprising of one third of the samples was
used in an effort to validate the discriminant models obtained. A PLS-DA separates well the
South American and African samples (Figure 3). Similar with the compositional PCA,
Ethiopian and Kenyan samples are also clearly clustered (figure not shown). An inspection of
the loadings reveals that the absorption bands with the highest influence correspond to the
lipids bands at 1728 and 1624 nm. For the South American samples, again a good separation
is obtained between Brazil, Colombia (Figure 4, with only the clusters for Colombia and
Brazil shown for clarity), Costa-Rica, Guatemala, Ecuador and Salvador, while samples from
Mexico, Nicaragua, and Honduras were in the same group.
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Figure 3. PLS-DA on NIR spectra — South America and Africa, Arabica type.
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Figure 4. PLS-DA on NIR spectra - Brazil, Colombia and South America, Arabica type.

For the crop year 2005 the situation is similar with good separation of the samples based on
their geographical origin (Figure 5). The obtained classification models for the crop years
2002-2004 perform well when validated with the classical methods: cross validation and
separation of one third of the samples into a validation set. Based on the validation data
presented in Table 3, one can conclude that the obtained models could be used to predict the
geographical origin of other samples.

However, if the samples from crop 2005 are used as a validation set of the 2002-2004 PLS-
DA model it can be observed that the prediction fails. Half of the Brazilian samples are
correctly predicted as coming from Brazil, however the other half is predicted to be from the
rest of South America. Similar results are obtained for the 2005 predictions for Columbia and
Guatemala. The situation does not improve when trying to predict the origin of crop year
2005 African coffees. While Ethiopian coffees are correctly classified, Kenyan coffees show
strong resemblance with the previous years crops from Colombia. (Tables 4). The
composition NIR calibration instead is still perfectly valid for the 2005 samples.
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Table 3. PLS-DA green coffee classification validation for the 2002-2004 crop years and
the results for the 2005 crop, N is the total number of samples divided into 2/3
calibration and 1/3 validation.

Correctly classified Correctly classified Total N
% %
Colombia 95.6 90.0 120
Brazil 96.2 92.3 104
Costa Rica 100 95.7 63
Guatemala 90.7 83.7 57
Ecuador 91.1 85.7 75
Salvador 91.2 88.2 91
Others 88.8 88.4 90
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Figure 5. PLS-DA on NIR spectra — Brazil, Colombia, Guatemala, Costa-Rica and
Ethiopia, crop 2005

Table 4. Predicted class membership for 2005 crop based on the 2002-2004
PLS-DA model.

Correctly

Members | Colombia | Brazil Costa Rica | Guatemala | classified
Colombia 30 17 5 6 2 56.7
Brazil 26 0 12 6 0 46.2
Costa Rica 16 0 0 15 0 93.8
Guatemala 14 0 0 6 5 35.7

The explanation for the failure of the models lies in the predictive nature of the relationships
that can be established between NIR spectra (chemical composition) and geographical origin.
The functional variables, which can include rainfall levels, soil characteristics, altitude
distribution, type of agrochemicals used, are not included. Plots of rainfall versus soil
characteristics are likely to yield similar graphs with well-defined clusters based on
geographical origin. While weather patterns might be similar for a few years in a row, they
are still unpredictable. NIR calibrations, once established, can provide large data bases in a
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short period of time. It is very tempting to create such databases and derivation of predictive
relationships follows easily. However, the ease with which a NIR instrument can generate
such relationships can also prove misguiding. Predictive relations only work when all the
other functional variables not accounted for (commonly called the matrix effect) are not
changing. This study, however, does not dismiss similar publications in which classification
based on geographical origin based on NIR absorptions were performed on a smaller scale
(i.e. regions with closer distances) and where other possible functional variables were taken
into account. Actually, predictive models of this type are likely to work for new samples if
they come from the same crop years as the samples used for model development. In view of
the results obtained for classification trials for the Arabica genotype, it was felt by the authors
that it was not necessary to extend a similar approach to the Robusta type. The failure of NIR
predictive models is also a common factor for the lack of trust sometimes encountered for this
technique. In most of these cases, the developed models are misused for systems where a
matrix change is clearly involved.

CONCLUSIONS

NIR spectra can be used to develop discriminant models based on green coffee geographical
origin. Calibrations based on a small set can be used to assess significant differences between
average compositions. However, using these relationships for determining a sample of
unknown geographical origin was not possible if the sample was from another crop year. This
is because the obtained relationships between NIR spectra and geographical origin are,
mathematically, of a predictive type, and not of a functional type. A host of other variables
should be taken in consideration for viable discriminant models (e.g. rainfall, altitude, soil
characteristics). In view of the results obtained for classification trials for the Arabica
genotype, it was felt by the authors that it was not necessary to extend a similar approach to
the Robusta type. However, NIR calibrations for compositional parameters can be reliably
used for crop years that are not included in the calibration development.
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SUMMARY

The goal of this study was to determine the ability of high-resolution magic angle spinning
(HR-MAS) NMR spectroscopy to assess the quality of green coffee before roasting. To this
purpose, ten Arabica green coffee samples, half of which had produced good quality coffees
(G samples) while the others resulted in worse tasting beverages (B samples), were analysed
by HR-MAS 'H NMR spectroscopy at high field (600 MHz) to determine their chemical
composition and water hydration. From the proton NMR spectrum of each coffee powder a
metabolic profile was obtained and a comparison between the average profile of G and B
samples was made using different statistical methods. Principal component analysis (PCA)
gave a good separation of G and B samples and this separation was mainly due to the amount
of bound water. Two water signals, attributed to internal and external water, were in fact
observable in the "H NMR spectrum at different chemical shift, after the addition of a small
amount of water. Thus, more detailed information on the water structure was obtained by
studying the position, intensity and shape of the NMR resonances as a function of the
hydration. Finally, pulsed field gradient (PFG) HR-MAS '"H NMR spectroscopy was applied
to measure self-diffusion coefficients of water and oil molecules in the coffee powder. We
showed that the externally added water diffuse in large pores within the powder particles
whereas the fatty acids diffuse in a restricted environment within the coffee matrix.

INTRODUCTION

Water content and distribution is a crucial factor for green coffee quality, shelf-life and
determines finally also the quality of roasted coffee. Information on the amount and state of
water can be obtained by dry weight and water activity measurements (Clarke, 1985; Reh et
al., 2006). However, more detailed information on the behaviour of water molecules is needed
to better correlate water properties with coffee quality. More accurate data on the distribution
and dynamics of water in the green coffee can be obtained by high-resolution magic angle
spinning (HR-MAS) NMR spectroscopy. Similar to solid state NMR, the use of magic angle
spinning (MAS) effectively reduces spectral line broadening due to chemical shift anisotropy,
homonuclear dipolar interactions and variations in magnetic susceptibility (Andrew and
Eades, 1959; Garroway, 1982). This technique produces narrow lines in heterogeneous
samples such as tissues or whole cells (Cheng et al., 1997; Weybright et al., 1998). Thus, this
approach can be used to determine the chemical composition and water hydration of green
coffee during different steps of the coffee production chain.

HR-MAS 'H spectroscopy can also be applied to measure the diffusion coefficient (D) of
water and oil molecules in the complex matrix of green coffee. With pulsed field gradient
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(PFG) NMR, the self-diffusion coefficient is determined as a function of the effective
diffusion time (A) and the mean distance travelled by the diffusing molecules during the
diffusion time can be calculated (Stejskal E.O. and Tanner, 1965; Callaghan, 1991). For
biological heterogeneous systems such as coffee, the displacement of the diffusing molecules
depend on the interactions with the porous matrix and may be restricted by pore walls. Thus,
diffusion measurements can provide information on the structure of the bean's cellular matrix

MATERIALS AND METHODS

Coffee samples. Ten samples of Arabica green coffee beans (Coffea arabica), half of which
had produced good quality coffees (G samples) while the others resulted in worse tasting
beverages (B samples), were ground using an M20 Universal mill (IKA Werke GmbH). For
each powder, the water activity was determined by an AqualLab instrument provided by
Decagon Devices Inc.

NMR measurements. HR-MAS "H NMR spectroscopy was performed on a Bruker 600
Avance NMR instrument at a spinning rate of 6 kHz and at a temperature of 300 K. "H NMR
spectra were obtained from coffee powders with grain size between 250 and 500 um without
any solvent addition. No lock signal was used during the NMR measurements. Diffusion
experiments were performed on the coffee powder after addition of a small amount of water
(50% by weigh) by applying a PFG stimulated echo sequence at different gradient strengths.
The duration of the magnetic field pulse gradients (0) was 0.5 ms while their separation (A)
ranged from 50 to 800 ms. For each value of A, the apparent diffusion coefficient was
obtained by fitting the echo decay curve as a function of gradient strength to a Gaussian
function. Spectral manipulation and fitting were accomplished by the Bruker Topspin 1.3
software package.

Statistical analysis. To evaluate the possibility to discriminate between high and low quality
coffee from the NMR spectra, different statistical approaches such as principal component
analysis (PCA), linear discriminant analysis (LDA) and tree cluster analysis (TCA) were
used. To reduce the number of variables and take into account for small resonance shifts,
integrals were calculated on selected spectral regions (bucketing). From each bucket, the
correlation matrix was calculated and all the signals displaying a correlation higher than 0.1
was added together. By this procedure, the number of variables was reduced to four. All
statistical analyses were accomplished by a home-developed software using Python and R
statistical routines (R Development Core Team, 2005).

RESULTS AND DISCUSSION

Figure 1 shows the HR-MAS 'H NMR spectrum of a powder sample of green coffee. The
high field resonances (0-3 ppm) are typical of the aliphatic chain of fatty acids. Olefinic
signals and glycerol resonances are visible at 5.7 ppm and 4.2 ppm, respectively. The single
broad signal at 4.78 ppm is due to the natural bound water in the coffee beans
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Figure 1. HR-MAS '"H NMR spectrum of a powder sample of green coffee (Coffea
arabica).
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Figure 2. PCA scores plot produced from the NMR spectra of ten Arabica green coffee

samples. Red circles represent good quality coffee whereas blue circles represent bad
quality coffee.

Principal component analysis (PCA) of the four reduced variables obtained after the
correlation analysis is summarized in Figure 2, where the scores plot of the first and third
principal components is reported. As can be seen, two groups are well defined in the scores
plot and represent the high and low quality coffee samples. The ellipse represents the 95% of
confidence. From the analysis of PCA loads, it results that the separation of the two groups is
mainly due to the amount of bound water. On average, the G samples have a higher content of
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internal water than the B samples. This feature is confirmed by the dry weight and water
activity measurements that showed lower water content and activity in the B coffee samples.
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Figure 3. LDA projections of NMR data from ten Arabica green coffee samples. Red
circles represent good quality coffee whereas blue circles represent bad quality coffee.

The same four variables were also used for linear discriminant analysis (LDA) and tree cluster
analysis (TCA). The corresponding LDA plot is reported in Figure 3 where it is again clear
the separation between the two coffee groups. Also TCA with Canberra distance was able to
discriminate between the two classes of coffee samples as shown in the TCA plot depicted in
Figure 4.

More detailed information on the water structure was obtained by studying the position,
intensity and shape of the NMR resonances as a function of the hydration. From the analysis
of proton spectra as a function of the amount of externally added water (data not shown) it
appears that the water fraction observed in the raw coffee samples does not exchange with the
added water fraction and thus it is probably confined into cell compartments.

In Figure 5, the diffusion coefficient of externally added water and fatty acids is separated as
a function of the diffusion time. Unfortunately, the diffusion coefficient of the bound water
could not be measured due to the extreme large line-width of its resonance. Our data indicate
that the diffusion behaviour of water and fatty acids is very different. The diffusion
coefficient of water appears independent from the diffusion time (A) and is about one half of
that of pure water at the same temperature. On the other hand, fatty acids are very slowly
diffusing having a diffusion coefficient two orders of magnitude lower than that of pure
water, which displays a strong dependence on the observation time (A).
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Figure 4. TCA plot produced from the NMR spectra of ten Arabica green coffee
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Figure 5. Diffusion coefficients of water (W) and fatty acids (FA) for selected Arabica
green coffee samples as a function of the observation time (A). The restricted diffusion
behaviour of fatty acids is reported for a barrier of 200 nm (solid line).

In the case of fatty acids, the behaviour of D versus ¢ is typical of diffusion in the presence of
obstructing barriers. In fact, at long observation times (A) in the presence of a barrier of the
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dimension d, the apparent diffusion coefficient depends on the diffusion time as follows: Dy,
= d’/2t. Hence, the longer the molecules diffuse the more restricting barriers will be
encountered. The restricted diffusion #' behaviour is reported in Figure 5 for a barrier of 200
nm (solid line). From the diffusion measurements it results that the externally added water
molecules diffuse in large pores within the powder particles whereas the fatty acids diffuse in
a restricted environment within the porous matrix.

This preliminary study indicates that HR-MAS "H NMR spectroscopy is a promising
technique for studying water hydration and chemical composition in green coffee. This
methodology could be applied for the determination of the changes occurring in green coffee
in order to identify the potential damages and quality loss.

REFERENCES

Andrew E.R. and Eades R.G., Removal of dipolar broadening of NMR spectra of solids by
specimen rotation. Nature 1959; 183:1802.

Callaghan P.T., Principles of Nuclear Magnetic Resonance Microscopy. Oxford University
Press, Oxford (1991).

Cheng L.L., Ma M.J., Becerra L., Ptak T., Tracey I., Lackner A. and Gonzalez R.G.,
Quantitative neuropathology by high resolution magic angle spinning proton magnetic
resonance spectroscopy. Proc. Natl. Acad. Sci. USA 1997; 94:6408-6413.

Clarke R.J., Water and mineral contents. In: Coffee (Vol. 1 Chemistry) eds. Clarke R.J. and
Macrae R. Elsevier, London and New York (1985), pp. 45-46.

Garroway A.N., Magic-angle sample spinning of liquids. J. Magn. Reson. 1982; 49:168-171.

R Development Core Team (2005). R: a language and environment for statistical computing.
R Foundation for Statistical Computing, Vienna, Austria. ISBN 3-900051-07-0, URL
http://www.R-project.org.

Reh C.T., Gerber A., Prodolliet J. and Vuataz G. Water Determination in green coffee -

Method comparison to study specificity and accuracy, Food Chemistry 2006; 96: 423-
430.

Stejskal E.O. and Tanner J.E., Spin-diffusion measurements: spin-echoes in the presence of a
time-dependent field gradient. J. Chem. Phys. 1965; 42:288-292.

Weybright P., Millis K., Campbell N., Cory D.G. and Singer S., Gradient, high-resolution,
magic angle spinning 'H nuclear magnetic resonance spectroscopy of intact cells. Magn.
Reson. Med. 1998; 39:337-345.

155



Index Table of contents

Isolation and Characterization
of High Molecular Weight Coffee Melanoidins

E. K. BEKEDAM', M. A. J. S. VAN BOEKEL?, G. SMIT'®, H. A. SCHOLS'

'Laboratory of Food Chemistry Department of Agrotechnology and Food Science,
Wageningen University, PO Box 8129, 6700 EV Wageningen, The Netherlands
*Product Design and Quality Management Group, Department of Agrotechnology and Food
Science, Wageningen University, PO Box 8129, 6700 EV Wageningen, The Netherlands
*Unilever Food and Health Research Institute, PO Box 114, 3130 AC, Vlaardingen,
The Netherlands

SUMMARY

High Mw melanoidins populations from coffee brew were separated based on charge and
ethanol solubility. It was found that the obtained populations differed in their composition and
color. All fractions contained nitrogen and only 83% of the total nitrogen content was found
to be originating from amino acids, and the remainder (17%) of the nitrogen is likely to be
part of melanoidins. A correlation between the protein content and the melanoidin content
was found which allowed us to conclude that proteins (fragments) are probably part of the
melanoidin complex. Another aspect was that melanoidins possess a negative charge as
shown by anion-exchange chromatography, although quite some distinction could be made in
the anionic character of different melanoidin populations.

INTRODUCTION

Melanoidins are compounds present in roasted coffee beans and coffee brew. They are
expected to have beneficial effects on health as they show anti-oxidant activity. Next to this,
they are reported to bind flavor compounds, which is important as flavor is one of the most
important qualities of roasted coffee.

Melanoidins are Maillard reaction products that are formed in the final stage of the Maillard
reaction. Melanoidins are generally referred to as brown macromolecular nitrogenous
compounds and are often measured by measuring the absorbance at 405 nm, which is
basically measuring the brownness. In the past several attempts have been made to
characterize the molecular structure of these compounds. This resulted in three propositions
for the structure of these molecules. Heyns and Hauber (1970) and Tressl et al. (1998) stated
that Melanoidins are polymers built up of repeating units of furans and/or pyrroles, formed
during the advanced stages of the Maillard reaction and linked by polycondensation reactions.
Hofmann (1998) detected low Mw colored substances, which were able to cross-link proteins
via _-amino groups of lysine or arginine to produce high Mw colored melanoidins. Kato and
Tsuchida (1981), and more recently the group of Cimmerer (2002; 1995) suggest that the
melanoidin skeleton is mainly built up of sugar degradation products, formed in the early
stages of a Maillard reaction, polymerized through aldol-type condensation, and possibly
linked by amino compounds.

Most of the research on the structure of melanoidins was conducted making use of model

reactions in which, for example, a reducing monosaccharide and an amino acid were heated to
form melanoidins. The outcomes of these model reactions provide useful information on how
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melanoidins might look like. However, one has to realize that the composition of a real food
system, like coffee beans, is far more complex. Because of this, the melanoidins formed will
be far more complex than the melanoidins formed in a model reaction.

When looking e.g. to coffee roasting, the Maillard reaction could be complicated by side-
reactions caused by esterification-, degradation-, and polymerization reactions of other coffee
components. It is known that the chlorogenic acids content decreases rapidly upon processing
of the green bean into roasted beans and it is likely that part of these chlorogenic acids
become incorporated into the melanoidin complex (Montavon et al., 2003). Furthermore,
caramelization reactions might play a role as well.

Until now, the melanoidin content of coffee is determined by “by difference”. This is the
percentage that is left after having subtracted all the known compounds present in a coffee
(carbohydrates, proteins, caffeine, etc.) from 100% starting material. The remaining
percentage that cannot be accounted for is than called melanoidins. However, carbohydrates
and/or proteins might be part of the melanoidin complex as well, and such “by difference”
calculations may therefore result in an under-estimation of the amounts of melanoidin
complex present.

Up to now, the precise structure of melanoidins present in coffee remains unknown and a
better understanding of the structural properties of melanoidins is needed to understand and
control the functional properties of melanoidins. Therefore, in this study, the structure of
melanoidins in coffee was studied by separation of coffee melanoidins into several fractions
by using various separation techniques followed by characterization of the obtained fractions.
By doing so, we hope to end up with information on what melanoidins look like in coffee
brew.

MATERIAL AND METHODS

High Mw melanoidins, obtained by diafiltration of a coffee brew using a 3 kDa hollow fiber
ultrafiltration column, were further fractionated using sequential ethanol precipitation steps
and fractions obtained were characterized as described by Bekedam et al. (2006). High Mw
melanoidins were also subjected to anion-exchange chromatography on a 5 mL HiTrap Q Fast
Flow column (Amersham Biosciences, Uppsala, Sweden) as described by Bekedam et al.
(1993).

RESULTS AND DISCUSSION

High molecular weight material was isolated from a coffee brew by diafiltration yielding 16%
(w/w) of the brew’s dry matter. The high molecular weight fraction “Brew HMw” was
subjected to sequential ethanol precipitation at 20, 40, 60 and 80% (w/w) ethanol. Five
fractions were isolated: the precipitates of the four ethanol precipitation steps and the
supernatant of the final (80%) ethanol precipitation step. All fractions were present in
significant amounts (Table 1) and these fractions were analyzed for their composition.

The melanoidin content was determined by measuring the absorbance at 405 nm (Table 1). It
was found that the melanoidin content increased with increasing ethanol concentration.
Proteins are one of the major HMw compounds in coffee beans, and they are expected to be
involved in the Maillard reaction by either reacting of an amino side chain or by providing
amino acids due to degradation upon heating. The protein levels were determined by amino
acid analysis with the aim to determine in which fraction most proteins end up (Table 1).

157



Table 1. Total Nitrogen Content, Protein Nitrogen Content, and 405 nm absorption of
Brew HMw and Brew HMw Ethanol Precipitation Fractions.

Sample Yield Total Nitrogen | Protein Nitrogen Content | Absorption 405 nm
(%, w/w) | Content (%, w/w) (%, w/w) (-)

Brew HMw 100 1.4 1.1 0.6

EP20 19 1.1 0.8 0.2

EP40 11 0.7 0.5 0.4

EP60 28 0.7 0.4 0.3

EP80 17 1.4 1.0 0.6

ES80 13 4.4 3.6 1.2

It was found that the ethanol precipitate and supernatant of 80% ethanol had the highest
nitrogen level. This was surprising since the most abundant water-soluble protein in green
coffee beans is globulin, which tends to precipitate readily at low (~25%) ethanol. The
presence of high levels of proteins at high ethanol concentration confirms that proteins are
degraded and/or chemically modified upon roasting, resulting in a higher solubility in ethanol.
As melanoidins are mentioned to be nitrogenous compounds, due to the integration of an
amino acid moiety in this Maillard product, it was interesting to determine the total nitrogen
content next to the protein nitrogen content (nitrogen from amino acids/proteins). It was found
that proteins accounted for 83% (w/w) of the total nitrogen content, in all fractions (Table 1).
Thus 17% (w/w) of the nitrogen was present as non-protein (or non-amino acid) nitrogen
(NPN). Since this was the case for all fractions it was shown that a clear correlation exists
between the total nitrogen content, the protein nitrogen content and the NPN content. The
NPN is likely to originate from amino acids that were integrated in the melanoidin complex
during the Maillard reaction. Proteins are an important supplier of amino acids for the
Maillard reaction since the free amino acid content is very low in green beans. The value of
17% NPN allows to suggest that around 1 out of 6 amino acids present in proteins is involved
in melanoidin formation. The melanoidin content (absorbance at 405 nm) was plotted as a
function of the total nitrogen content, and a correlation was found between the melanoidin
content and the total nitrogen content. As the total nitrogen correlated with the protein content
it can be stated that the melanoidin content is correlating with the protein content. This
allowed us to suggest that proteins are probably part of the melanoidin complex. Whether the
amino acids, present as recognizable units within the melanoidin complex, should still be
referred to as proteins or should be encoded e.g. peptide fragments is questionable. However,
the incorporation of these protein/peptide fragments in the melanoidin complex explains the
solubility of the protein/peptide fragments.

Another part of our research dealt with the ionic charge of the melanoidins. It was previously
reported by Tomlinson et al. (1993) that melanoidins, made by the model reaction of 5-
hydroxymethylfurfural with glycine were negatively charged. Morales (2002) reported that
UVyg absorbing compounds present in HMw coffee brew showed negative charge as well.
Both Tomlinson et al. (1993) and Morales (2002) used capillary electrophoresis in their
studies, making use of the charge present in the material they studied. From the capillary
electrophoresis results they concluded that their material was negatively charged. As we were
interested in the charge of melanoidins, we applied the Brew HMw fraction on anion
exchange columns. The starting buffer had a very low ionic strength, which was subsequently
increased stepwise to a very high ionic strength. It was found that no Brew HMw material
bound when it was applied on a strong cation exchange column; all material eluted in the
unbound fraction (Figure 1). It was concluded that coffee melanoidins do not expose a
positive charge. On the other hand, almost all (> 95%) of the melanoidins as based on its 405
nm absorption, bound to a strong anion exchange column (Figure 1). It was concluded that
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coffee melanoidins are negatively charged. The melanoidins present in the Brew HMw eluted
partly at high and partly at low ionic strengths of the eluent, showing that melanoidins are
heterogeneous in their anionic behavior.
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Figure 1. Cation exchange elution pattern of Brew HMw (left); Anion exchange elution
pattern of Brew HMw (right).

The six fractions differing in charge were collected and analyzed for their composition. It was
found that all fractions differed in composition (total nitrogen content, phenolic group level
(Folin-Ciocalteau assay), melanoidin content, and sugar content and composition). Most
sugars bound to the column, which was surprising since galactomannans, which makes up a
large part of the carbohydrates in coffee brew, are neutral polymers in the green bean
(Oosterveld et al., 2004). This suggests that the carbohydrates can obtain a negative charge
due to reactions that occur upon roasting. It was also found that the phenolic group level,
which was determined by the Folin-Ciocalteau assay, changed with the melanoidin content.
This was also found to be the case for the ethanol precipitation fractions. This suggests that
phenolic groups are incorporated in the melanoidins complex.

CONCLUSIONS

Various coffee melanoidin populations were isolated, differing in ethanol-solubility and
charge properties. It was found that part of the nitrogen is not present as protein structures
anymore. The protein content was proportional to the melanoidin content, indicating that
proteins are incorporated in melanoidins. Whether the peptide bonds between all amino acids
is still intact remains unknown, but in that case it might be well possible that part of the
protein serves as ‘backbone’ of the melanoidin complex. The other option is that protein
fragments (peptides) are part of he melanoidin complex. With respect to the charge of
melanoidins it was found that melanoidins are negatively charged. The differently charged
melanoidin populations were found to be different with respect to their composition and it
seems that phenolic groups are related to melanoidins.
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SUMMARY

Lipid oxidation compounds in organisms are involved in important signalling pathways
correlated to stress and disease but also to attack defence and physiological response. Current
works in brewery science evaluate the influence of germination and storage on lipoxigenase
generated hydroperoxides and other lipid degradation products and their influence on staling.
In coffee the correlation between LOX (EC 1.13.11.12) generated precursors and aldehyde
potential has not been assessed so far. We report here the results of sensible precursor
quantification and the generation of free aldehydes (esp. E2-nonenal) in coffee in the
processing chain monitored by TDS-GC-SIM analysis for pentafluorobenzylhydroxylamine
(PFBHA) derivatives.

INTRODUCTION

Fresh roast and ground coffee and the beverages thereof are highly appreciated for their
delicious aroma, which is to a great part generated during roasting. Depending on the
preparation and conservation this aroma has relative short shelf-life (Cappuccio et al., 2001).
As part of the volatiles from the raw bean survives the roasting process they contribute to the
origin typical aroma and, in some cases, also to the off-flavour already present in the raw
material (Boosfeld and Vitzthum, 1995). Most of the currently known off-flavours are
correlated to post-harvest damages (TCA, geosmin see Holscher et al., 1995) and especially
storage and transport conditions have strong influence on shelf-life or viability of green coffee
seeds (Dussert et al., 2006). Cleavage of triglycerides (TG) could be identified as a major
change in the chemistry of green coffee (Speer et al., 2004) and oxidation of TG or the free
fatty acids (FFA) are proposed as pathway for the fatty, oily off-flavour of long stored green
coffee (Boosfeld and Vitzthum, 1995).

Analytically only sum parameters like POV (peroxide values) were used to describe the
oxidative damage mostly in roast and ground coffee (Huynh-Ba et al., 2001) and no direct
correlation between the hydroperoxioctadienic acids (HpODE) precursors and the sensorial
relevant unsaturated aldehydes has been made so far in coffee.

In malt (Hubke et al., 2005) and other seeds (Feussner et al., 1995; Ridolfi et al., 2002)
however the oxygenation of storage lipids has been assessed and for beer and olive oil a
correlation to volatile compounds or residual nonenal potential (malt-RNP, Guido et al.,
2005) and changes during aging of the finished beverage (Liegeois et al., 2002) have been
made. Also in medicinal chemistry identification of oxidation products of membrane poly
unsaturated fatty acids (PUFA) and their products (Schneider et al., 2005) is important.
Recent propagation of LC-MS instrumentation has made it possible to directly quantify
HpODE without prior derivatization and separation of the stereo-isomers or even optical
isomers and to identify the enzymatic or chemical pathway of their formation.
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EXPERIMENTAL
Material and Method
Oil extraction

Oil was squeezed out of fresh green coffee beans directly after harvesting in the country of
origin (Brazil). In the laboratory gram quantities of the oil were extracted by soxhlet
extraction with pentane and kept under inert gas before oxidation or analysis.

Extraction of hydroperoxides

For the extraction of the thermo-labile HpODE freshly ground green coffee beans (liquid
nitrogen) were treated three times by pentane at natural pH. In case of aqueous extracts these
were acidified to pH 1.5 by addition of HCI and extracted by pentane at room temperature.
Solvent was blown off under a flow of nitrogen at room temperature and an aliquot of the
lipidic phase was re-dissolved in mobile phase.

HPLC-MS/MS conditions

The LC system consisted of a HP1100 liquid chromatograph (Agilent Waldbronn, Germany)
equipped with a vacuum degasser, a quaternary solvent delivery compartment with low
pressure mixing, an auto-sampler, and a column compartment. The separation was performed
on a Gemini (Phenomenex, Aschaffenburg, Germany) column (150 mm x 3 mm, 3 um) using
a flow of 0.4 ml/min at 30 °C. The mobile phase was LC-MS grade acetonitrile and water
under addition of 0.1 % of formic acid in the ratio 55 to 45 volume percent.

For optimization, an HPLC mix of the HpODE (9/13) and 3 HpOTE was used by syringe
injection (Cayman chemical, Michigan, USA). The mass spectrometer Q Trap (Applied
Biosystems/MDS Sciex, Darmstadt) operated in ESI negative mode at 250°C (source
temperature). The resulting compound conditions for the measurement of MRM (311/113)
and (293/113) for the 13-HpODE and 9-HpODE (MRM 311/185 and 293/185) were IS -4500,
DP -20, EP -10, CE -20 at dwell times of 150 msec.

I'DS-GC-MS

Direct thermal extraction of the volatile and semi-volatile compounds by TDS-GC-MS as
described for olive oil by Gerstel Application Note 09/2000. By directly injecting 1 ul of the
green coffee oil into an empty glass tube followed by thermo desorption under inert
atmosphere the volatile compounds are trapped into a cooled injector. After quick heating the
compounds are transferred into the GC capillary, separated and identified by mass
spectrometer.

TDS: glass wool 20°C ramped 60°C/min to 60°C for 5 min, 50 ml/min Helium

PTV: -120°C ramped 720°C/min to 250°C for 3 min, solvent vent at 0.5 min with 25 ml/min.
Linear filled with silanized glass wool

GC: 60 m HP-Wax (0.25 mm ID, 0.25 um DF). 35°C(3min)-4°C/min-220°C. 2.4 ml helium
MS: EI 70 eV, Scan 41-250 m/z
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SBSE

Aqueous green coffee extracts were prepared using 15 g of milled green coffee and 100 ml of
boiling water. After 5 minutes the sample was filtrated and 10 ml were extracted by SBSE at
1000 rpm for 30 min. Derivatization took place on the stir bar for 30 minutes using diluted
PFBHA solution at 1000 rpm. Thermo desorption was performed automatically by TDSA2
(Gerstel, Muehlheim an der Ruhr, Germany) in selected ion monitoring (SIM) mode with
electron ionization (70 eV). lons monitored were m/z m/z 181, 250, 335 for E-2-nonenal, m/z
181, 264, 333 for E,Z-2,6-nonadienal and E,E-2,4-nonadienal, and m/z 181, 276, 347 for E,E-
2,4-decadienal.

SDE

Milled green coffee was extracted for 2 h by a Likens-Nikerson simultaneous distillation
extraction using pentane/diethylether as organic solvents.

RESULTS AND DISCUSSION
Sun light stressing of green coffee oil produces the typical volatile compounds responsible for

the rancid impression in various food materials upon heating (Fish, Haugen et al. 2002, Rice,
Lam et Proctor 2003).
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Figure 1. volatiles generated in TD-GC-MS from non-volatile precursors.

In Figure 1, the effect of oxidative stress on green coffee oil and the volatile compounds
formed upon heating in inert atmosphere directly in the thermo desorption unit of the GC-MS
is demonstrated. According to similar observations in roast and ground coffee (Huynh-Ba et
al., 2001) the volatile aldehydes are formed via a non-volatile precursor which liberates these
compounds only upon heating or enzymatically in analogy to other lipid rich seeds (Seyhan et
al., 2002). The pathways of formation of these reactions are widely agreed upon in literature
and are summarized in Figure 2 (for a review see Quarantelli et al., 2003). Separating the
antioxidants (mainly CQA) present in the green coffee by pressing the beans enhances the
autoxidation behaviour of this oil, resulting in a sensorially rancid oil after only a few weeks
even at ambient temperature.
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Figure 2. scheme lipid oxidation reaction.

In the case of accelerated oxidation tests hexanal can be used as an indicator substance, but
only upon heating under inert atmosphere, so after liberation from the precursors.

To our knowledge the identification of the HpODE as responsible precursors in coffee has not
been described in literature before. The first aim was to setup a method able to identify and
quantify these products via MS infusion and fragmentation experiments. In Figure 3 the
MS/MS/MS spectra (QqQLincartrap) Of 9- and 13- HPODE from a commercial standard are
shown. The fragmentation patterns have been confirmed by MacMillan and Murphy 1995
using stable isotope labelled compounds and are displayed together with their spectra and
fragmentation schemes in Figure 4.
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Figure 3. MS” spectra (QqQuincartrap) 0f 9- and 13-HPODE.

164



125 293
$2H e
;)H
185 k
+2H 00
-H,0
100] 113 coo’
Tt I UNPNE s
'§ 75 '
3
Q 5 125 % 50
& ‘ | 197 293
! b 25 |57 +H 195 223 |
§ 2%5\57 97 11“,1[49 1 ’ 311 \ J‘ 20 |3
' , 249
ol dilall,= 10 bl e [
100 150 200 250 300 100 150 200 250 300

Figure 4. fragmentation patterns of 9- and 13-HpODE according to MacMillan and

Murphy 1995.

In direct infusion the molecular mass of this HpODE (311 m/z) could be easily identified in
stressed oil and was nearly absent in oil carefully extracted from perfect quality raw coffee.
The separation of the two stereo-isomers (9/13 HpODE) is possible using a stable C18
column, but DAD detection at wavelength of 235 nm is rather insensitive compared to the
proposed MRM detection. For the same lipidic extracts of coffee beans the amount of
hydroperoxides was measured using the method described (data not shown) and correlated
with the amount of aldehydes present in SDE or Twister aqueous extracts of the same
material. On bar derivatization of the aldehydes with PFBHA resulted in a pair of oximes
which could be sensitively detected by standard GC-MS (compare Figure 5).

O e o L e L g e L et L s e S e e

Figure 5. SIM chromatogram:1. E-2-nonenal oxime, 2. 2,6 nonadienal oxime, 3. 2,4

nonadienal oximes, 4. 2,4 decadienal oximes.
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Figure 6. sample preparation and derivatization scheme oxime determination GC-MS.

The amount of these low threshold off-flavor aldehydes was correlated in sensorial evaluation
to the cup quality in coffee. Profiles of the decadienal and E-2-nonenal concentrations
determined in coffee extracts are demonstrated in Figure 7 in comparison to the sensorial
intensity of woody off-flavor (rated from 1-5, with 5 as strongest impact).
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Figure 7. matching of analytical and sensorial results (arbitrary units of AREA
compound / AREA of int. standard blue bars, sensory score woody defect right bars, 1-5
with 5 most intense).

Currently under investigation is the ratio and chirality of the two hydroperoxides to get further
inside knowledge of the pathways (LOX1/LOX2/chemical) responsible for the formation of
these off-flavor precursors.

CONCLUSIONS

The presented work gives some insight in the oxidative changes of the lipidic fraction of the
coffee bean. The hydroperoxides of octadienoic acid (HpODE) could by identified by MS/MS
experiments in coffee beans. In coffee oil the kinetics of the aldehyde generation in the course
of oxidation of the coffee oil were followed by TDSA-GC-MS and a sensible method for the
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determination of the aldehydes responsible for woody off-flavor could be setup by SBSE
followed by on-bar derivatization to the oximes and GC-MS SIM quantification. Still ongoing
is the correlation of the quantification results of the HpODE isomers and stereoisomer to the
biological or chemical pathways.
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SUMMARY

The concerns about potential coffee health risks have contributed to inumerous reports in
literature, mostly based on epidemiological studies. However, in most cases, the results are
conflictive and general conclusions are still difficult to take. On the other hand, coffee
consumption has been recently associated with reduction in the risk of several chronic
diseases, namely Parkinson’s disease. However caffeine does not seem to be the key factor in
this case. The possible involvement of beta-carbolines found in coffee, a class of neuroactive
compounds, is a new possibility. Based on above facts, our purpose was to determine the
beta-carboline amounts in arabica and robusta coffee beans from several geographical origins.
Several roasting degrees were evaluated in all samples, since the amounts of these compounds
are known to increase with temperature. A total of 10 arabica and 7 robusta coffee samples
were analyzed, both in green beans and after three different roasting degrees, in a total of 68
samples. The compounds (harman and norharman) were extracted by SPE and quantified by
HPLC/FLD with a suitable internal standard. Adequate statistical treatments were applied to
the data obtained. The results clearly demonstrate that these compounds are formed during the
roasting procedure since their content is low in the green beans and increases with the
roasting intensity. Robusta beans always presented higher amounts of the two compounds
than arabica ones. The mean levels found were 6 and 2 mg/kg for norharman and harman,
respectively, and they show that coffee is, probably, one of the most important human sources
of these compounds.

INTRODUCTION

The beta-carbolines harman and norharman are part of the human diet since they are naturally
found in several vegetables and medicinal plants in the low nanogram level. Recent studies
have shown that tobacco smoke is the major contributor to the human intake of harman and
norharman and that several micrograms of these compounds are formed by pyrolisis per
cigarette (Totsuka et al., 1999; Pfau and Skog, 2004). Another major source has been recently
reported with their detection in roasted coffee beans and brewed coffee (Herraiz, 2002).

Together with the smoking habit, the regular coffee intake has also been reported as being
protective in the development of neurodegenerative diseases, namely Parkinson (30% risk
reduction against 60% in the former) (Hernan et al., 2002; Martyn and Gale, 2003; Tan et al.,
2003; Ascherio et al., 2004). Their major alkaloids, nicotine and caffeine, respectively, have
been implicated, but they do not seem to be the only nor the strongest compounds
contributing to these observations. The high amounts of beta-carbolines in tobacco smoke and
roasted coffee place them at the top of the suspected list. Also, while caffeine and nicotine are
reported to act as antagonists for the adenosine A2 receptor, preventing the suppression of the
dopaminergic activity by adenosine, these beta-carbolines are potent MAO inhibitors, in both
rat and humans (Chen et al., 2001; Herraiz and Chaparro, 2006; 2005) what seems to be the
main mechanism for the reduction rate in Parkinson disease.
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Aware of the chemical differences between arabica and robusta coffee, these work objectives
were to investigate the influence of the coffee specie and the degree of roast on the beta-
carboline levels. In order to eliminate the variations due to the beverage preparation method,
our study focused on the coffee beans exclusively.

MATERIAL AND METHODS

A total of 17 coffee samples (10 arabica and 7 robusta) from different geographical origins
were collected and roasted at three different temperatures in a Probat Duett Roaster,
simulating light, medium and dark roasts.

The beta-carbolines were extracted with hot diluted hydrochloric acid and the extracts
purified by SCX-SPE (Herraiz, 2002), with harmaline as internal standard. Their separation
was performed by reversed-phase HPLC with a gradient of TFA in formate buffer and
acetonitrile with fluorescence detection.

RESULTS AND DISCUSSION

The roast intensities requirements can vary extensively from country to country accordingly
with regional preferences, coffee specie, roaster type, and beverage preparation method. The
“lighter” roasts, for instance, with organic roast losses (ORL) from 13 to 16% (dw) are
usually preferred for filter coffee, while an “expresso” demands stronger roasts (17-20%). It is
also known that, due to their inherent characteristic, namely their reduced size, the robusta
beans roast deeper than the Arabica ones under the same roasting conditions.

When all samples are discussed together (Table 1) it can be observed that the green beans
contain only small amounts of both compounds. An extensive formation of norharman during
roast is easily observed, with mean values almost duplicating between the 240 °C and the
280 °C roasts. The harman levels are always smaller and their mean levels are almost constant
in the three roasts types. Both compounds are statistically higher in the robusta samples for all
the temperatures assayed.

Table 1. Mean levels (n=17) of the beta-carbolines analysed.

ug/g green 240 °C 260 °C 280 °C
Norharman 0.04 £0,00 3.87 £1.24% 5.01 £0.61% 6.99 +£2.08%*
Harman 0.05 +£0,01 1.20 £0.36* 1.23 £0.39% 1.39 £0.53*

*Significant at p < 0.01.

Important observations can also be detailed when the samples are grouped by specie,
independently of their roast degree. The mean values in the arabica roasted samples (n = 30)
were 3.1 £ 1.6 ug/g for norharman and 0.6 + 0.3 ug/g for harman while in the robusta roasted
samples the values were 7.8 + 3.1 ug/g and 1.9 + 10.8 ug/g, respectively Even considering all
samples together, the higher amounts in the robusta samples presented a high statistical
significance (p <0.01).

The betacarboline amounts grouped by specie and roast degree are detailed in Table 2. The
results also show that while the norharman amounts increase in both species with the roast
temperature, those of harman decrease in the arabica samples. These observations suggest that
harman might be present as an intermediate, being norharman the final compound in this
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reaction formed by demethylation of harman. The different amounts in the two species also
suggest the presence of different precursor amounts.

Table 2. Beta-carboline contents in Arabica and robusta samples.

ug/g green 240 °C 260 °C 280 °C

Ardbica  Norharman  0.03+0.00 243+0.77 2.61+10.17 3.26+0.79
(n=10) Harman 0.03 £ 0.00 0.83+0.12 0.53+£0.15 0.44+0.12

Robusta Norharman 0.06 £0.01 531+£1.72 7.40+1.04 10.72 £ 3.38
(n=7) Harman 0.07+0.02 1.57+10.61 1.93 +0.64 2.34+0.94

Tryptophan is usually reported as being harman precursor in several other matrices and in the
human organism. This situation might also be applied to roasted coffee since the robusta
beans also present higher amounts of tryptophan when compared to the arabica ones, as
previously analyzed in group (Herraiz, 2002).

Special attention must be given to the high standard deviation observed in the content of both
carbolines. It was observed that the final roast degree was not always similar even for samples
from the same specie and geographical origin. In same cases, extensive variations, both in
color readings and ORL’s were found. Besides the intrinsic beans characteristics, a reference
must also be made to the roaster since, being regulated for a specific air temperature (240, 260
or 280 °C), the first roasts were usually lighter than expected when roasting in a sequence.
This situation made it necessary to repeat some roasts occasionally. The lighter roast
presented ORLs (dw) between 5% and 12% and the darker were between 13% and 26%.
Some of these last samples were already outside the usual roasts, even for espresso coffee, but
were used in order to better understand the roast influence on the two compounds.

A possible correlation between the beta-carbolines amounts and the roasting degree was
investigated. Generally, a correlation is observed when the species are taken separately. The
increase is more noticeable for norharman, with a 0.72 correlation in arabica and 0.75 in
robusta. When the samples are analyzed together the coefficient is even lower. Therefore, one
must conclude that the beta-carboline levels depend not only on the coffee specie, roasting
degree, and geographical origin, but also on several other factors that influence physical and
chemically the bean.

These results show that beverages obtained from mixture of arabica and robusta beans will
produce beverages with higher beta-carbolines content. Also, the darker beans will transfer
higher beta-carbolines amounts into the beverages, especially norharman. Therefore, the
human intake of these beta-carbolines through coffee beverages is highly variable.
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SUMMARY

The coffee fruit development covering the time between anthesis and full ripening is variable
from few weeks to more than a year. Cofea arabica requires 6 to 8 months to maturate. Due
to several flowerings that may occur in C. arabica at each production season, fruit growth is
asynchronous during development, with different proportions of various fruit-developmental
stages in the same plant, which may affect cup quality. Except for the large number of studies
concerning caffeine metabolism in coffee, very few data are available concerning proteins and
metabolic pathways important for coffee cup quality. Therefore, studies on protein expression
associated with tissue localization may hold the key to a better understanding of the role of
molecules during coffee fruit development. Molecular ion-images acquisition by mass
spectrometric methods has opened a novel frontier on detection of molecules on tissue
samples. This so called imaging mass spectrometry has been successfully used to perform
direct spatial mapping of peptides and proteins in several tissue samples. In the present study,
we show the spatial mapping of molecules during several developmental stages of coffee
fruits. The C. arabica embryos were collected and stored in liquid nitrogen following
dissection. After such procedures the embryos were immediately immersed on 1 uL of matrix
(alpha-cyano-4-hydroxy-cinnamic acid, 10 mg/ml in acetonitrile/water/3% trifluoroacetic acid
5:4:1). After 20 min, the embryos were air dried for 10 minutes, mounted onto a target plate
by a double-sided adhesive tape, and submitted to mass spectrometric analyses. lon profiling
was performed using an UltraFlex II TOF/TOF (Bruker Daltonic, Germany) operating on
positive mode. Automatic scanning steps were accomplished using FlexImaging software.
The pulsed laser was rastered across the sample surface in 100 um single steps. Spectra were
generated for each image from 30 laser shoots at each position in the global maps consisting
of 4170 spectra. Intensity-based ion maps of the molecular components of embryos surface
were acquired ranging from 2000 to 20000 Da. Despite the presence of several molecular
components exhibiting similar spatial distribution profiles during all developmental stages,
other components seem to be expressed only on specific stages or specific regions of the
evaluated tissues. These observations coupled to the possible spatial co-localization of
molecular components could be used as starting points for functional studies aiming at the
elucidation of important metabolic steps of coffee fruit development.

INTRODUCTION

The coffee fruit development covering the time between anthesis and full ripening is variable
from few weeks to more than a year. Coffea arabica requires 6 to 8 months to maturate. Due
to several flowerings that may occur in C. arabica at each production season, fruit growth is
asynchronous during development, with different proportions of various fruit developmental
stages in the same plant, which may affect cup quality (De Castro and Marraccini, 2006).
Except for the large number of studies concerning caffeine metabolism in coffee, very few
data are available concerning proteins and metabolic pathways important for coffee cup
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quality. Therefore, studies on protein expression associated with tissue localization may hold
the key to a better understanding of the role of molecules during coffee fruit development.
Here we report the spatial mapping of molecular components in coffee tissues by using
imaging mass spectrometry (IMS), a technique initially used to distinguish the proteomics of
specialized tissues in mammalian organ sections. The identity of one detected component was
determined and primary sequence similarity showed that this protein belongs to the lipid
transfer proteins (LTP’s) family. The presence of some posttranslational modifications
according to tissue region were also detected.

MATERIALS AND METHODS
Coffee fruits

C. arabica fruits were obtained at different developmental stages and beans with distinct
quality features.

Tissue dissection

Coffee embryos and endosperms were stored in liquid nitrogen and sectioned for imaging
mass spectrometry approaches. Crude extracts were also obtained by homogenizing coffee
fruits with an acetonitrile:water (1:1) solution.

Imaging mass spectrometry

Coffee tissue sections (3-4 mm) were air-dried under a glass slide for 10 minutes,
photographs were captured, and by using a forceps the tissue pieces were directly attached to
a MALDI plate by a double-sided adhesive tape. After the tissue was placed on the target
well, 1 uL of matrix (alpha-cyano-4-hydroxycinnamic acid, 10 mg/ml in acetonitrile/water/
3% trifluoroacetic acid (5:4:1) was deposited with a pipette and spread over the skin
fragment. In some instances tissue sections were directly immersed in matrix after sectioning.
After air-drying for 20 min, the tissue sections were submitted to mass spectrometric
analyses. Molecular ions profiling was performed using an UltraFlex II TOF/TOF (Bruker
Daltonics, Germany) operating on linear positive mode. Automatic-scanning steps were
accomplished by using FlexImaging software. The laser was rastered across the sample
surface in 100-200 _m single steps of 30 laser shoots at each position in the global maps
consisting of some thousand spectra. FlexImaging was used to generate intensity-based ion
maps of the molecular components of the plant-tissue surface ranging from 2000 to 20000
Da.

RP-HPLC

Reverse-phase HPLC analysis was performed using a C18 column at a constant flow rate of 1
mL/min using a gradient spanning from 0 to 65% of acetonitrile:TFA (99.9:0.1) in 40
minutes. Molecular masses (MS) were determined by MALDI-TOF/MS.

Trypsin digestion

RP-HPLC fractions displaying the expected molecular masses of searched proteins were
trypsin digested aiming at sequencing experiments.
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De novo sequencing

Molecular masses of the major detected peptides were also determined by MALDI-TOF/MS
using the UltraFlex II controlled by the FlexControl 2.4.30.0 software. The MS/MS spectra
were carried out in the positive mode precursor ion fragmentation (LIFT/CID) at a laser
frequency of 50 Hz with external calibration, using the Peptide Calibration Standard-Starter
Kit 4. Resulting data were analyzed using FlexAnalysis.

Peptide sequence analysis

Similarity searches were performed using the FASTA 3 program on the Expasy Molecular
Server (http://ca.expasy.org/). tBlastn analysis were also performed against the Brazilian
coffee EST database (Vieira et al., 2006) (www.genome.cenargen.embrapa.br). Sequence
alignments were performed using ClustalW multiple alignment tool available on Bioedit v.
7.0.4.1 software.

RESULTS

Despite the presence of several molecular components exhibiting similar spatial distribution
profiles during all developmental stages (Figure 1d-le), other components seem to be
expressed only at specific stages (Figure 1c and 1f). These observations coupled to the
possible spatial co-localization of molecular components could be used as starting points for
functional studies aiming at the elucidation of important metabolic steps of coffee fruit
development and mainly its quality. This fact led us to investigate the molecular components
of the endosperm of good vs. bad quality beans (EM vs. DU). The presence of a consistent
repeat of +42 Da (some possible posttranslational modification) in a molecular component
(m/z 9271) led us to search for the identity of this protein (Figure 2). After some traditional
proteomics approaches (Figure 3) we identified this protein as a novel lipid transfer protein
(LTP) sharing high similarity to previously described LTPs (Figure 4). Since LTPs have a
crucial role during seed development we hypothesize that such molecular mass increment
could be associate with some important developmental stage-dependent metabolic pathway.

Stage 1 Stage 2
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Figure 1. (a) Coffee fruits in different developmental stages; (b) Embryos photography.
Bar = 3 mm.; (c-f) Molecular images. Dashed lines show embryos contour.
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m/z 9271 m/z 9313 m/z 9355

m/z 9397 m/z 9481

m/z 9523

m/z 9355+9439+9523 | m/z 6355+9439+9523

Figure 2. EM — (a) Coffee endosperm transversal section in stage 4 of development; (b)
Scanned area displaying ionized spots; (d-j) Molecular images of components detected
with a +42 Da increase. (k) Co-localization of some molecular components; (1)
Comparison of the co-localized components with endosperm section photo. Dashed lines
show endosperm contour.
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Figure 3. (a) RP-HPLC purification step of the 9 ka protein. Arrow points the fraction
containing the coffee endosperm 9 kDa protein; (b) MS spectrum of the fraction labeled
by arrow in (a); (c) Representative MS/MS spectrum of a trypsin-digest fragment of the
coffee 9 kDa protein.

(8) Coffee 9kDa protein- ... NLGSIPTQQOR SAAGHFPNLKPDAATSLPGR .

(®)

Tiplex nummulacia
Q7X9Q5 - Helianthus annuus
P10973 - Ricinus communis
P82534 - Prunus domestica

Y

Figure 4. (a) Peptideos tripticos correspondentes a proteina do café de 9 KDa,
identificada por analises de tBLASTn contra o banco de dados Coffee EST. Os
aminoacidos em azul foram obtidos por seqiienciamento de novo, e os em vermelho
foram deduzidos por MALDI-MS. (b) Alinhamento demonstrando a similaridade entre
as seqiiéncias de aminoacidos das proteinas de transferéncia de lipideos de diferentes
espécies. (87-94% de similaridade); (¢) Expressao eletronica de LTP (cDNAs) em
diferentes bibliotecas de cDNAs de café.
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DISCUSSION AND CONCLUSION

We have shown in the present study that IMS can be an useful tool, alone or in conjunction
with traditional biochemical techniques, to investigate coffee proteins in coffee beans,
involved or associated with important metabolic activities determinant of quality. Further
development of this technique may allow it to be used in screening programs for quality
assessment.
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SUMMARY

Quantitative analyses of low molecular weight sugars in green coffees (Coffea Arabica) have
been carried out by LC-MS to check either processing method and storage conditions.
Coffees that have been processed by wet or dry traditional methods showed a relationship
between the kind of post harvesting and the fructose and glucose contents. It has been seen
that wet treatment leads to low levels of these sugars and the dry method leads to higher
amounts. A comparison with the fresh controls indicates that the low levels of both sugars
could be the consequence of a decrease of glucose and fructose concentration during the dry
processing. For the first time cryo-conserved samples showed that dry processed coffee
retains initial fructose and glucose levels, whereas semi-washed or wet processing reduces the
amount of mono-saccharides present in the beans. At the same time we stored batches of same
green coffees with different moisture content (MC) (7%, 10%, 13%) in fridge (10 °C) at
room-temperature (25 °C) and in stove (40 °C) for nine months. Also in these cases we
analysed fructose, glucose and sucrose and the conclusion is that high moisture or high
temperature during storage of green coffee seams to cleave sucrose in fructose and glucose in
parallel to sensorial deterioration and allows the use of monosaccharide content as quality
marker. According to Knopp et al. (2005) and Bucheli et al. (1998) in both cases the glucose
level is a good green coffee quality marker, instead sucrose, the major low molecular sugar in
green coffee beans, is not significantly affected by coffee processing, but here we found even
complete cleavage of sucrose under the drastic conditions.

INTRODUCTION

Green coffee is usually processed by two methods: wet and dry (sometimes called natural)
processing. They are used to convert the freshly harvested coffee cherries into green coffee
beans. The following roasting process leads to products that are differently characterized in
aroma and taste. Wet process coffee brews usually show a fine aroma and a higher acidity; in
contrast dry process coffee brews show full body and sweetness. To evaluate the differences
brought by the kind of cherries used in wet (fully ripe cherries) and in dry (fruits of all stages)
process, we planned our study starting from a unique coffee batch and adopted careful hand-
selection for the dry process samples.

The second part of the study is related to check a coffee quality indicator. Appropriate storage
conditions are important to avoid raw material spoiling, and the MC measurement is not
sufficient obtained information about the raw product quality. Only the use of sensitive and
reliable markers could fill this gap and could help to detect early stages of coffee deterioration
that are currently detected by cup tasting (Bucheli et al., 1998) or labour intense extraction
and GC-MS analysis of the green bean volatiles. Glucose is present only in traces amounts in
good quality coffee (Wolfrom et al., 1960; Viani, 1986), and is generated in higher amounts
upon poor storage as a result of sucrose hydrolysis (Bucheli et al., 1996). Small increases of
glucose can be precisely determined by LC-MS (Nielsen et al., 2006).
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EXPERIMENTAL
Material and Method
Batch processing

For the processing experiments only fully ripe and sound coffee fruits were used. This was
ensured by thorough manual sorting of single batches of freshly harvested coffee cherries.
The experiments were undertaken in parallel (wet and dry, plus control) and in three
repetitions.

Wet processing

The coffee fruits were pulped using a drum pulper, and submitted to 22 hours of underwater
tank fermentation. Then the washed parchment coffee beans have been dried on a sun terrace.
After six days the final water content of 12% was achieved.

Dry processing

The coffee cherries of the same batch used for the wet processing have been dried as whole
fruits on the terrace sun. After sixteen days the final water content of 12% was achieved.

Control samples

Green coffee cherries of the same batch were “killed” using a liquid nitrogen bath. In such
way we blocked the initial sugar content to the original level even before every processing
treatment.

Storage conditions and sampling

First of all we shared the original batch in three parts, the first one was kept as it was, the
second was lyophilized to obtain a MC of 7%, the third part was treated in exccicators filled
with water under the sieves and heated to about 35 °C to avoid the direct contact between
liquid water and green coffee, but permit green coffee to absorb water up to a MC of 13%.
Samples were then put in hermetic bags and closed under vacuum pressure. Each MC
condition was put in fridge (10 °C), in room (25 °C) and in oven (40 °C). Storage went on for
9 months.

Moisture Analysis

MC was determined by GAC 2100 (Dickey John; Auburn, IL, USA) using the determination
of capacitance in triplicate.

Sample preparation

5 g of the raw coffee were ground after freezing in liquid nitrogen and the power was
suspended in 100 ml of boiling water for 5 minutes. After centrifugation, to separate sugars
from other components, 1 ml of supernatant was passed through a two-steps SPE extraction
column sequence: a hydrophobic C18 and a SAX (strong anionic exchange) cartridges were
connected in series and conditioned each with 1ml of methanol followed by 1 ml of milli-Q
water. This procedure was done in triplicate.
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Cup quality Evaluation

The green coffee was roasted, ground and brewed in hot water. All samples were blindly
tested every three months during the storage trial with a panel usually composed by the same
four to six persons. Cup tasting was carried out against a freshly roasted coffee from industrial
production line (illycaffé S.p.A.)

Chromatographic conditions
Instrumentation

The LC system consists of a HP1100 liquid chromatograph (Agilent Technologies, USA)
equipped with a vacuum degasser, a quaternary solvent delivery compartment with low
pressure mixing, an auto-sampler and a column compartment. Separation was performed on a
Shodex column (Asahipak NH2 250 x 4.6 mm) at 40 °C using 0.1% formic acid and
acetonitrile in 40/60 isocratic mode with a flow rate of 0.6 ml/min.

Detection was performed by MRM multiple reaction monitoring of the ions 383 [2M+Na]" to
203 for glucose and fructose and 365 [M+Na]" for saccharose in ESI-MS/MS mode on an
Applied Biosystems QTRAP instrument. Calibration was performed against external
standards.

Alternatively evaporative light scattering (ELSD, Sedere, France) could be used for detection
using an isocratic 75/25 mixture using water and acetonitrile. The detector was operated at 3.5
bar air pressure at 42 °C, using a gain setting of 12 in this case.

Figure 1 shows an schematic drawing of separation and detection principle.
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Figure 1. Schematic drawing of instrumentation and detection principle.

RESULTS AND DISCUSSION

A typical distribution pattern for an unwashed Arabica from Brazil for the low molecular
carbohydrates present in green coffee is shown in Figure 2. Sucrose accounts for more than

90% of total low molecular carbohydrates. Fructose and glucose levels are about 20 times
lower; others are even less than 100 parts of the sucrose levels (Knopp et al., 2005).
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Figure 2. Distribution profile of oligosaccharides present in green coffee.

As can be seen in Figure 3 sucrose is not affected by the way of processing treatment. On the
other hand fructose and glucose show a clear influence by the post-harvesting process:
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Figure 3. Influence of post harvest treatment on mono saccharide and sucrose levels.

The mono saccharides vary and show high levels in shock frozen samples and dry processed
samples, lower concentrations in semi-washed samples and lowest in wet processed samples.
In comparison to literature the sucrose levels here determined are quite low and may be due to
incomplete extraction or under estimation due to non-linear calibration curves.

In Figure 4 is reported the fructose behaviour shown by a coffee stressed by high temperature
(40 °C) and low MC (7%).
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Figure 4. High temperature storage conditions on 2006 samples fructose content.

Figure 5 shows the saccharose pattern for the same storage condition showing a slow
decrease, which was going to zero for high temperature and high moisture storage (dat not

shown here):
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Figure 5. Reduction of sucrose levels under high temperature storage.

Sensory evaluation done in parallel showed a deterioration of the quality in cup as expected

by these harsh storage conditions.

CONCLUSION

The influence of post harvest treatment on mono-saccharide concentration in green coffee
beans could be confirmed by LC-ELSD and LC-MS/MS as a universal technique. For the first
time cryo-conserved samples showed that dry processed coffee retains initial fructose and
glucose levels, whereas semi-washed or wet processing reduces the amount of mono-
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saccharides present in the beans. High moisture or high temperature during storage of green
coffee seams to cleave sucrose in fructose and glucose in parallel to sensorial deterioration
and allows the use of monosaccharide content as quality marker.
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SUMMARY

A study was carried out to characterise thirty-seven Coffea canephora clones using three
biochemical characteristics, namely caffeine, phenol and protein contents. The phenol and
caffeine contents were determined following extraction while protein was studied by
polyacrylamide gel electrophoresis (PAGE) of floral bud. The clones were planted using the
Fisher blocks, in which five plants of each clone were established in contiguous rows. Data
were collected in three replicates. Characterisation data were analysed using analysis of
variance and mean separation was done using Duncan’s Multiple Range Test. Phenol content
in the berry pulp of the clones ranged from 2.56% to 15.63%. The average percent of phenol
in the berry pulp was 9.51, which was significantly higher (p < 0.05) than what was obtained
in the leaves (4.54). The coefficient of wvariation for pulp phenol was high (35.26), thus
indicating that, rapid selection for favourable phenol percentage is feasible. The high level of
phenol found in some of the clones studied may be valuable in breeding for resistance to some
major diseases and insect pests of coffee. Caffeine content among the clones ranged from
1.10% to 1.53% on dry matter basis (dmb). Clone C36 is high yielding and relatively low in
caffeine content, hence it is a suitable clone that could be included in any breeding
programme for low caffeine coffee in Nigeria. All the Niaollou (M) clones had high caffeine
content. There were differences in the mobility and intensity of protein bands in thirty-three
clones; four clones — E1, M36, T155 and T921 had no bands, suggesting that these clones
have low protein content. In terms of bands’ mobility, there were three categories: the fast
(6.0-9.0 cm), the intermediate (3.0-5.9 cm) and the slow bands (0.1-2.9 cm.). The three
categories of band occurred at four different levels of intensities: very thick, thick, thin and
faint. Majority of the “T” clones showed thin and faint bands. The variation in the protein
banding patterns of the different C. canephora clones observed in this study provides further
information on the existing genetic diversity of the coffee clones in addition to that provided
by agro-botanical characters.

Keywords: Cafteine, phenol, protein, Coffea canephora, Nigeria

INTRODUCTION

Coffee, a beverage crop, is the second most important commodity in the international market
after petroleum (ICO, 1995). Among the important chemical compounds that are found in
coffee, three of interests to breeders are caffeine, phenol, and protein (ICO, 1999).

Phenol, when present in significant quantity in coffee has been observed to be associated with
resistance to leaf rust and coffee berry disease (Walyaro, 1983). Ram et al. (1982) reported
significant positive correlation between phenolic compounds in coffee varieties and their
resistance to leaf rust disease. Romanenko (1985) reported that the polyphenol content of
coffee leaves is a good criterion for evaluating breeding material and selecting donors for
resistance to the insect Aphis humili.
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Caffeine (1, 3, 7-trimethylxanthine) is a methylated purine alkaloid (Vasudeva et al., 1981)
that is widely distributed in the family Rubiaceae (Bonner, 1950). Its presence in different
members of the genus Coffea is well known (Raju and Gopal 1979; Raju et al., 1981).
Caffeine (Cs Hip O, N4) has molecular weight of 194.19 and is also found in kola, cocoa and
tea. Caffeine increases alertness and improves attention (Nguyen-van Tam and Smith, 2001).
It increases both speed and accuracy of retrieval of information and also improves short-term
memory in reasoning or calculation tasks. Roasted coffee beans have between 1 and 2%
caffeine but the level in the beverage is highly dependent on the method of preparation.
Normal caffeine concentration in a cup of coffee varies between 50 mg and 125 mg. Caffeine
stimulates the synthesis or release of the catecholamine, epinephine and norpinephrine
hormones (better known as adrenalin and nor-adrenalin respectively) into the blood stream.
Though caffeine consumption has been exonerated so far from causing either birth defects or
low birth weights, the stimulant is not beneficial during pregnancy (Borea et al., 2001). For
many consumers, the answer to the real or imaginary adverse effects of caffeine consumption
is to consume decaffeinated instant coffee. Indeed, demand for decaffeinated coffee is
increasing rapidly in the world market. In the USA alone, one-fifth of the wholesale value of
coffee products, which exceeds $6 billion, is decaffeinated (Sreenath, 1997). Coffee is
industrially decaffeinated before the beans are roasted, by the use of organic solvents or
carbon dioxide, which is not acceptable to consumers due to reasons like residues of organic
solvents in the coffee powder. Consequently, there is an urgent need to develop caffeine-free
coffee cultivars (Sreenath, 1997). Caffeine content is greater in robusta than in arabica
(Sylvain, 1969; Raju and Gopal, 1979). The direction of the international market on caffeine
content in C. canephora is towards its reduction (Montagnon et al., 1998; Ashihara and
Crozier, 2001). Consequently, one of the breeding objectives for improved coffee quality in
the world today is low or no caffeine content (Sreenath, 1997).

The protein band variation from different crop plant is based partly, to differences in the
molecular weight of protein Crop traits are the expression of genes, and proteins are the
primary products of genes. Agro-botanical variation reflects diversity in genetic structure.
Genetic diversity in a crop germplasm is therefore better understood through the analysis of
the primary product of the gene i.e. protein.

Gottlieb (1971) reported that variation in banding pattern could be equated to variation in
genes coding for various proteins. Protein electrophoresis therefore offers an efficient means
of identifying and quantifying genetic variation in crop germplasm (Davis, 1964; Carrens et
al., 1997). The advantage of biochemical markers such as protein, is that they are genotypic
markers and hence, will reflect the actual genetic distances between accessions and their
common ancestry more accurately than phenotypic markers (Gepts, 1995). Berthou and
Trouslot (1979) used isozyme analysis to separate the Guinean group from the Congolese
group of C. canephora populations. The objectives of this study therefore were to carry out
biochemical characterisation of Nigerian C. canephora germplasm.

MATERIALS AND METHODS

The study was carried out at Cocoa Research Institute of Nigeria, Gambari, Ibadan. The
Coffea canephora clones studied and their geographical origin are A110, A116 (Ghana),
C36, C90, C96, C105, C107, C108, C111 (Gabon/Zaire), E1, E77, E92, E106, E1, (Java),
G87, G129 (Uganda), M10, M31, M36, M53 (Benin Republic), T4, T24, T45, T93, T116,
T164, T169, T204, T314, T365, T921, T1049, T197, T155, T176, T395 and T220 (Zaire) The
clones were planted in 1966. The plants were coppiced in 1997 and 2000. Three biochemical
compounds namely phenol, caffeine and protein contained in each of the thirty-seven clones
were determined.
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Determination of phenolic content
Sample collection, sample preparation and determination of the total phenol

Two plant parts (fresh leaves and the pulp of seven months old mature berry) were
investigated for their phenolic content. The plant parts were collected randomly from each of
the thirty-seven clones. 100 g of fresh leaves or berry pulp were washed and dried in an oven
at 50-60 °C. The samples were milled to powder using Moulinex electronic grinder and stored
in a conical flask in a dessicator at 4 °C until used. A sample of 2.0 g of oven dried and milled
leaves or berry pulp was taken into a conical flask containing 100 ml of 80.0% ethanol and
boiled for eight hours. The ethanol solvent was changed by decanting three times (3 x 100 ml)
during the extraction of the total phenol. The ethanol extractions were then concentrated to
30-40ml in a vacuum circulating evaporator. The residue was refluxed for lhour, filtered hot
and diluted to 100 ml with distilled water. Then the filtrate was dried in the oven at a
temperature of 80 °C. The percent phenol for each clone was determined from the weight of
the dried residue. The percent phenol was calculated by dividing the weights of the dried
residue with the initial 2.0 g of oven dried sample and multiplying by 100. The phenol
extraction for each clone was repeated three times. The procedure followed in this study was
as described by Bate-Smith (1962) and used by Odebode (1995). The data obtained were
subjected to analysis of variance, while significantly different means were compared using
Duncan’s Multiple Range Test.

Determination of caffeine content
Sample preparation, caffeine extraction and determination

Fruit that were used for caffeine determination were harvested at complete maturity and
depulped using the wet processing method (Omolaja and Williams, 1997). Caffeine content
was determined by modifying the extraction methods of Horwits (1970) and Barre et al.
(1998). Caffeine content was evaluated using 40 randomly selected coffee beans from freshly
harvested berries per clone. The samples were milled to fine powder using Moulinex
electronic grinder and stored in plastic containers in a dessicator at 4 °C until used. Each
batch of beans was crushed for eight minutes. One gram of dried coffee powder was weighed
into a conical flask.

Then 50 ml of 0.5 N boiling or hot H,SO4 were added. The mixture was then refluxed on
water-bath for 30-50 minutes. Afterwards it was allowed to cool, then centrifuged and
filtered. 40 ml was taken into a separating funnel and 30ml chloroform was added, and
vigorously shaken. Two layers were formed at the top (organic) and bottom (chloroform) part
of the separating funnel. The chloroform layer was collected. Another 30 ml chloroform was
added to the organic content remaining in the funnel, which was shaken properly and the
chloroform layer was collected as previously done. Then 40 ml of the chloroform fraction was
dispensed into a pre-weighed 100 ml flat-bottomed flask. This was distilled off at between 60-
80 °C. The distillate was dried in the oven to obtain caffeine, and the weight of caffeine was
determined. The percent caffeine for each clone was obtained by dividing the caffeine weight
by the initial weight of sample, and multiplying by 100. The extraction for each clone was
repeated three times. Analyses of variances for caffeine content among the clones were
carried out (Barre et al., 1998). Significantly different means were compared using Duncan’s
Multiple Range Test.
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Electrophoretic analysis of floral bud protein

Unopenned floral buds collected from each of the thirty-seven C. canephora clones were used
for the analysis. Five grams of the floral bud sample were used per clone.

Protein extraction

Floral bud protein was extracted by grinding 1g of the floral bud with mortar and pestle.
7.5 ml of 0.9% sodium chloride (NaCl) was added during grinding. The mixture was allowed
to settle inside the test tube immersed inside an ice bath for one hour (Illoh, 1990). Then it
was centrifuged at 4000 revolution per minute for 15 minutes. The clear supernatant was then
poured into the test tube and stored inside the refrigerator. On the day of use, sucrose crystals
(5 grains), three drops of each of 2.0% mercapto-ethanol and sodium dodecyl sulphate (SDS)
were added to Iml of the supernatant in the test tube and the mixture was boiled for 15
minutes in the water-bath. After cooling down to room temperature, a drop of 0.05%
bromophenol blue was added to the sample as front marker (Akinwusi and Illoh, 1995).

Preparation gels are as indicated in Table 1. The loading of gels, electrophoretic run, staining,
destaining, and measurement of the gels were carried out according to Omolaja and Fawole
(2004). Photographs and drawings of the position of the different bands were done. Each
protein band was considered as a qualitative character and coded as 1(presence) versus
O(absence) (Carrens et al., 1997). Characterisation data were subjected to Analysis of
Variance and significantly different means were compared by Duncan’s Multiple Range Test.

Table 1. Preparation of gel for the electrophoresis of floral bud protein, anther,
pollinated and un-pollinated styles protein.

Stock solutions/ components Upper gel Lower gel
Floral bud protein

40% Acrylamide 1.0 ml 10.0 ml
Upper gel buffer 2.5ml (0.5 M; pH 6.8) -
Lower gel buffer - 7.5 ml (1.5 M; pH 8.8)
Distilled water 6.33 19.5
10% Sodium dodecyl sulphate 1.0 0.4
10% Ammonium persulphate 0.05 0.1
TEMED (N N N ‘N’—Tetramethyl 20.0 ul 50.0 ul
ethylenediamine), ‘Electran’

Anther, pollinated and

un-pollinated styles protein

Acrylamide 1.35 ml 10.0 ml
Upper gel buffer 2.50 ml -
Lower gel buffer - 7.50 ml
Distilled water 6.00 ml 11.20 ml
10.0% Sodium Dodecyl Sulphate 0.10 ml 0.30 ml
Ammonium persulphate 0.01 ml 0.30 ml
TEMED 0.03 ul 0.10 ul
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Table 2. Phenol and caffeine content of thirty-seven clones of Coffea canephora clones.

Clone Phenol % Caffeine%
Pulp Leaves

A110 3.26d* 3.23b 1.36a
All6 15.00a 3.16¢cb 1.20b
C36 3.26a 4.06b 1.10b
C90 10.83b 4.30b 1.16b
C96 9.97b 3.03cb 1.26b
C105 10.80b 6.26a 1.43a
C107 7.70cb 4.10b 1.40a
C108 6.60c 3.61b 1.26b
Cl11 11.40b 6.20a 1.23b
El 3.40d 4.10b 1.36a
E77 7.41c 4.13b 1.33a
E92 8.30cb 5.03a 1.30a
E106 4.40d 5.06a 1.53a
E130 2.56d 3.06¢cb 1.10b
G87 9.60b 3.81b 1.40a
G129 9.46b 3.66b 1.36a
M10 4.03d 4.26b 1.36a
M31 12.53b 3.36b 1.33a
M36 11.40b 5.13a 1.46a
MS53 10.53b 4.66b 1.43a
T4 15.63a 5.43a 1.33a
T24 11.56b 5.22a 1.16b
T45 11.62b 5.11a 1.30a
T93 10.40b 5.03a 1.30a
T116 11.71b 5.41la 1.20b
T164 11.62b 5.62a 1.30a
T169 10.53b 4.98a 1.36a
T204 2.63d 4.61b 1.23b
T314 9.64b 4.62b 1.20b
T365 12.56b 4.63b 1.33a
T921 10.71b 5.22a 1.20b
T1049 12.60b 3.46b 1.30a
T197 8.44cb 3.44b 1.43a
T155 9.23b 481a 1.43a
T176 10.44b 5.22a 1.50a
T395 10.06b 5.11a 1.26b
T220 10.52b 4.48b 1.43a
Mean 9.51 4.54 1.31

Values with similar letters are not significantly different from each other by Duncan’s
Multiple Range Test at P < 0.05.

RESULTS
Phenol analysis of thirty-seven Coffea canephora clones

The percent phenol in the berry pulp ranged between 2.56 and 15.63 among the clones
studied. The percent phenol of clones C36, E1, E130, T204 and A81 were significantly less
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than those of the other clones at p < 0.5 (Table 2). Clones A116, M10, M31, T365, T1049 and
T4 had the highest percent of phenol.

Table 3. Relative mobilities of protein bands in thirty-seven clones of Coffea canephora.

Clone

Slow bands

Intermediate
bands

Fast bands

Total no of
bands

0.1-2.9cm

3.0-5.9cm

6.0-9.0cm

All10 1 - 1

All6 - -

1
N | —

C36

P 1
1

C90

C96

C105

— 1
—_