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3Laboratório de Bioquı́mica Nutricional e de Alimentos, Departamento de Bioquı́mica, Instituto de Quı́mica, Universidade Federal

do Rio de Janeiro, Ilha do Fundão, RJ 21944, Brazil and 4NAT’Life Division, Naturex S.A., Libourne 33500, France

Abstract

Chlorogenic acids (CGA) are cinnamic acid derivatives with biological effects mostly related to their antioxidant and

antiinflammatory activities. Caffeoylquinic acids (CQA) and dicaffeoylquinic acids (diCQA) are the main CGA found in nature.

Because green coffee is a major source of CGA, it has been used for production of nutraceuticals. However, data on the

bioavailability of CGA from green coffee in humans are inexistent. The present study evaluated the pharmacokinetic profile

and apparent bioavailability of CGA in plasma and urine of 10 healthy adults for 8 h after the consumption of a decaffeinated

green coffee extract containing 170 mg of CGA. Three CQA, 3 diCQA, and caffeic, ferulic, isoferulic, and p-coumaric acids

were identified in plasma by HPLC-Diode Array Detector-MS after treatment. Over 30% (33.1 6 23.1%) of the ingested

cinnamic acid moieties were recovered in plasma, including metabolites, with peak levels from 0.5 to 8 h after treatment.

CGA and metabolites identified in urine after treatment were 4-CQA, 5-CQA, and sinapic, p-hydroxybenzoic, gallic, vanillic,

dihydrocaffeic, caffeic, ferulic, isoferulic, and p-coumaric acids, totaling 5.5 6 10.6% urinary recovery of the ingested

cinnamic and quinic acid moiteties. This study shows that the major CGA compounds present in green coffee are highly

absorbed and metabolized in humans. J. Nutr. 138: 2309–2315, 2008.

Introduction

Chlorogenic acids (CGA)5 are phenolic compounds formed by the
esterification of cinnamic acids, such as caffeic, ferulic, and
p-coumaric acids, with (-)-quinic acid. A series of health benefits
have been associated with the consumption of CGA in the last few
years, such as reduction of the relative risk of cardiovascular
disease, diabetes type 2, and Alzheimer’s disease (1–3), and
antibacterial and antiinflammatory activities (4,5). Their lactones
also have been shown to exert positive effects in rats such as
enhancement of insulin action (6).

Green (or raw) coffee is a major source of CGA in nature
(5–12 g/100 g) (7). Recent studies demonstrated that the consump-
tion of green coffee extracts produced antihypertensive effect in
rats and humans (8,9), improvement in human vasoreactivity
(10), inhibitory effect on fat accumulation and body weight in
mice and humans (11,12), and modulation of glucose metab-
olism in humans (13). Such biological effects have been attrib-
uted to CGA present in green coffee. The major CGA in green
coffee are 3-, 4-, and 5-caffeoylquinic acids (3-, 4-, and 5-CQA),

3,4-, 3,5-, and 4,5-dicaffeoylquinic acids (3,4-, 3,5-, and 4,5-diCQA),
3-, 4-, and 5-feruloylquinic acids (3-, 4-, and 5-FQA), and 3-, 4-,
and 5-p-coumaroylqunic acids (3-, 4-, and 5-p-CoQA). Caf-
feoylferuloylquinic acids are minor CGA compounds also found
in green coffee, especially in C. canephora species. Very small
amounts of CGA lactones formed by heating during primary
processing may be also observed (7,14). Even though green coffee
has been used for production of nutraceuticals (12), data on the
pharmacokinetic profile and bioavailability of CGA from this
food matrix are still inexistent. Moreover, although we have
recently reported the pharmacokinetic profile of the main CGA
compounds in humans after roasted coffee consumption (15), the
bioavailability of CGA compounds from a food matrix has not
been reported in animals or humans so far. Therefore, the
objective of this study was to evaluate the pharmacokinetic profile
of CGA compounds and metabolites in human plasma and urine
after the acute consumption of a decaffeinated green coffee
extract and to estimate the apparent bioavailability of CGA in this
food matrix.

Subjects and Methods

Subjects. We recruited nonsmoking male (n ¼ 5) and female (n ¼ 5)

participants (22–55 y old) by word of mouth among students and faculty
at the Universidade Federal do Rio de Janeiro. They were healthy as

judged by a medical questionnaire, with normal blood values for hemo-

globin and hematocrit, and were not taking any medication or nutri-
tional supplements. The study protocol was approved by the Ethical

Committee of Clementino Fraga Filho University Hospital at Universidade
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Federal do Rio de Janeiro and fully explained to the subjects who gave

their written informed consent prior to participation.

Green coffee extract. A hydroalcoholic decaffeinated green coffee

extract produced from C. canephora cv. Pierre beans was spray-dried

and encapsulated (0.2 g in each capsule; SVETOL).

Study design and sample collection. Subjects were instructed to avoid

consumption of phenolic-containing foods for the 48 h prior to the study.

Theywereasked toeat onlyanimal foods, refinedcereal foods, andartificial

beverages. On the day of the study, after 10–12 h overnight fasting, an i.v.
catheter was inserted into the antecubital vein and a baseline heparinized

blood sample was obtained. Two capsules of green coffee extract were

offered to each subject and sequential blood draws were obtained 0.5, 1, 2,
3, 4, 5, 6, 7, and 8 h after the capsule consumption. Blood samples were

collected into heparin-containing tubes. Baseline blood aliquots were used

to determine hematocrit and hemoglobin levels by standard methods.

Plasma samples were obtained by centrifugation of the blood samples
immediately after being drawn. Urine samples were also collected at

baseline interval (minus 2–0 h) and at intervals of 0–2 h, 2–4 h, 4–6 h, and

6–8 h after coffee consumption into appropriate plastic containers. Total

urine volume was measured for each collection period. Plasma and urine
aliquots for determination of CGAwere acidified with HCl and kept frozen

in liquid nitrogen until analyses. Urine aliquots for determination of

creatinine were acidified with HCl and kept at 220�C until analyses. Every
hour, starting 1 h after green coffee extract consumption, subjects ate a

CGA-free snack composed of white bread (25 g) with cream cheese (15 g)

and 100 mL of a saline solution containing 0.21 g of NaCl, 2.28 g of

glucose, 0.22 g of potassium citrate monohydrate, and 0.1 g of sodium
citrate dihydrate, until the end of blood draws.

Blood hemoglobin, hematocrit, and urinary creatinine. Hematocrit

was determined by conventional capillary centrifugation. Blood hemo-
globin was measured by the cyanomethemoglobin method, using a com-

mercial kit (BioClin). Urinary creatinine was measured by the Jaffe

reaction, as previously described (16).

Chromatographic analyses. Analyses of CGA (including CGA lac-

tones and caffeoyltryptophan) in the green coffee extract, plasma, and

urine were performed by HPLC and LC-Diode Array Detector-MS
gradient systems as described in detail by Farah et al. (14,17) and

Monteiro et al. (15). The detection limit for 5-CQA (4-fold baseline

noise) under the conditions used in this study was 0.01 mg/L. Urinary
CGA and phenolic acids excretions were expressed relative to that of

creatinine (15). Molar ratios of specific CGA compounds were calcu-

lated in green coffee extract as ratios of total amounts and, in plasma, as

ratios of the corresponding area under the curve (AUC).

Pharmacokinetics and apparent bioavailability calculations. For

each subject, plasma concentrations of cinnamic acids and of individual

and total CQA, diCQA, and CGA compounds were plotted over 8 h
after consumption of the green coffee extract. From this plotting, the

following plasma pharmacokinetic parameters were calculated: AUC

(mmol�h�L21) of total and individual components, using the trapezoidal

approach (GraphPad Prism software, version 4.0); maximum plasma
concentration (Cmax) (mmol/L) and time corresponding to Cmax (Tmax)

(h) of total and individual components. Molar ratios between AUC of

specific components were also calculated.
For calculation of the apparent bioavailability of green coffee extract

CGA based on plasma results, the body surface area was initially

estimated as follows:

Surface Area ¼ ðWeight0:425 3 Height0:725Þ3 71:84

10000
;

where the subject’s weight is given in kg and the height is given in cm.

Surface area was used to obtain the corresponding red cell mass for the

respective gender and to estimate the total blood volume as described by
Frenkel et al. (18). Plasma volume was estimated as follows:

Plasma Volume ðmLÞ ¼ Blood Volume ðmLÞ3 12
Hematocrit

100

� �
:

Finally, the plasma amount of CGA and cinnamic acids for the 8 h
after green coffee consumption was calculated by multiplying the AUC

of total CGA and cinnamic acids by the total plasma volume. The

apparent bioavailability for total CGA was estimated as follows:

Apparent Bioavailability %

¼ Plasma CGA ðmmolÞ1 Cinnamic acids ðmmolÞ
CGA Consumed ðmmolÞ 3 100:

Urinary recovery calculations were made considering the total

number of equivalent moieties of cinnamic and quinic acids consumed

in the green coffee extract and the total number of phenolic acid moieties
recovered in urine, as a percentage.

Statistical analyses. Results are means with corresponding SD. Asso-

ciations between plasma AUC or Cmax and urinary excretion of specific
compounds were tested using Spearman correlations (GraphPad Prism).

Differences were considered significant at P # 0.05.

Results

Green coffee extract. Nine major and 14 minor CGA com-
pounds were identified in the decaffeinated green coffee extract
offered to the subjects. The 2 capsules (0.4 g) consumed on the test
day contained 170 mg (451 mmol) of CGA (including lactones and
cafeoyltryptophan) (Table 1). CQA represented 71.2% of CGA in
the capsules, with 5-CQA, 4-CQA, and 3-CQA contributing to
26.6, 21.6, and 23% (wt:wt), respectively. DiCQA and FQA
represented 9.6 and 13.2% of CGA compounds, respectively.

Subject characterization. Subjects were healthy and had normal
blood biochemistry and BMI (Table 2).

Plasma samples. At baseline, 9 of 10 subjects had small amounts
of 3-CQA, 4-CQA, 5-CQA, 3,4-diCQA, 3,5-diCQA, 4,5-diCQA,

TABLE 1 Contents of the main CGA in 2 capsules of the
decaffeinated green coffee extract1

Compound Dose,2 mmol/0.4 g

3-CQA 103.3 6 0.14

4-CQA 97.4 6 1.20

5-CQA 119.8 6 0.23

3,4-diCQA 16.8 6 0.01

3,5-diCQA 10.2 6 0.06

4,5-diCQA 16.2 6 0.32

3- FQA 20.7 6 0.69

4- FQA 16.4 6 0.30

5- FQA 22.1 6 0.02

3-p-CoQA 1.1 6 0.28

5-p-CoQA 1.7 6 0.01

Diferuloylquinic acid (1 isomer) 1.3 6 0.01

Caffeoylferuloylquinic acids (6 isomers) 11.8 6 1.33

Caffeoyltryptophan3 10.5 6 0.15

4-Caffeoylquinide3 0.3 6 0.01

3-Feruloylquinide3 0.3 6 0.05

4-Feruloylquinide3 0.1 6 0.03

3,4-Dicaffeoylquinide3 0.03 6 0.004

1 Values are means 6 SD, n ¼ 3.
2 Portion ¼ 0.4 g ¼ 2 capsules.
3 Caffeic acid derivatives computed as CGA.
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and caffeic acid in plasma. Ferulic acid was identified in 6 subjects,
isoferulic acid in 5 subjects, and p-coumaric acid in 3 subjects.
After green coffee extract consumption, 3-CQA, 4-CQA, 5-CQA,
3,4-diCQA, 3,5-diCQA, and 4,5-diCQA were identified in the
plasma of all subjects. Together, these compounds comprised
;82% of the total CGA in the green coffee extract. No FQA was
detected in plasma of any subjects before or after extract con-
sumption. Caffeic, ferulic, isoferulic, and p-coumaric acids, which
were not detected in the encapsulated extract, were present in the
plasma of different subjects after green coffee extract consumption,
contributing 6.6, 6.2, 6.1, and 1.4% of total phenolics in plasma,
respectively.

A large inter-individual variation was observed in the phar-
macokinetic profile of all CGA compounds and cinnamic acids
in plasma (Fig. 1). However, the plasma kinetic profiles of the
individual isomers within the subclasses of CGA followed a
similar pattern for most subjects. Therefore, for clarity, only the
plasma pharmacokinetic profiles of total CQA, total diCQA,
total CGA, and total cinnamic acids at baseline and for 8 h after
coffee consumption are shown.

CGA Cmax and Tmax varied substantially among the subjects.
The Cmax of total CQA varied from 0.6 to 16.9 mmol/L and that
of total diCQA varied from 0.3 to 22.8 mmol/L, whereas the
Cmax of total CGA varied from 1.2 to 39.7 mmol/L. Tmax for
total CQA, total diCQA, and total CGA varied from 0.5 to 8 h
(Table 3). The Tmax of the isomers did not differ within the CQA
and diCQA subclasses.

Of the individual compounds, 5-CQA was the major CGA
identified in the plasma of all subjects at all time points after

green coffee extract consumption, as indicated by both its Cmax

and AUC. Based on AUC, 5-CQA, 4-CQA, and 3-CQA com-
prised 31.3, 7.5, and 5.2% of the total phenolic compounds in
plasma.

Molar ratios among CGA compounds were calculated using
their content in the green coffee extract and the AUC in plasma.
For CQA, the ratio of 5-CQA:4-CQA:3-CQA in the green cof-
fee extract was 1.2:1.0:1.1, whereas their corresponding ratio
in plasma was 6.0:1.4:1.0. The molar ratio of 3,5-diCQA:4,
5-diCQA:3,4-diCQA in the coffee extract was 1.0:1.6:1.7, where-
as in plasma is was 1.7:1.4:1.0. Moreover, when the CGA classes
were compared, the diCQA:CQA molar ratio in plasma was 6.2
times that in the green coffee extract (Tables 1 and 3).

Urine samples. Most subjects had phenolic compounds in their
urine at baseline. Trace amounts of 5-CQA were observed in 5
subjects. Sinapic, gallic, p-hydroxybenzoic, and dihydrocaffeic
acids were the major phenolic compounds at baseline, repre-
senting ;82% of the total amount of the identified phenolic
compounds. The urinary excretion of phenolic compounds
increased in 9 of 10 subjects after extract consumption (Table 4).
As with plasma, there was a large inter-individual variation in
the urinary excretion of all compounds after green coffee extract
consumption. The only intact CGA compounds identified in
urine after the extract consumption were 5-CQA and 4-CQA.
Not only at baseline but also after extract consumption, sinapic,
gallic, p-hydroxybenzoic, and dihydrocaffeic acids were the major
phenolic compounds, representing ;85% of the total amount
of phenolic compounds identified in urine. Protocatechuic,
dihydroferulic, benzoic, and hippuric acids, which have been
previously identified in urine after CGA consumption, were not

TABLE 2 Characteristics of the subjects participating in the study1

Subjects Age Weight Height BMI Hematocrit Blood hemoglobin

y kg m kg/m 2 g/L

Female 34.2 6 15.3 54.2 6 6.3 1.58 6 0.02 22.0 6 2.2 0.40 6 0.03 129.4 6 8.7

Male 28.0 6 4.4 73.8 6 8.7 1.73 6 0.1 25.0 6 1.5 0.44 6 0.04 145.0 6 8.7

1 Values are means 6 SD, n ¼ 5.

FIGURE 1 Pharmacokinetic profiles of total CGA, CQA, diCQA, and

total cinnamic acids in plasma of all subjects (A) and of subjects 4 (B),

5 (C), and 8 (D) 8 h after decaffeinated green coffee extract

consumption. Values in A are means 6SD, n ¼ 10.

TABLE 3 Pharmacokinetic parameters of CGA and cinnamic
acids identified in plasma after decaffeinated green
coffee consumption1

Compound Cmax Tmax AUC

mmol/L h mmol�h�L21

3-CQA 0.9 6 1.4 4.0 6 2.6 3.0 6 4.5

4-CQA 1.4 6 1.1 3.6 6 2.2 4.3 6 5.4

5-CQA 5.9 6 4.2 3.3 6 2.4 17.9 6 15.3

3,4-diCQA 1.5 6 1.6 2.6 6 1.8 5.0 6 4.9

3,5-diCQA 2.7 6 2.7 3.2 6 2.5 8.7 6 8.3

4,5-diCQA 2.5 6 3.0 3.3 6 2.5 6.8 6 5.7

Total CQA 8.2 6 6.3 3.3 6 2.4 25.2 6 24.4

Total diCQA 6.6 6 6.9 3.2 6 2.5 20.4 6 17.5

Total CGA 14.8 6 11.7 3.1 6 2.6 45.6 6 37.1

Caffeic acid 1.1 6 0.9 3.6 6 2.1 3.8 6 3.2

Ferulic acid 0.8 6 0.3 2.9 6 1.8 3.6 6 1.5

Isoferulic acid 0.9 6 0.2 2.9 6 1.8 3.5 6 1.9

p-Coumaric acid 0.4 6 0.03 2.5 6 1.8 0.8 6 0.2

1 Values are means 6 SD, n ¼ 10.
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identified in the urine of any of the subjects before or after the
extract consumption.

Apparent bioavailability of CGA. As with plasma and urinary
values, the apparent bioavailability of CGA varied considerably
among subjects. The apparent bioavailability based on con-
sumed cinnamic moieties ranged from 7.8 to 72.1% in plasma,
with a mean of 33.1 6 23.1%. Urinary recovery of phenolic
compounds based on consumed cinnamic and quinic acid
moieties varied from 215.6 to 25.9% in urine when expressed
as an increment from baseline values and from 7.5 to 58.4%
when expressed as absolute values, with means of 5.5 6 10.6%
and 25.8 6 19.1%, respectively. There was a negative correla-
tion between apparent bioavailability and urinary recovery of
CGA (r ¼ 20.76; P ¼ 0.01). Apparent bioavailability and uri-
nary recovery were not correlated with gender, age, weight,
height, or BMI.

Discussion

This is the first study, to our knowledge, evaluating the pharma-
cokinetics of CGA compounds after the consumption of a green
coffee extract. Also, the apparent bioavailability of CGA
compounds from a food matrix and the urinary recovery of
their metabolites were estimated in humans.

Although subjects consumed a low-phenolic diet for 2 d prior
to the study and were fasting for 10–12 h when baseline samples
were collected, all subjects had phenolic compounds in their
baseline plasma and/or urine. This is in agreement with the fact
that CGA and other phenolic compounds have been observed in
saliva, gastrointestinal fluids, and urine of fasting subjects (19–21)
and corroborates the hypothesis of storage and recycling of these

compounds through excretion and reabsorption suggested by
Baer-Dubowska and Szaefer (22) and Farah et al. (20).

After green coffee extract consumption, 6 major CGA com-
pounds were identified in the plasma of all subjects, as previously
observed after roasted coffee consumption (15), accounting for
almost 90% of phenolic compounds in plasma. Despite similar
amounts of FQA and diCQA isomers in the extract, FQA was
not detected in the plasma of any subject. This result is
consistent with evidence of a poor absorption of FQA and/or
of a rapid uptake by organs such as liver (23,24) and adipose
tissue. In fact, a human hepatic cell study found that FQA uptake
was favored compared with CQA and diCQA uptake (24).
Another possible explanation would be demethylation of the
ferulic acid moiety of the ester and conversion of FQA into CQA
(Fig. 2).

Additionally, small amounts of caffeic, ferulic, isoferulic, and
p-coumaric acids were identified in the plasma of different sub-
jects after the green coffee extract consumption. Considering
that no unesterified cinnamic acids were present in the extract,
that only 4.4% of 5-CQA were hydrolyzed into caffeic acid in
the analytical recovery tests, and that isoferulic acid could not be
formed from CGA hydrolysis, our results suggest that most
cinnamic acids in plasma originated from metabolization of
CGA from the coffee extract, possibly in the intestinal lumen/
mucosa and liver (28,33). Ferulic and isoferulic acids may be
formed by methylation of caffeic acid (27). Conversely, caffeic
acid may also derive from hydrolysis of FQA (34) (Fig. 2).

As previously observed after roasted coffee consumption
(15), there was a large inter-individual variation in the pharma-
cokinetic profile of all CGA compounds and phenolic acids in
plasma and urine after green coffee extract consumption,
although the kinetic profiles of the individual CGA compounds
within the subclasses were similar for each subject. This
variability may be attributed to inter-individual differences in

TABLE 4 Total urinary excretion of CGA and metabolites in each subject after decaffeinated green coffee consumption1

Subject
Gallic
acid

p-Hydroxy-benzoic
acid

Dihydrocaffeic
acid

Vanillic
acid

Siringic
acid

Sinapic
acid 5-CQA 4-CQA

Caffeic
acid

Ferulic
acid

Isoferulic
acid

p-Coumaric
acid

Total
phenolics

mmol

1-Baseline 9.24 4.94 2.98 2.61 0.04 1.26 Nd Nd Nd 0.45 0.01 0.01 21.54

0–8 h 43.47 32.58 29.97 10.38 3.85 10.50 Nd Nd 0.11 2.24 0.92 0.13 134.15

2-Baseline 3.55 1.08 0.25 1.86 0.47 0.97 Nd Nd Nd 0.13 0.02 0.01 8.34

0–8 h 18.67 24.14 15.81 16.37 11.07 17.52 0.42 Nd 0.86 3.33 1.02 0.14 109.35

3-Baseline 1.86 2.56 Nd 3.31 3.52 2.22 0.02 Nd 0.01 0.23 0.07 0.03 13.81

0–8 h 9.41 27.94 56.05 24.27 16.51 13.34 0.41 Nd 0.07 4.96 2.16 0.07 155.18

4-Baseline 0.70 0.28 0.16 0.41 1.62 1.43 Nd Nd 0.03 0.55 0.02 Nd 5.22

0–8 h 7.98 4.69 13.60 9.47 16.63 12.08 0.60 Nd 0.21 4.60 1.98 0.03 71.86

5-Baseline 10.19 1.78 5.02 9.42 13.11 20.28 Nd Nd Nd 1.94 0.14 Nd 61.89

0–8 h 25.45 16.65 15.09 21.20 9.35 47.67 0.46 Nd 0.40 6.43 1.87 Nd 144.56

6-Baseline 10.57 12.03 4.25 2.73 0.34 19.55 0.04 0.04 0.09 Nd Nd Nd 49.63

0–8 h 115.87 189.74 61.33 12.94 1.52 130.47 2.33 0.90 1.41 1.76 4.68 2.84 527,23

7-Baseline 0.25 4.12 2.13 0.19 1.36 0.98 Nd Nd Nd Nd Nd Nd 9.03

0–8 h 14.03 26.72 19.10 5.63 15.08 19.94 4.02 0.91 3.28 1.17 2.15 0.92 116.06

8-Baseline 6.79 12.12 27.54 Nd 3.64 0.87 0.35 Nd 0.40 0.09 0.73 0.03 52.57

0–8 h 68.21 50.45 67.45 0.58 25.62 15.06 1.22 0.83 3.60 2.39 11.80 0.10 249.35

9-Baseline 1.68 1.49 3.00 3.08 1.58 5.32 0.01 Nd 0.11 0.03 0.51 Nd 14.31

0–8 h 57.69 48.45 97.73 2.26 7.94 161.54 1.67 0.86 5.35 5.80 17.00 1.81 408.92

10-Baseline 25.25 19.91 12.71 0.86 Nd 39.11 0.21 Nd 1.72 0.21 4.83 0.05 104.86

0–8 h 112.22 146.38 73.92 3.20 Nd 178.79 1.75 1.22 9.43 3.83 18.78 9.76 559.29

1 Nd, Not detected (, 0.02 mmol).
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digestive transit time, preferential site of absorption, and
metabolism of cinnamates as reported in the literature for other
phenolic compounds (15,20,35). According to Manach et al.
(35), important inter-individual differences in the capacity to
metabolize phenolic compounds originate from differences in
the activity of the cytochrome P450 and carrier systems that may
be influenced by genetic polymorphisms.

In contrast to the pharmacokinetic profile of flavonoids such
as catechin (36) and isoflavones (37), various plasma concen-
tration peaks were observed from 0.5 up to 8 h after the green
coffee extract consumption (Fig. 1), suggesting a complex and
dynamic process of absorption and metabolism. This irregular
pharmacokinetic pattern makes the calculation of the CGA
compounds half-life difficult. Longer duration studies would be
necessary for this measurement.

Considering that liquid food may take up to 1 h to reach the
small intestine (38,39) and that preliminary tests showed that
the extract capsules take ,15 min to solubilize in a simulated
gastric condition (data not shown), the initial plasma concen-
tration peaks confirm an early absorption of CGA in the
stomach and jejunum followed by absorption along the small
intestine (15,40–43). The later plasma peaks (.5 h) in some
subjects may indicate absorption through the large intestine (44)
and/or recycling through digestive fluids (20).

In the present study, the higher diCQA:CQA molar ratio in
plasma compared with the green coffee extract supports
previous evidence of differential mechanisms of absorption
and/or metabolism for CQA and diCQA (15), with favored
tissue uptake of CQA compared with diCQA and/or favored
diCQA absorption that could be related to the higher lipo-
philicity of diCQA compared with CQA, possibly favoring
diCQA diffusion through the intestinal mucosa cells. Acyl
migration from CQA forming diCQA during analysis is not

possible, because adding green coffee extract to CGA-free
plasma in a recovery test yielded similar CQA and diCQA
isomer profiles in both the spiked plasma and the green coffee
extract alone.

The higher mean molar ratio of 5-CQA:4-CQA and 3-CQA
in plasma than in green coffee extract supports preferential
absorption of 5-CQA compared with 4-CQA and 3-CQA
isomers or of rapid metabolization and/or uptake of 3-CQA
and 4-CQA by organs such as liver (24,15) and adipose tissue.
The higher molar ratios of 3,4-diCQA:4,5diCQA and 3,5diCQA
in plasma than in the green coffee extract also suggests mech-
anisms favoring plasma levels of 3,5-diCQA as described for
5-CQA.

Although the amount of CGA in decaffeinated green coffee in
the present study was ;13% of that in decaffeinated roasted
coffee in our previous study (15), the plasma total CGA AUC in
the present study at 4 h after treatment, the duration of our
previous study, was 1.4 times the AUC in that study. Although
the 2 studies cannot be compared directly due to various
differences, including subjects, the influence of the matrix in
which CGA is consumed deserves investigation.

The 4 major urinary phenolic compounds excreted after
green coffee consumption (sinapic, gallic, p-hydroxybenzoic,
and dihydrocaffeic acids) are probably preferential metabolic
products of the cinnamates identified in plasma. Vanillic and
siringic acids are probably derived from a secondary metabolic
pathway (Fig. 2). Protocatechuic, dihydroferulic, benzoic, and
hippuric acids, which were identified in studies evaluating the
urinary products of cinnamates from different food sources
(25,27), were not identified in our study although they are
consistent with the metabolic pathway presented (Fig. 2).

This is the first study to our knowledge investigating the
bioavailability of CGA as a family of compounds and also the

FIGURE 2 Proposed simplified scheme of 5- CQA metabolism, as representative of CQA and diCQA classes, based on results from the present

study. Support references for proposed metabolic routes are shown. The authors adopted the IUPAC numbering system (32) for CGA.
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first evaluating the bioavailability of CGA using plasma AUC
values. The apparent bioavailability of CGA from the green
coffee extract varied from 7.8 to 72.1% among the subjects,
with a mean of 33 6 23%. Possibly, a higher bioavailability
would have been obtained in a longer study, because in 3 of the
subjects, plasma CGA concentrations were still high 8 h after
green coffee extract consumption. The mean apparent bioavail-
ability of 5-CQA, the only CGA evaluated in previous bioavail-
ability studies, was 33 6 27%. This result is in contrast with the
very low absorption of 5-CQA estimated in rat and human
studies (as low as 0.1%) (42,45,46). On the other hand, our
results are in agreement with the 33 6 17% absorption
estimated by Olthof et al. (47), who analyzed ileostomy fluids
from colostomized subjects for 24 h after the consumption of 2.8
mmol of 5-CQA. The results by Olthof et al. were considered an
overestimation (48), because the amount of 5-CQA possibly lost
during digestion was not taken into account and because
previous studies (21,48,49) had been unable to identify intact
CGA in plasma. However, the results obtained by Olthof et al.
(47) are actually very close to those in the present study and their
estimate was probably correct, because only a small portion of
5-CQA seems to be hydrolyzed in the digestive tract and only a
minor fraction is absorbed in the form of caffeic acid (15, present
study).

The low recovery of total phenolic compounds in urine when
values were expressed as increments from baseline was down-
graded by the high amount of phenolic compounds in the
baseline urine period of 1 subject (subject 8; Table 4), producing
a negative recovery of 215.6%. Excluding this subject would
bring the recovery, corrected to baseline, to 7.8 6 8.1%. This
case, along with the irregular pharmacokinetic patterns ob-
served in plasma, indicates that increments over baseline values
may not be the most appropriate way to evaluate total urinary
excretion of CGA and metabolites in response to acute ingestion.
On the other hand, the use of absolute urinary values (not
corrected by baseline) may overestimate excretion.

Low recoveries in urine were also found in previous human
studies evaluating the metabolism of phenolic compounds, sup-
porting evidence that urine may not be the preferential ex-
cretion route for intact CGA and metabolites (19,20,26,50).
On the other hand, it should be noted that many urinary
metabolites derived from CGA were probably not identified in
this study, because the 12 urinary compounds identified
represented ;50% of the total chromatogram peak area.
Olthof et al. (25) identified 23 phenolic acids by GC in human
urine after consumption of 5-CQA.

The negative correlation between apparent bioavailability of
CGA and corrected urinary recovery (r ¼20.76; P ¼ 0.01) may
be explained by inter-individual differences in metabolic rates
and/or preferential excretion routes.

In conclusion, the present study confirms that CQA and
diCQA, which are major CGA compounds in coffee, are ab-
sorbed in the human body, being differentially absorbed and/or
metabolized throughout the whole gastrointestinal tract. This
study also supports evidence that urine is not a major excretion
pathway of intact CGA compounds and their metabolites and
identifies sinapic, gallic, p-hydroxybenzoic, and dihydrocaffeic
acids as major urinary metabolites of CGA in humans. In
addition, this study shows that the main CGA compounds
present in the green coffee matrix are highly bioavailable in
humans. A large inter-individual variation clearly exists in
CGA absorption, metabolism, and kinetics in humans and
requires further investigation into differences in genetic poly-
morphisms.
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