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This study has examined the effects of type of dairy product (whole milk, skim milk, heavy cream) and
chocolate matrix (baking, dark, dairy milk, white) on the oral absorption of the chocolate flavanols (þ)-
catechin and (�)-epicatechin in a small animal model. In the study, each flavanol compound, as a
solution in water or a dairy product or as a chocolate dispersion in water, was administered intragas-
trically to male Sprague-Dawley rats in an amount equal to or equivalent to 350 mg/kg. In each in-
stance, blood samples were collected over a 5 h period, and used to measure plasma total catechin
concentrations by HPLC after enzymatic hydrolysis of flavanol conjugates. Pharmacokinetic data were
evaluated using a one compartment approach. Whole milk and heavy cream, and to a much lesser
extent skim milk, lowered the oral absorption of both (þ)-catechin and (�)-epicatechin and altered the
AUC, Cmax, ka, ke and t1/2 values in direct proportion to their fat, but not to their protein, content. In
addition, the tmax for solutions of (�)-epicatechin in water and skim milk occurred 2 h earlier than from
solutions in whole milk and heavy cream. Similarly, dispersions of baking chocolate in water and in
whole milk yielded plasma levels of monomeric catechins that were, respectively, about equal to and
much lower than those from aqueous solutions of authentic flavanols. A determining role for a choco-
late matrix (dark, dairy milk or white chocolate) on the oral absorption of its constitutive monomeric
flavanols was suggested by the apparent variability in plasma total catechins levels that existed
among them both before and after their spiking with equal amounts of exogenous (þ)-catechin and
(�)-epicatechin Such a variability could reflect differences among different chocolates in terms of their
physical properties, matrix components, and matrix characteristics imposed by the manufacturing pro-
cess used for each type of chocolate. In all the experiments, (þ)-catechin demonstrated a higher oral
absorption than (�)-epicatechin.

1. Introduction

Chocolate contains several monomeric, oligomeric and
polymeric flavonoids which, by virtue of their antioxi-
dant properties (Da Silva et al. 1998; Rein et al. 2000;
Richelle et al. 2001, Mursu et al. 2004), may be of value
in the prevention of certain types of cancer (Weisburger
2001) and coronary heart disease (Arts et al. 2001; Weis-
burger 2001; Steinberg et al. 2003; Ding et al. 2006), and
in the maintenance of cardiovascular health by modulat-
ing platelet activity (Rein et al. 2000; Murphy et al.
2003). Studies evaluating the oral absorption of choco-
late flavonoids have indicated that the monomeric flavan-
3-ols (þ)-catechin (CAT) and (�)-epicatechin (ECAT)
are the only ones to be absorbed from the gastrointest-
inal tract in quantities discernible by routine analytical
methods (Donovan et al. 1999; Nelson and Sharpless
2003). However, in spite of reports describing the oral

absorption, metabolism and plasma kinetics of CAT and
ECAT from various types of chocolate and from cocoa
powder in humans (Richelle et al. 1999; Baba et al.
2000a; Wang et al. 2000; Murphy et al. 2003; Schramm
et al. 2003; Schroeter et al. 2003; Serafini et al. 2003)
and laboratory animals (Baba et al. 2000b, 2001), contro-
versy still exists on the effect that whole milk could have on
the oral absorption of chocolate flavanols. Thus, while
some laboratories have verified that whole milk reduces
the oral absorption of these compounds (Serafini et al.
2003; Serafini and Crozier 2003), others have failed to
confirm this effect (van het Hof et al. 1998; Leenen et al.
2000; Schroeter et al. 2003; Schramm et al. 2003).
Furthermore, the degree of interference by whole milk
on the oral absorption of chocolate flavanols is reported
to vary depending on whether the milk is consumed con-
currently with a chocolate or it is present as an ingredi-
ent of the chocolate matrix (Serafini et al. 2003).
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To more clearly and conclusively define the contributing
role of whole milk to the oral absorption and ensuing
plasma pharmacokinetics of monomeric flavan-3-ols pre-
sent in chocolate, the present study has investigated the
extent of absorption of CAT and ECAT from the gastroin-
testinal tract following their individual oral administration
to rats as equipotent solutions in both water and whole
milk. In addition, experiments were carried out with solu-
tions of CAT and ECAT in skim milk and heavy cream,
with suspensions of commercial chocolates in whole milk
and water, and with suspensions of various types of com-
mercial chocolates in water, to be able to assess the contri-
bution of variations in milk and in chocolate matrix com-
position to the oral absorption and ensuing plasma
kinetics of monomeric chocolate catechins.

2. Investigations and results

2.1. Analysis of CAT and ECAT in plasma and choco-
late samples

An isocratic HPLC method with fluorometric detection
previously developed and validated in this laboratory
(Gossai and Lau-Cam 2006) was used for the assay of
CAT and ECAT in rat plasma and in commercial choco-
lates. When applied to plasma samples, this method de-
monstrated excellent selectivity (CAT 6.7 min, ECAT
13.8 min, acetylsalicylic acid, the internal standard,
21.3 min), satisfactory sensitivity (limit of detection values
were 0.75 nM of CAT and 1.5 nM of ECAT), and excel-
lent reproducibility (RSD for interday assays of triplicate
samples of CAT and ECAT added to blank rat plasma at
levels between 0.75–12 nM were in the range 1.3–4.1%
and 0.5–2.0%, respectively). A linear relationship between
concentrations of analyte and detector responses was ob-
served over the concentration range 1.5–12 nM of CAT
and ECAT. Plasma CAT and ECAT values following enzy-
matic hydrolysis of the plasma samples with a mixture of
b-glucuronidase and aryl sulfatase are reported as total
catechin levels (the sum of the parent molecule and its
glucuronide, sulfate and sulfoglucuronide metabolites).

2.2. Plasma concentrations and kinetics of CAT and
ECAT from solutions.

To determine the effect of the vehicle on the oral absorp-
tion of CAT and ECAT, rats were separately treated with
solutions of each of these catechins (350 mg/kg) in dis-
tilled water and, later on, with equipotent solutions in a
common dairy product (whole milk, skim milk or heavy
cream), and their blood collected at predetermined inter-
vals for the measurement of corresponding plasma total
CAT and ECAT contents.
The temporal changes in plasma CAT and ECAT concen-
trations resulting from the oral administration of their var-
ious solutions to rats are shown in Figs. 1 and 2. The val-
ues of the pharmacokinetic parameters calculated from
these plasma levels are presented in Table 1. When admi-
nistered orally as aqueous solutions, both CAT and ECAT
were absorbed rather readily from the gastrointestinal
tract, with their plasma concentrations rising in a parallel
manner and reaching a maximum (tmax) at 1 h post-admin-
istration. The values for Cmax and AUC for CAT (�32.1 nM
and 79.7 nM � hr) were about the same and higher, respec-
tively, than those for ECAT (�32.4 nM and 59.2 nM � hr).
In contrast, some marked differences were noted in the
oral absorption of these flavanols when they were admi-

nistered as solutions in a dairy product. For example, in
the case of CAT, while the tmax for solutions in either
skim milk, whole milk or heavy cream did not differ from
that in water, the corresponding Cmax and AUC values
were significantly lowered both by whole milk (by 34%
and 18%, respectively) and by heavy cream (by 62% and
55%, respectively) relative to an aqueous solution. Under
identical conditions, the solution of CAT in skim milk
showed the same AUC value and a lower Cmax (by 19%)
than its counterpart in water. In the case of ECAT, how-
ever, the same kinetic parameters varied according to the
type of dairy product that served as a vehicle. Thus, in
skim milk the tmax was reached in 1 h, but in whole milk
and heavy cream it took 3 h. Furthermore, the Cmax and
AUC values for ECAT were lower than those of an equi-
potent aqueous solution when delivered as a solution in a
dairy product, with the lowering effect declining in the
order: heavy cream (by 68% and �48%) > whole milk
(by 55% and 8%) > skim milk (by 15% and �16%).
In comparison to an aqueous solution, all the dairy pro-
ducts were found to delay the ka, to slow the ke, and to
prolong the t1/2 of both CAT and ECAT, although to differ-
ent extents. Likewise all dairy products lowered the ka (by
19–62%) and ke (by 10–29%) and lengthened the t1/2 (by
14–39%) of CAT relative to those values from an equipo-
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Fig. 1: Plasma concentration-time courses for solutions of CAT in water or
a dairy product after oral administration to rats at the dose of
350 mg/kg. Each point represents the mean � S.E.M. (n ¼ 6)
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Fig. 2: Plasma concentration-time courses for solutions of ECAT in water
or a dairy product after oral administration to rats at the dose of
350 mg/kg. Each point represents the mean � S.E.M. (n ¼ 6)



tent aqueous solution (i.e., 32.09 h�1, 0.31 h�1 and 2.21 h,
respectively), with the altering effect decreasing in the or-
der heavy cream > whole milk > skim milk. Furthermore,
by analogy to the results gathered with CAT, the ka, ke
and t1/2 values for an aqueous solution of ECAT (i.e.,
25.08 h�1, 0.59 h�1, 1.18 h, respectively) were similarly
affected by a dairy product, with the ka and ke becoming
decreased by 13–88%, and �8.5–17%, respectively, and
the t1/2 becoming lengthened by 8–103%. In general, the
altering effects of a dairy product on the plasma kinetic of
ECAT decreased in the order previously verified for CAT,
namely heavy cream > whole milk > skim milk.
To ascertain the contributory roles that proteins and fats in
each dairy product might play on the oral absorption of
CAT and ECAT, the concentrations of these constituents
(g/240 mL) in each dairy product (mean protein content
found and declared fat content values were, respectively:
skim milk 7.16 and 2.00; whole milk 7.05 and 8.00, heavy
cream 0.29 and 0.00) was correlated with the correspond-
ing plasma AUC values (Table 1). In this manner it was
possible to determine that the AUC values of CAT and
ECAT decreased proportionally to an increase in the fat
(heavy cream > whole milk > skim milk), but not in the
protein (whole milk ¼ skim milk > heavy cream) content
of the dairy product. A plot of AUC values for CAT an
ECAT versus the fat content in a dairy yielded the graphs
shown in Fig. 3. The variance, r2, values of the lines for
CAT and ECAT were 0.9413 and 0.9421, respectively. For

comparative purposes, this graph also shows the correla-
tions for aqueous solutions of CAT and ECAT which, ow-
ing to the absence of interfering substances, yielded the
highest AUC values.

2.3. Plasma concentrations and kinetics of CAT and
ECAT from chocolate dispersions

The effect of a chocolate matrix and of exogenous milk
added to this matrix on the oral absorption chocolate mono-
meric catechins was examined using four commercial types
of chocolate, namely, baking, dairy milk, dark, and white. A
preliminary assay of the CAT and ECAT content of these
chocolates revealed that their contents in each of these phe-
nolics and the ratio of one phenolic to the other varied from
chocolate to chocolate. Thus, they were readily measurable
in baking (�91 mg/g CAT and 103 mg/g ECAT) and dark
chocolate (�63 mg/g CAT and 87 mg/g ECAT), of unequal
occurrence in dairy milk chocolate (0 mg/g CAT, �40 mg/g
ECAT), and absent from white chocolate. On the basis of
these results, in vivo experiments with baking chocolate,
dairy milk chocolate and dark chocolate required two sepa-
rate oral dosings of the chocolate, one to deliver 350 mg/kg
of CAT and the other to deliver the same dose of ECAT.
Furthermore, in the same experiments, dairy milk chocolate
and white chocolate were supplemented with sufficient
quantities of the missing catechin and capable of delivering
350 mg/kg of each catechin to rats.
The influence of milk on the oral absorption of mono-
meric flavan-3-ols in chocolate was inferred from the plas-
ma levels (Figs. 4 and 5) gathered for samples of baking
chocolate delivered by the oral gavage technique either as
an aqueous solution or as a uniform dispersion in whole
milk. The plasma Cmax, tmax and AUC values derived from
these experiments are presented in Table 1. Relative to re-
sults for equipotent solutions of CAT or ECAT in plain
water, and taken as 100%, it is evident that in the pre-
sence of whole milk, the plasma Cmax and AUC, but not
the tmax, of both catechins from baking chocolate were
affected, in this case negatively and to about the same
extent, with the Cmax showing a �2-fold decrease and the
AUC a �1.8-fold decrease..

Two types of experiments were carried out to investigate
the possible effect that a chocolate matrix could have on
the absorption of its constitutive monomeric catechins
from the GI tract. In the first set of experiments, aqueous
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Table 1: Plasma pharmacokinetic data for CAT and ECAT after oral administration to rats as solutions in water or a dairy
producta,b

Pharmacokinetic parameter Water Skimmed milk Whole milk Heavy cream

CAT
AUC0–1 (nM � h) 79.74 � 0.29 79.41 � 0.18* 65.36 � 0.63*** 35.73 � 0.49***
Cmax (nM) 32.09 � 0.56 26.00 � 0.45*** 21.04 � 1.21*** 12.26 � 1.10***
tmax (h) 1.00 � 0.01 1.00 � 0.01* 1.00 � 0.01* 1.00 � 0.01*
t1/2 (h) 2.22 � 0.11 2.53 � 0.13*** 2.71 � 0.14*** 3.09 � 0.15***
ka (h�1) 32.09 � 0.31 26.00 � 0.21*** 21.04 � 0.59*** 12.26 � 0.58***
ke (h�1) 0.31 � 0.02 0.28 � 0.01** 0.26 � 0.01*** 0.22 � 0.01***

ECAT
AUC0–1 (nM � h) 59.17 � 0.35 49.67 � 0.35*** 54.29 � 0.33*** 30.78 � 0.88***
Cmax (nM) 25.08 � 0.55 21.82 � 0.34** 19.39 � 0.64*** 9.78 � 0.60***
tmax (h) 1.00 � 0.05 1.00 � 0.03* 3.00 � 0.15* 3.00 � 0.15*
t1/2 (h) 1.18 � 0.06 1.28 � 0.06** 2.13 � 0.11*** 1.42 � 0.07***
ka (h�1) 25.08 � 0.36 21.82 � 0.29** 6.29 � 0.05*** 2.97 � 0.11***
ke (h�1) 0.59 � 0.03 0.54 � 0.03** 0.33 � 0.02*** 0.49 � 0.02***

a Values are reported as the mean � SEM for n ¼ 6 rats
b Statistical comparisons were versus water: *p < 0.05, **p < 0.01, ***p < 0.001

Fig. 3: Correlation plots of plasma AUC0–1 for solutions of CAT and
ECAT in a dairy product vs. concentration of fat in a dairy product.
Each point is the mean value for n ¼ 6. For comparative purposes,
data derived from solutions of CAT and ECAT in water are shown
alongside
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dispersions (�2 mL) of either dark chocolate or dairy
milk chocolate were separately given to rats in quantities
that delivered 350 mg/kg of each monomeric catechin. In
the other set of experiments, rats were dosed with aqueous
dispersions of the same types of chocolate and of white
chocolate after they had been spiked with sufficient mono-
meric catechin to represent an oral dose of 350 mg/kg of
the relevant catechin. From the ensuing plasma levels
shown in Figs. 4 and 5, the plasma kinetics for CAT and
ECAT presented in Table 2 were calculated.
When the plasma pharmacokinetic values for aqueous dis-
persions of dark and dairy milk chocolate are compared
with those of an equipotent dispersion of baking choco-
late, it is readily apparent of the existence of marked dif-
ferences not only from baking chocolate but also from
each other. Thus, while the Cmax and AUC values for CAT
from dark chocolate were �16-fold and �35-fold lower,
respectively, than those of baking chocolate, no corre-
sponding plasma pharmacokinetic values could be calcu-
lated for ECAT from this type of chocolate dispersion
since its plasma values remained below the limits of detec-
tion of the analytical method used.
Spiking dark chocolate with sufficient CAT to deliver this
compound in a dose of 350 mg/kg, dramatically narrowed
the differences in the plasma pharmacokinetic values be-
tween this chocolate (Cmax �1.4 fold lower, AUC �1.35-
fold lower) and baking chocolate but without making
them equal. The same trend of results was obtained for
the spiked samples of white chocolate (Cmax �1.60-fold
lower, AUC �1.80-fold lower for CAT; Cmax �1.7-fold

lower, AUC �1.9-fold lower for ECAT). To test the con-
tribution of the chocolate matrix on the release of the con-
stitutive monomeric catechins, the pharmacokinetics of
CAT and ECAT from aqueous dispersions of dairy milk
chocolate were studied before and after a spiking with
exogenous amounts of these catechins. As shown in
Table 2, even after spiking dairy milk chocolate, the Cmax

and AUC for both catechins from dairy milk chocolate
remained below 0.1 nM and 0.1 nM � h, respectively.
Overall, and regardless of the type of chocolate and vehi-
cle tested, the tmax (1 h) remained unchanged throughout.

3. Discussion

The main purpose of this study was to determine whether
the oral absorption of CAT and ECAT, the major mono-
meric catechin components of chocolate, is influenced by
the concurrent ingestion of whole milk or by differences
in matrix composition and physical characteristics of cho-
colates containing them. The study was accomplished
using the rat, an animal model that is found to yield oral
bioavailability data for CAT and ECAT that compares fa-
vorably with that gathered in human subjects (Baba et al.
2001; Piskula and Terao 1998; Rein et al. 2000; Richelle
et al. 1999; Tsang et al. 2005; Wang et al. 2000).
In spite of a rapid absorption from the intestinal tract, the
oral bioavailability of CAT and ECAT is quite low, with
reported values ranging from less than 1% (Goldberg et al.
2003) to about 6.5% (Catterall et al. 2003; Goldberg et al.
2003; Xu et al. 2004; Zhu et al. 2000). Some of the rea-
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Table 2: Plasma pharmacokinetic data for CAT and ECAT, present in or added to, commercial chocolates after oral administra-
tion of the chocolate to rats as dispersions in water or whole milka,b,c

Type of chocolate CAT ECAT

Cmax (nM) tmax (h) AUC (nM � h) Cmax (nM) tmax (h) AUC (nM � h)

Baking in water 32.32 � 1.23* 1.00 77.19 � 2.03* 25.49 � 2.17* 1.00 60.02 � 4.12*
Baking in milk 16.86 � 0.96*** 1.00 42.51 � 2.62*** 12.66 � 1.03*** 1.00 32.75 � 3.62***
Dark in water 2.00 � 0.56*** 1.00 2.22 � 1.36*** 0.00 � 0.14*** 1.00 0.00 � 0.35***
Dark in water, spiked 23.66 � 1.65** 1.00 57.12 � 2.95*** 18.66 � 1.06** 1.00 42.57 � 1.09**
Dairy milk in water 0.01 � 0.12*** 1.00 0.01 � 0.11*** 0.01 � 0.18*** 1.00 0.01 � 0.22***
Dairy milk, spiked 0.05 � 0.16*** 1.00 0.07 � 0.08*** 0.02 � 0.20*** 1.00 0.03 � 0.12***
White in water, spiked 20.37 � 3.02** 1.00 42.79 � 1.09*** 15.32 � 0.99*** 1.00 31.26 � 3.58***

a Values are reported as the mean � SEM (n ¼ 6)
b Dark chocolate, dairy milk and white chocolate were spiked with CAT and ECAT to deliver 300 mg/kg of each flavanol
c Statistical comparisons were versus water: *p < 0.05, **p < 0.01, ***p < 0.001

Fig. 4: Plasma concentration-time courses for CAT in dispersions of bak-
ing chocolate and milk chocolate in water after oral administration
to rats in an amount delivering 350 mg/kg of CAT. Each point re-
presents the mean � S.E.M. (n ¼ 6)
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sons underlying such a low bioavailability may be factors
operating within the gastrointestinal tract and including,
among others, a limited membrane permeability, transpor-
ter-mediate intestinal secretion, and gut wall metabolism,
wide tissue distribution, and a high first-pass hepatic elim-
ination (Cai et al. 2002; Zhu et al. 2000). To compensate
for a poor oral bioavailability and, at the same time, to
ensure plasma levels that will fall within the limits of de-
tection of the HPLC method used for assaying CAT and
ECAT in the circulation, in the present study these flava-
nols were administered intragastrically in a rather high
(i.e., 350 mg/kg) dose, either as pure compounds or as
equipotent amounts of a commercial chocolate. Further-
more, since both CAT are ECAT susceptible to extensive
intestinal conversion to glucuronide, sulfate and sulfoglu-
curonide conjugates (Baba et al. 2000a, 2001; Donovan
et al. 1999; 2001; Kuhnle et al. 2001; Tsang et al. 2005),
the plasma samples containing them were subjected to en-
zymatic hydrolysis with b-glucuronidase and arylsulfatase
prior to their assay for unconjugated catechin content
(Piskula and Terao 1998; Baba et al. 2000a, b; Donovan
et al. 2001). Hence, the plasma values of CAT and ECAT
that are reported here represent total catechins, i.e., the
sum of unmetabolized (free) catechin plus conjugated ca-
techin.
Results on the effect of whole milk on the oral absorption
of monomeric chocolate catechins are surrounded by con-
troversy and subject to variability among different labora-
tories. For example, it has been documented that whole
milk can reduce the oral absorption and plasma levels of
ECAT as well as the total antioxidant ability (TPAA) to a
greater extent in individuals that ingested either dark cho-
colate along with whole milk or as part of a milk choco-
late than individuals who only ingested dark chocolate
(Serafini et al. 2003). The lowering effect of whole milk
on the oral absorption of ECAT has been related to an
interaction between this compound and proteins in milk,
to form a complex that absorbs poorly from the intestinal
tract. While confirmatory evidence on this assumption was
suggested by a previous study in which milk proteins
were found to mask the antioxidant capacity of CAT from
green and black tea (Arts et al. 20001b), evidence to the
contrary has also become available. Thus, there is one re-
port indicating that that the addition of milk to tea has no
effect on the oral absorption of monomeric catechins from
tea (van het Hoff et al. 1998); and another describing the
lack of effect of adding whole milk to both black and
green tea infusions on the extent of TPAA derived by
healthy human from the infusions, but without providing
information on the accompanying plasma catechin levels
(Leenen et al. 2000). Other laboratories have shown that
the addition of 10% milk to a black tea infusion or of
66% milk to a cocoa beverage will not alter the antioxi-
dant activity derived from these beverages (Richelle et al.
2001); and that drinking a milk-cocoa beverage will result
in plasma AUC and TPPA values for ECAT that are not
significantly different from those of individuals who drink
a water-cocoa beverage supplemented with the amounts of
carbohydrate and fat found in milk (Schroeter et al. 2003).
Furthermore, in a more recent study it was verified that
the consumption of a chocolate drink mixed with skim
milk powder was devoid of any altering effect on the oral
bioavailability of CAT and ECAT, thus ruling out a role
for milk proteins (Keogh et al. 2007). However, there is
also evidence to suggest effects of milk on the oral ab-
sorption and pharmacokinetics of cocoa flavanols that are
at variance with those encountered by most investigators.

More specifically, the plasma AUC, Cmax and t1/2 values
for CAT and ECAT were found slightly higher in human
subjects that had ingested a dispersion of cocoa in whole
milk than in those that had consumed the same amounts
of cocoa but dispersed in plain water (Schramm et al.
2003).
To determine the influence of a dairy product and of com-
ponents in a chocolate matrix on the oral absorption of
CAT and ECAT, two types of experiments were conducted
with these flavanols. In one, each catechin compound was
administered as a solution in plain water (the control treat-
ment) or in a dairy product (the test treatment). In the
other, the catechins were administered as part of a choco-
late product, which was dispersed either in water or in a
relevant dairy product. Since the concentrations of CAT
and ECAT in commercial chocolates are not the same, the
chocolate samples were administered in two portions, each
one containing a concentration of monomeric catechin
equal to that used in experiments with the pure com-
pounds. In the event that a catechin was either absent (for
example CAT in dark chocolate, CAT and ECAT in white
chocolate) or in a very low concentration, the chocolate
was spiked with the missing or limiting catechin until it
provided a dose of catechin equipotent to that adminis-
tered as a solution of the pure catechin.
By comparing the pharmacokinetics values for solutions
of a catechin compound in whole milk and in plain water,
it was verified that milk exerted a significant reducing ef-
fect on the values of AUC, Cmax and ka for both CAT and
ECAT relative to those recorded for aqueous solutions, but
had little or no effect on the respective plasma tmax, t1/2,
and ke values. The possibility that fats and protein compo-
nents of a dairy product might be playing a determining
role on the oral absorption of CAT and ECAT was investi-
gated by comparing the oral absorption of these flavanols
from their individual solutions in whole milk and in other
common dairy products (i.e., skim milk, heavy cream),
and correlating the results with the corresponding contents
in fats (declared values) and proteins (experimentally de-
termined values). In this manner it was established that
the AUC and Cmax values of CAT and ECAT decreased in
proportion to an increase in the fat content of the dairy
product. Accordingly, skim milk, having the lowest de-
clared fat content (0.83 g/dL), was found the least inhibi-
tory; heavy cream, having the highest fat content (33.3 g/
dL), the most inhibitory, and whole (full fat) milk (3.33 g/
dL) exhibiting an intermediate effect. In addition, finding
that the magnitude of the effects of skimmed and whole
milk on the AUC and Cmax values were different in spite
of having equal protein contents (3.33 g/dL), and that
heavy cream was the most inhibitory even though it was
found to be practically devoid (�0.29 g/dL) of proteins,
militates against the previously held concept that milk pro-
teins are relevant to the absorption of monomeric choco-
late catechins from the gastrointestinal tract (Arts et al.
2002).
Three additional experiments were carried out to verify
the contributory role of whole milk in the oral absorption
of CAT and ECAT from a chocolate matrix. In the first
experiment, the plasma pharmacokinetic values of these
catechins were examined using baking chocolate, a choco-
late with simpler composition than either dark or dairy
milk chocolate and yielding plasma levels that approxi-
mated those observed with solutions of the individual cat-
echins in water. In addition, the ingestion of a dispersion
of baking chocolate in whole milk yielded plasma AUC
and Cmax values for CAT and ECAT that were nearly one-
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half lower than those attained with equipotent dispersions
in plain water. The second experiment, aimed at compar-
ing the plasma pharmacokinetics of CAT and ECAT from
baking chocolate against those from dairy milk chocolate
and dark chocolate following their intragastric administra-
tion as equipotent dispersions in distilled water, found the
existence of marked differences among the various types
of chocolate. Thus, while the AUC and Cmax values for
CAT and ECAT from baking chocolate approached the
values recorded for aqueous solutions of these monomeric
flavanols, those from dark chocolate and milk chocolate
were very low and virtually nil, respectively, to permit
their calculation. These extreme differences in oral absorp-
tion may reflect differences in matrix composition and in
the physical characteristics of the product (Beckett 1999).
For example, baking chocolate is a molded solid product,
contains no sugar, is rather friable when compressed, and
has little unctuousity as a result of a much lower content
in cocoa butter than dark, milk or white chocolate. In con-
trast, cocoa powder as a result of an even lower content in
cocoa butter than baking chocolate, behaves as a dry and
free flowing product that is easily dispersible in water. On
the basis of the existing physical differences among com-
mercial chocolates, it is plausible that the CAT and ECAT
present in cocoa powder will be in a better position to
enter the intestinal mucosa, even in the presence of whole
milk, than from chocolates with a higher content in cocoa
butter since they can diffuse out of their matrix more read-
ily than they would from chocolates with a higher content
of cocoa butter. The third experiment was designed to in-
vestigate the influence of the type chocolate on the oral
absorption of CAT and ECAT. For this purpose, the plas-
ma pharmacokinetics of CAT and ECAT released from
aqueous dispersions of dark and white chocolate, both
spiked with equal quantities (175 mg/mL) of CAT and
ECAT were compared with those from unspiked samples.
While the unspiked samples of dark chocolate and white
chocolate yielded very low and no levels of the two CAT
and ECAT, respectively, both spiked chocolate samples
yielded readily detectable plasma levels of these mono-
meric catechins. However, in comparison to AUC values
for CAT and ECAT obtained from spiked aqueous disper-
sion of baking chocolate, those from spiked dispersions of
dark chocolate and white chocolate were 1.4–1.8-fold and
1.4–1.9-fold lower, respectively. At least two factors could
be invoked to account for these diverging results. One is
the differences in relative proportions of cocoa butter,
whole milk (in powdered or condensed form), lecithin,
flavorings and sugar present in each of chocolate types
used here (Beckett 1999; Fryer and Pinschower 2000).
The other could be the extent of the physical interactions
that may take place between matrix components during
the manufacturing process of a chocolate. This assumption
is tenable since cocoa butter and other fat sources in cho-
colate are known to undergo cycles of melting and solidi-
fication along with continuous mixing. Hence, fat compo-
nents will ultimately coat solid components in a chocolate
matrix, including monomeric catechins, with polymorphic
crystal networks that melt just below body temperatures
(Toro-Vazquez et al. 2004). This event might be responsi-
ble for the better absorption of monomeric catechins of
exogenous origin from the intestinal tract than those found
within a chocolate matrix, which are more susceptible to
becoming trap within the chocolate matrix than their exo-
genous counterparts. On the other hand, earlier reports
that cocoa powder had little effect on the bioavailability of
monomeric catechins in rats (Baba et al. 2001) and hu-

mans (van het Hof et al. 1998) could simply reflect the
presence of an interfering matrix than is less complex than
that present in the chocolate evaluated here. On the other
hand, the extremely low plasma Cmax and AUC values for
CAT and ECAT following their release from dairy milk
chocolate, even after spiking this chocolate with both
monomeric catechins could be due to the combined effect
of a very complex matrix and the presence of both milk
and fats, factors which, when co-occurring, may jointly
contribute to impeding the release of monomeric catechins
from a chocolate for eventual uptake into the intestinal
mucosa.
The fat components in chocolates would appear to influ-
ence the release characteristics of CAT and ECAT from a
chocolate matrix not simply by its physical presence but,
rather, by modifying matrix characteristics by interacting
with catechins and other matrix components during the
manufacturing process of a chocolate. This conclusion is
based on a comparison of the amount of petroleum ether
solubles, found in the various chocolates evaluated here
with the corresponding fat contents declared by the manu-
facturers. In this present situation, three out of the four
commercial chocolates tested (i.e., dairy milk, dark, white)
had declared quantities of total fats that were within about
2% of each other (dairy milk 30.0; dark 32.5; white 28.6)
and petroleum ether solubles contents that differed by not
more than about 5% of each other in the most extreme
case (dairy 31.4; dark 32.0; white 27.3). A further indica-
tion that fats alone are not as important as are other fea-
tures associated with commercial chocolates is to find that
the monomeric catechins of baking chocolate exhibited a
higher oral absorption than from the other chocolates even
though this type of chocolate had the highest labeled con-
tent of total fats (50.0 g/100 g) and was found to contain
the highest concentration of petroleum ether solubles
(52.6 g/100 g). Additional, although less important, factors
that may have contributed to the low plasma levels of
CAT and ECAT that follow their oral consumption as part
of milk and dark chocolates are an extensive first-pass
hepatic effect and a competitive absorption in the gastroin-
testinal tract when in the presence of each other (Baba
et al. 2001).
CAT and ECAT appear to differ in the extent of their ab-
sorption from the intestinal tract. For example, following
the oral administration of these compounds to Sprague-
Dawley rats, both individually and as a mixture, the sum
of the urinary metabolites for CAT was found to be signif-
icantly lower than that for ECAT (Baba et al. 2001). In
the same study, the existence of a competitive intestinal
absorption between CAT and ECAT was inferred from the
decrease in the sum of the urinary metabolites of ECAT
when the two flavanols were administered together. The
present work also finds the existence of difference in oral
absorption between CAT and ECAT and, at the same time,
verifies the absorption of CAT to be more affected by
whole milk and heavy cream than is the absorption of
ECAT. However, the trend of these results contradicts that
reported elsewhere (Baba et al. 2001), namely that the ab-
sorption of CAT from the gastrointestinal tract is greater
than that of ECAT. Although the exact reason for this dis-
crepancy is not apparent at this time, especially since both
laboratories used rats of the same strain and gender and of
approximately the same body weight, one possibility
could be the size of the oral dose used in each laboratory,
being 7-fold higher (i.e., 350 mg/kg vs. 50 mg/kg) here
than that used by Baba et al. (2001). On the other hand,
the results reported here are more in line with those found
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for CAT and ECAT both in rats and in isolated prepara-
tions of rat jejunum and ileum. Thus, the administration
of a single dose of 3-3H-labeled flavanol to male Wistar
rats resulted in values of total dose excretion in urine and
feces that were of about the same magnitude for both
compounds even though the dose of CAT was only one-
seventh that of ECAT (Catterall et al. 2003); and perfusing
rat jejunum and ileum preparations for 90 min with the
individual catechins led to cumulative absorptions that
were in both instances higher for CAT than for ECAT
(Kuhnle et al. 2000).
In summary, dairy products and commercial chocolates
are found to negatively influence the oral absorption of
the chocolate flavanols CAT and ECAT to differing ex-
tents. In the case of dairy products the influence appears
to be directly related to the fat, but not to the protein,
content of the dairy product. In the case of commercial
chocolates, the release characteristics of CAT and ECAT
from the chocolate matrix and, hence, the fraction at
which they reach the general circulation, could be a func-
tion of the characteristics of the chocolate matrix as im-
posed by the interactions between catechins and chocolate
matrix components, notably fats, during the manufacturing
of a chocolate. Hence, the amounts of monomeric choco-
late catechins appearing in the circulation after the con-
sumption of a chocolate product-liquid dairy product bev-
erage or of a commercial chocolate will be determined,
respectively, by the type and volume of dairy product
added or the type of chocolate consumed.

4. Experimental

4.1. Materials

Samples of CAT (hydrate) and ECAT, acetylsalicylic, aryl sulfatase (type
H-1 from Helix pomatia with 15,300 U/g), bovine b-D-glucuronidase (type
B-3 with 2.63� 108 Fishman U/g), disodium EDTA and reagents for meas-
uring proteins (Kit No.690-A) were purchased from Sigma Chemical Com-
pany (St. Louis, MO). Sodium acetate (anhydrous) was from Aldrich Che-
mical Company (Milwaukee, WI), perchloric acid (70%) and formic acid
came from J. T. Baker (Phillipsburg, NJ), and petroleum ether (b.p. 35–
60 �C) and solvents for HPLC were obtained from EM Science (Gibbs-
town, NJ). The samples of whole milk, skim milk and heavy cream (Oak
Tree Farm Dairy, Inc., East Northport, NY), unsweetened baking chocolate
(Baker’s1, Kraft Foods North America, Inc., Rye Brook, NY), semisweet
dark chocolate (Cadbury1 Royal Dark, The Hershey Company, Hershey,
PA), milk chocolate (Cadbury1 Dairy Milk, The Hershey Company, Her-
shey, PA) and white chocolate (Nestlé USA, Inc., Solon, OH) were pur-
chased from local stores.

4.2. Animals and treatments

This study was approved by the Institutional Animal Care and Use Com-
mittee of St. John’s University. The animals received humane care accord-
ing to guidelines set by the United States Department of Agriculture. The
male Sprague-Dawley rats used in the study (276–300 g) were obtained
from Taconic Farms (Germantown, NY). The animals were housed in
groups of 3, in plastic cages with open-mesh wire lids, in a room main-
tained at a temperature controlled room (21.1 � 3 �C) and an inverted 12 h
light/dark cycle. The animals were allowed to acclimate to their new envir-
onment for a period of 5 days before an experiment, and to have free
access to a commercial rodent diet (LabDiet1 5001, Purina Mills, St.
Louis, MO) and tap water. The food was removed 14 h before an experi-
ment.
Solutions of CAT and ECAT were prepared on the day of the experiment
in water, skim milk, whole milk, or high fat (heavy) cream, to contain
175 mg/mL. The samples of chocolate were prepared by dispersing 1 g of
sample in warm water with the aid of sonication until a uniformly fluid
paste was obtained. When a chocolate sample lacked a catechin (e.g., CAT
in dark chocolate; CAT and ECAT in white chocolate), it was spiked prior
to oral dosing in an amount providing 350 mg/kg of each missing cate-
chin.
Each experimental group consisted of 6 fasted rats. The treatment solutions
were delivered as a single dose by the intragastric route via a 14 gauge
oral needle attached to a 5 mL plastic syringe, in a volume not exceeding

2 mL. The dose of catechin compound (or an equipotent volume of choco-
late suspension) was, in all instances, 350 mg/kg.

4.3. Samples for plasma catechin analysis

Blood samples (�0.5 mL), were collected from the tail vein of conscious
rats every 0.5 h for the first 2 h, and at 1 h intervals for the next 4 h, into
polyethylene microtubes containing a small amount of disodium EDTA.
Each blood sample was vortex-mixed for about 30 s, and centrifuged at
1000� g for 10 min to separate its plasma. The plasma samples were
transferred to clean microtubes and stored at 4 �C pending their analysis.
A sample of frozen plasma was allowed to thaw in a warm water bath, and
then shaken gently to ensure homogeneity. To 100 mL volume of plasma,
50 mL of enzyme preparation (a mixture of 2 mg of b-glucuronidase and
165 mg of aryl sulfatase in 5 mL of 0.1 M sodium acetate, adjusted to a
pH 5.0 with glacial acetic acid) was added. The mixture was incubated at
37 �C for 4 h, allowed to cool to ambient temperature, and immediately
treated with 50 mL of internal standard solution (prepared by mixing 3 mL
of a solution of catechin compound, 22 mg/mL, or of acetylsalicylic acid,
100 mg/mL, in methanol, with 2 mL of perchloric acid). The mixture was
vortex-mixed for 30 s, and next centrifuged at 1000� g for 10 min. A
50 mL portion of the supernatant was injected into the liquid chromato-
graph. A standard preparation (containing 11 mg/mL of CAT, ECAT or of
both compounds, in methanol) was treated in similar manner as the sample
preparation and analyzed alongside.

4.4. Pharmacokinetic analysis

The following pharmacokinetic parameters were calculated from the plas-
ma CAT and ECAT levels using standard equations (Harvey 1980), and
assuming a one compartment model: Cmax (the maximum plasma concen-
tration), tmax (time for maximum plasma concentration), t1/2 (the plasma
half-life), ka (the rate constant of the oral absorption phase), ke (the rate
constant of the elimination phase), and AUC0–1 (the area under the plas-
ma concentration-time curve).

4.5. Assay of CAT and ECAT in chocolate

A 1 g quantity of chocolate (baking, milk chocolate), was placed in a mor-
tar, mixed with 6 mL of methanol, and thoroughly triturated with the aid
of a pestle. To the mixture, 7 mL of water was added and the mixing
continued until a fluid paste was obtained. The fluid paste was filtered
through a 0.47 mm membrane filter, diluted with water in a ratio of 25 mL
of filtrate to 1 ml of water, and the dilution analyzed for CAT and ECAT
by the same HPLC used for the analysis of plasma samples but using
acetylsalicylic acid as the internal standard.

4.6. Assay of proteins in dairy products

Total protein content was measured using a commercially available colori-
metric assay kit (Kit 690-A, Sigma Chemical Co.). A 200 mL aliquot of
dairy product (whole milk, skim milk, heavy cream) was placed in a clean
glass test tube and mixed with 2.2 mL of Biuret reagent with the aid of a
vortex mixer. After allowing the mixture to stand at room temperature for
10 min, it was mixed with 100 mL of Folin color reagent, and allowed to
stand for an additional 30 min. The reaction mixture was centrifuged at
2500� g for 10 min to remove insolubles, and its absorption was read on
a spectrophotometer at 725 nm. The concentration of protein (in mg/dL)
was calculated by reference to a calibration curve of bovine serum albumin
prepared on the day of the analysis.

4.7. Nonpolar (petroleum ether) extractables from chocolates

A 1 g quantity of commercial chocolate (baking, dark, dairy or white) was
placed in a 250 mL stoppered Erlenmeyer flask, mixed with about 100 mL
of petroleum ether b.p. 35–60 �C, and mechanically stirred for 14 h. The
suspension was filtered with the aid of vacuum through a preweighed disc
of Whatman No. 1 filter paper, held on a Buchner funnel, into a suction
flask. After thoroughly washing the filter paper and flask with fresh sol-
vent, the filtrate and washings were pooled together and evaporated to dry-
ness under a stream of dry air. This residue, representing the nonpolar
petroleum ether extractables, and the filter paper with the insoluble materi-
al, were placed in a vacuum oven, dried further at 45 �C for 12 h, and
their weights recorded on an analytical balance.

4.8. HPLC analysis of plasma total catechins

The analyses of monomeric plasma catechins were carried out in the iso-
cratic mode on a Microsorb-MV C18TM, 250� 4.9 mm i.d., 100 �A particle
size, column (Varian, Palo Alto, CA), using a mixture of water-methanol-
formic acid (84 : 15 : 1, by volume) as the mobile phase and a flow rate of
1 mL/min. The effluent was monitored fluorometrically using an excitation
wavelength of 280 nm and an emission wavelength of 310 nm. The inter-
nal standard was selected based on the type of sample tested. In experi-
ments with a single catechin, one catechin served as the internal standard
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for the other, but in experiments with a chocolate specimen acetylsalicylic
acid was used instead. The concentration of the analyte of interest was
calculated on the basis of the ratio of the peak area of the sample (Asp) to
the peak area of the internal standard (AIS), and by reference to calibration
curves CAT and ECAT, prepared on the day of the experiment, in catechin-
free rat plasma, and covering the concentration range 1–60 nM.

4.9. Statistical analysis

The results are reported as the mean � SEM for n ¼ 6. Statistical differ-
ences from control values were determined by unpaired Student’s t-test
with the help of a commercial software program (GraphPad Prism 3.21).
Intergroup differences were considered to be significant when p < 0.05.

References

Arts ICW, Jacobs DR Jr, Hamack L, Gross M, Folson A (2001) Dietary
catechins in relation to coronary heart disease death among postmeno-
pausal women. Epidemiology 12: 668–675.

Baba S, Osakabe N, Yasuda A, Natsume M, Takizawa T, Nakamura T,
Terao J (2000a) Bioavailability of (�)-epicatechin upon intake of choco-
late and cocoa in human volunteers. Free Radic Res 33: 635–641.

Baba S, Osakabe N, Natsume M, Muto Y, Takizawa T, Terao J (2000b) In
vivo comparison of the bioavailability of (þ)-catechin, (�)-epicatechin
and their mixture in orally administered rats. J Nutr 131: 2885–2891.

Baba S, Osakabe N, Matsume M, Muto Y, Takizawa T, Terao J (2001)
Absorption and urinary excretion of (�)-epicatechin after administration
of different levels of cocoa powder or (�)-epicatechin in rats. J Agric
Food Chem 49: 6050–6056.

Beckett ST (1999) Industrial Chocolate Manufacture and Use, 3rd ed.,
Blackwell Publishing Co., Oxford, England, pp. 1–7, 70–167.

Cai Y, Anavy ND, Chow H-HS (2002) Contribution of presystemic hepatic
extraction to the low oral bioavailability of green tea catechins in rats.
Drug Metab Dispos 30: 1246–1249.

Catterall F, King LJ, Clifford MN, Ioannides C (2003) Bioavailability of
dietary doses of 3H-labeled tea antioxidants (þ)-catechin and (�)-epica-
techin in rat. Xenobiotica 33: 743–753.

Da Silva EL, Piskula M, Terao J (1998) Enhancement of antioxidative
ability of rat plasma by oral administration of (�)-epicatechin. Free Ra-
dic Biol Med 24: 1209–1216.

Ding EL, Hutfless SM, Ding X, Girotra S (2006) Chocolate and prevention
of cardiovascular disease: A systematic review. Nutr Metabol 3: 1–12.

Donovan JL, Luthria DL, Stremple P, Waterhouse AL (1999) Analysis of
(þ)-catechin, (�)-epicatechin and their 30- and 40-O-methylated analogs.
A comparison of sensitive methods. J Chromatogr B 726: 277–283.

Donovan JL, Crespy V, Manach C, Morand C, Besson C, Scalbert A, Re-
mesy C (2001) Catechin is metabolized by both the small intestine and
liver of rats. J Nutr 131: 1753–1757.

Fryer P, Pinschower K (2000) The materials science of chocolate. MRS
Bull 25–29.

Goldberg DM, Yan J, Soleas GJ (2003) Absorption of three wine-related
phenols in three different matrices by healthy subjects. Clin Biochem
36: 79–87.

Gossai D, Lau-Cam CA (2006) Simple HPLC method, with fluorometric
detection, for studying the oral absorption of monomeric catechins in a
small animal model. J Liq Chromatogr Rel Technol 29: 2571–2586.

Harvey SC (1980) Basic pharmacokinetics. In: Osol A (ed.) Remington’s
Pharmaceutical Sciences, 16th ed, Mack Publishing Co., Easton, PA,
pp. 683–715.

Keogh JB, McInerney J, Clifton PM (2007) The effect of milk protein on
the bioavailability of cocoa polyphenols. J Food Sci 72: S230–S233.

Kuhnle G, Spencer JPE, Schroeter H, Shenoy B, Debnam ES, Srai SKS,
Rice-Evans C, Hahn U (2000) Epicatechin and catechin are O-methy-

lated and glucuronidated in the small intestine. Biochem Biophys Res
Commun 277: 507–512.

Leenen R, Roodenburg AJ, Tijburg LB, Wiseman SA (2000) A single dose
of tea with or without milk increases plasma antioxidant activity in
humans. Eur J Clin Nutr 54: 87–92.

Murphy KJ, Chronopoulos AK, Singh I, Francis MA, Moriarty H, Pike
MJ, Turner AH, Mann NJ, Sinclair AJ (2003) Dietary flavanols and
procyanidin oligomers from cocoa (Theobroma cacao) inhibit platelet
function. Am J Clin Nutr 77: 1466–1473.

Mursu J, Voutilainen S, Nurmi T, Rissanen TH, Virtanen JK, Kaikkonen J,
Nyyssönen K, Salonen JT (2004) Dark chocolate consumption increases
HDL cholesterol concentration and chocolate fatty acids may inhibit
lipid peroxidation in healthy humans. Free Radic Biol Med 37: 1351–
1359.

Nelson BC, Sharpless KE (2003) Quantification of the predominant mono-
meric catechins in baking chocolate standard reference material by LC/
APCI-MS. J Agric Food Chem 51: 531–537.

Piskula MK, Terao J (1998) Accumulation of (�)-epicatechin metabolites
in rat plasma after oral administration and distribution of conjugation
enzymes in rat tissues. J Nutr 128: 1172–1178.

Rein D, Lotito S, Holt RR, Keen CL, Schmitz HH, Fraga CG (2000) Epi-
catechin in human plasma: in vivo determination and effect of chocolate
consumption on plasma oxidation status. J Nutr 130: 2109S–2114S.

Richelle M, Tavazzi I, Enslen M, Offord EA (1999) Plasma kinetics in
man of epicatechin from black chocolate. Eur J Clin Nutr 53: 22–26.

Richelle M, Tavazzi I, Enslen M, Offord EA (2001) Comparison of the
antioxidant activity of commonly consumed polyphenolic beverages
(coffee, cocoa, and tea) prepared per cup serving. J Agric Food Chem
49: 3438–3442.

Schramm DD, Karim M, Schrader HR, Holt RR, Kirkpatrick NJ, Polagru-
to JA, Ensunsa JL, Schmitz HH, Keen CL (2003) Food effects on the
absorption and pharmacokinetics of cocoa flavanols. Life Sci 73: 857–
869.

Schroeter H, Holt RR, Orozco TJ, Schmitz HH, Keen CL (2003) Milk and
absorption of dietary flavanols. Nature 426: 787–788.

Serafini M, Bugianesi R, Maiani G, Valtuena S, de Santis S, Crozier A
(2003) Plasma antioxidants from chocolate. Nature 424: 1013.

Serafini M, Crozier A (2003) Milk and absorption of dietary flavanols.
Nature 426: 788.

Steinberg FM, Bearden MM, Keen CL (2003) Cocoa and chocolate flavo-
noids: implication for cardiovascular health. J Am Diet Assoc 103: 215–
223.

Toro-Vazquez JF, Perez Martinez D, Dibidox-Alvarado E, Charo-Alonso
M, Reyes Hernandez J (2004) Rheometry and polymorphism of cocoa
butter during crystallization under static and stirring conditions. J Am
Oil Chem Soc 81; 195–202.

Tsang C, Auger C, Mullen W, Bornet A, Rouanet J-M, Crozier A, Teis-
sedre P-L (2005) The absorption, metabolism and excretion of flavan-3-
ols and procyanidins following the ingestion of a grape seed extract by
rats. Br J Nutr 94: 170–181.

Van het Hof KH, Kivits GAA, Weststrate JA, Tijburg LBM (1998) Bio-
availability of catechins from tea: the effect of milk. Eur J Clin Nutr 52:
356–359.

Wang JF, Schramm DD, Holt RR, Ensunsa JL, Fraga CG, Schmitz HH,
Keen CL (2000) A dose-response effect from chocolate consumption on
plasma epicatechin and oxidative damage. J Nutr 130: 2115S–2119S.

Weisburger JH (2001) Chemopreventive effects of cocoa polyphenols on
chronic diseases. Exp Biol Med 226: 891–897.

Xu JZ, Yeung SY, Chang Q, Huang Y, Chen ZY (2004) Comparison of
antioxidant activity and bioavailability of tea epicatechins with their epi-
mers. Br J Nutr 91: 873–881.

Zhu M, Chen Y, Li RC (2000) Oral absorption and bioavailability of tea
catechins. Planta Med 66: 444–447.

ORIGINAL ARTICLES

Pharmazie 64 (2009) 3 209


