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Abstract: Cocoa is continuously drawing attention due to growing scientific evidence suggesting
its effects on health. Flavanols and methylxanthines are some of the most important bioactive
compounds present in cocoa. Other important bioactives, such as phenolic acids and lactones,
are derived from microbial metabolism. The identification of the metabolites produced after cocoa
intake is a first step to understand the overall effect on human health. In general, after cocoa intake,
methylxanthines show high absorption and elimination efficiencies. Catechins are transformed
mainly into sulfate and glucuronide conjugates. Metabolism of procyanidins is highly influenced by
the polymerization degree, which hinders their absorption. The polymerization degree over three
units leads to biotransformation by the colonic microbiota, resulting in valerolactones and phenolic
acids, with higher excretion times. Long term intervention studies, as well as untargeted metabolomic
approaches, are scarce. Contradictory results have been reported concerning matrix effects and health
impact, and there are still scientific gaps that have to be addresed to understand the influence of cocoa
intake on health. This review addresses different cocoa clinical studies, summarizes the different
methodologies employed as well as the metabolites that have been identified in plasma and urine
after cocoa intake.

Keywords: cocoa; chocolate; metabolites; biomarkers; metabolomics; urine; plasma; procyanidins;
methylxanthines; polyphenols

1. Introduction

1.1. Theobroma cacao L. composition

Cocoa (Theobroma cacao L.) is a tree from the Malvaceae family. Its seeds are covered by a sweet and
sour mucilage which contains approximately 11% of sugars, mainly sucrose, and an acidic environment
with a pH of about 3.5–3.8. Citric acid is the main organic acid present in the pulp. Others such as
oxalic, phosphoric, malic and tartaric acid are also present [1–6].

Fat is the main component of cocoa beans: it accounts to almost 50% of the cotyledon dry weight,
where 98% corresponds to neutral lipids, and 2% to polar lipids, mainly phospholipids and glycolipids.
It has been reported that the major cocoa fatty acids are palmitic, stearic and oleic [7,8].

Proteins represent 17–20% of the dried bean [9,10]. Vicilin-like globulins and albumins are the two
most abundant proteins and are key factors in quality development during fermentation. Concerning
the amino acid profile, glutamic acid and aspartic acid showed the highest contents while cysteine
showed the lowest ones, in both fermented and non-fermented cocoa derived products [11].

Nutrients 2019, 11, 1163; doi:10.3390/nu11051163 www.mdpi.com/journal/nutrients5
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From a functional point of view, cocoa has been considered an important source of different
bioactive compounds. The more important groups of compounds present in cacao are flavonoids,
mainly flavan-3-ols, phenolic acids, methylxanthines, peptides, N-phenylpropenoyl-L-amino acids,
and stilbenes [5,12–20].

Polyphenols represent approximately 13% of the dried unfermented cocoa beans [21],
where proanthocyanidins can reach 58% of the total polyphenol content, followed by catechins
and anthocyanins with 37% and 4%, respectively [22]. Proanthocyanidins are usually (epi)
catechin-based, i.e., procyanidins, and the main anthocyanins are cyanidin-3-galactoside and
cyanidin-3-arabinoside [21,23,24].

The main methylxanthines are theobromine, caffeine, theophylline, and 7-methylxanthine.
Theobromine is the most concentrated methylxanthine, and it could be present in concentration
levels of 1–2% (dry basis) in cocoa seeds; caffeine also has an important contribution from 0–2% (dry
basis) [5].

Additionally, N-phenylpropenoyl-L-amino acids have been identified in cocoa and described
as polyphenol-amino acid conjugates, some of which have been related to antioxidant mechanisms,
inducers of mitochondrial activity and inhibitors of pathogen adhesion in stomach tissues [20].

Cocoa and cocoa derived products suffer significant changes throughout the processing, and this
has to be taken into account when studying the effects of cocoa intake on human health.

Traditionally, cocoa undergoes different processing steps after harvesting, some of which are
fermentation, drying, roasting [6], and size reduction steps.

During fermentation and drying cocoa beans have extensive proteolysis, oxidation, and
polymerization reactions, among others, resulting in a decrease on total flavonoids and the emergence
of new metabolites [5,25–28].

Also, during roasting, high temperatures lead to glucose and sugar depletion, and to the
formation of pyrazines, pyrroles, quinoxalines, pyrones, phenylalk-2-enals, lactones, diketopiperazines,
and derivatives of phenylalanine, furanones and others. Compounds, such as triacylglycerols,
alcohols, esters, and acids, do not go through significant changes [5]. On the other hand, flavanols
and procyanidins can be affected by different temperature dependent reactions, as for example
epimerization [3,29–31].

Roasted beans [3,5] are the starting point for chocolate and cocoa powder production, which are
the cocoa derived products most commonly consumed. In both cases, formulation steps are needed,
which increase the diversity of compounds present in these matrices and their interactions.

1.2. Cocoa and Health: General Aspects

A variety of health benefits have been associated to the intake of cocoa and its derived products,
many of them attributed to the intake of polyphenols, particularly flavonoids [32–34]: improvement
in insulin resistance by lowering serum insulin and in flow-mediated dilatation [35], as well as
improvement in blood pressure, maintenance of normal endothelium-dependent vasodilation, vascular
and platelet function, increased cerebral blood flow, potential cancer prevention, and anti-inflammatory
and antioxidant activity [36–40]. Nonetheless, contradictory evidence has been reported indicating
that more research is still needed [41–46].

It has been proposed that cocoa polyphenols can also have an influence on the gut microbiota,
promoting the development of microorganisms as Lactobacillus spp. and Bifidobacterium spp.
Microbiota can metabolize polyphenols into different bioactives, as valerolactones, phenylpropionic
and phenylacetic derivatives some of which could activate anti-inflammatory pathways [33,47,48].

Other bioactive compounds, like methylxanthines, have shown possible beneficial effects.
For example, caffeine may improve exercise performance, but more research is needed to understand
the mechanisms behind this statement [49].

To understand the effects of cocoa on human health, it is fundamental to know which metabolites
are produced after cocoa intake, as this can help understand the absorption, distribution, metabolism,
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and excretion mechanisms [47,50]. The development of different types of clinical trials contributes to
this knowledge; and, in relation to cocoa, there is a particular need to promote long term research.

This review collects the results of different studies that traced several metabolites in urine and
plasma after the acute or chronic cocoa intake.

2. Methodological Considerations

Data collection was done by searching individual and compound keywords in different databases,
such as: cocoa, chocolate, humans, randomized, acute, health, untargeted, non-targeted, metabolomics,
urine, plasma, pharmacokinetics, polyphenols, (epi) catechin, procyanidin, methylxanthines, and
theobromine. The main databases used were: Google Scholar, ScienceDirect, ACS Publications, and
Springer Link. The searches were done in between August 2016 and February 2019 and included
studies from 1999 to February 2019.

3. Results

Tables 1 and 2 summarize several studies that analyze the effects of the intake of different
cocoa derivatives, such as chocolate (Table 1) and cocoa powder drinks or extracts (Table 2) in
human plasma and urine samples using a targeted methodology. Meanwhile Table 3 summarizes
non-targeted researches, including chocolate or cocoa powder drink intake studies, as well as one cross
sectional study.

The methodological aspects are detailed, including the main objective of the studies, the
experimental design applied [51–54], information regarding the subjects, matrices and dose employed,
the biological samples studied, the analytical instrumental technique used to measure the metabolites,
and the statistics applied to process data.

A total of 34 studies were reviewed, 30 of them used a targeted approach, and 4 of them were
untargeted. The clinical studies employed different cocoa derived matrices. Nine of these studies
included chocolate intake intervention, 24 used cocoa powders or cocoa extracts beverages, and 2 of
them had a cross-sectional experimental design which did not apply dietary interventions [55,56].

Most researches followed acute single dose interventions, nonetheless only 2 of them evaluated
the effect of a daily cocoa-derived products intake after 4 weeks [57,58]. Additionally, 10 studies
included a non-cocoa-derived control intake in their experimental design.

Regarding the type of samples analyzed, most studies (n) investigated plasma (n= 8), urine (n = 14)
or both plasma and urine (n = 12). Additionally, one study analyzed saliva [59] and another studied
feces [60].

The number of volunteers (n) that finalized clinical studies was varied. In five studies only
5 volunteers participated, in ten studies 5 < n ≤ 10 were part of the clinical trial, eight studies included
10 < n ≤ 20 and twelve studies recruited and selected volunteers in a range from 21 to 80 volunteers.

Most clinical studies investigated samples from healthy non-smokers. Only two trials obtained
samples from smokers [61] and from volunteers with high cardiovascular risk [57]. Ten studies
investigated only men, 18 studies men and women, and one study investigated children [56].

LC-UV/Vis (liquid chromatography couple to ultraviolet or visible detectors) and FLD (fluorescence
detectors), and LC-MS (liquid chromatography couple to mass spectrometers) were the predominant
analytical platforms reported. In particular, when using an untargeted approach, LC-MS was present
in all studies; and one study also applied NMR (nuclear magnetic resonance) [20].

Further on, Tables 4–8 were used to classify the metabolites identified in urine and plasma,
in different studies with different approaches.

7



Nutrients 2019, 11, 1163

T
a

b
le

1
.

Su
m

m
ar

y
of

th
e

m
ai

n
as

pe
ct

s
of

ta
rg

et
ed

co
co

a
st

ud
ie

s,
in

vo
lv

in
g

ch
oc

ol
at

e
in

ta
ke

.

O
b

je
ct

iv
e

s
E

x
p

e
ri

m
e

n
ta

l
D

e
si

g
n

S
u

b
je

ct
s

M
a

tr
ic

e
s

D
e

sc
ri

p
ti

o
n

a
n

d
D

o
se

B
io

lo
g

ic
a

l
S

a
m

p
le

s
S

a
m

p
li

n
g

p
e

ri
o

d
A

n
a

ly
ti

ca
l

T
e

ch
n

iq
u

e
S

ta
ti

st
ic

a
l

A
n

a
ly

si
s

Y
e

a
r

R
e

fe
re

n
ce

A
na

ly
ze

pl
as

m
a

ki
ne

ti
cs

of
ep

ic
at

ec
hi

n
af

te
r

da
rk

ch
oc

ol
at

e
in

ta
ke

.

N
on

-r
an

do
m

iz
ed

cr
os

s-
ov

er
.

1-
w

ee
k

w
as

ho
ut

.

8
m

al
es

.A
ve

ra
ge

ag
e

an
d

BM
Io

f4
0

ye
ar

s
an

d
23

.9
kg
/m

2 .

40
g

an
d

80
g

of
da

rk
ch

oc
ol

at
e

w
it

h
br

ea
d.

Pl
as

m
a.

0,
1,

2,
3,

4,
an

d
8

h.
H

PL
C

-U
V

or
flu

or
es

ce
nc

e.
St

ud
en

t’s
an

d
W

ilc
ox

on
te

st
s.

19
99

[6
2]

Ev
al

ua
te

ch
an

ge
s

in
pl

as
m

a
ep

ic
at

ec
hi

n
le

ve
ls

,a
nt

io
xi

da
nt

ca
pa

ci
ty

an
d

pl
as

m
a

lip
id

ox
id

at
io

n
pr

od
uc

ts
af

te
r

ch
oc

ol
at

e
in

ta
ke

.

R
an

do
m

iz
ed

,
cr

os
s-

ov
er

.
1-

w
ee

k
w

as
ho

ut
.

14
w

om
en

an
d

6
m

en
.F

ro
m

20
to

56
ye

ar
s,

w
it

h
av

er
ag

e
BM

Io
f2

3.
8

kg
/m

2 .

0,
27

,5
3,

an
d

80
g

of
se

m
i-

sw
ee

tc
ho

co
la

te
ri

ch
on

pr
oc

ya
ni

di
ns

,
an

d
47

g
of

br
ea

d.

Pl
as

m
a.

0,
2,

an
d

6
h.

H
PL

C
co

up
le

d
w

it
h

a
co

ul
om

et
ri

c
de

te
ct

or
.

A
N

O
VA

w
it

h
co

nt
ro

l
fo

r
m

ul
ti

pl
e

m
ea

su
re

m
en

ts
,a

nd
Tu

ke
y–

K
ra

m
er

te
st

.

20
00

[6
3]

Ev
al

ua
te

(-
)-

ep
ic

at
ec

hi
n

an
d

it
s

m
et

ab
ol

ite
s

in
pl

as
m

a
an

d
ur

in
e

af
te

r
co

co
a

an
d

ch
oc

ol
at

e
in

te
rv

en
ti

on
.

C
ro

ss
-o

ve
r.

6-
da

y
w

as
ho

ut
.

5
m

al
es

.A
ge

s
fr

om
30

to
33

ye
ar

s
an

d
BM

If
ro

m
20

.4
to

23
.9

kg
/m

2 .

C
ho

co
la

te
or

co
co

a.
U

ri
ne

an
d

pl
as

m
a.

Pl
as

m
a:

Ba
se

lin
e,

1,
2,

4,
8,

an
d

24
h.

U
ri

ne
:

0–
8

h,
8–

24
h.

H
PL

C
an

d
LC

-M
S

ne
ga

ti
ve

m
od

e.
St

ud
en

t’s
t-

te
st

.
20

00
[6

4]

Q
ua

nt
if

y
in

ur
in

e,
di
ff

er
en

t
ph

en
ol

ic
ac

id
s

fo
rm

ed
in

th
e

co
lo

n
af

te
r

th
e

co
ns

um
pt

io
n

of
ch

oc
ol

at
e.

U
nc

on
tr

ol
le

d.

7
m

en
an

d
4

w
om

en
.

M
ea

n
ag

e
of

24
,

m
ea

n
he

ig
ht

of
17

2
cm

an
d

m
ea

n
w

ei
gh

t
of

67
kg

.

80
g

of
ch

oc
ol

at
e.

U
ri

ne
.

Ba
se

lin
e,

0–
3,

3–
6,

6–
9,

9–
24

,a
nd

24
–4

8
h.

G
C

-M
S,

H
PL

C
-D

A
D

,
H

PL
C

-E
SI

-M
S

in
ne

ga
tiv

e
io

ni
za

tio
n

m
od

e.

A
N

O
VA

an
d

Tu
ke

y
te

st
.

20
03

[6
5]

D
et

er
m

in
e

th
eo

br
om

in
e

an
d

ca
ff

ei
ne

in
sa

liv
a,

pl
as

m
a

an
d

ur
in

e
af

te
r

da
rk

ch
oc

ol
at

e
in

ta
ke

.

U
nc

on
tr

ol
le

d.
5

he
al

th
y

vo
lu

nt
ee

rs
w

it
h

no
di

et
ar

y
re

st
ri

ct
io

ns
.

41
g

of
da

rk
ch

oc
ol

at
e

ba
rs

.
U

ri
ne

,s
al

iv
a,

an
d

pl
as

m
a.

Ba
se

lin
e

an
d

90
m

in
.

U
PL

C
-D

A
D

tr
ip

le
qu

ad
ru

po
le

M
S/

M
S.

N
o

te
st

s
w

er
e

ap
pl

ie
d.

D
at

a
w

as
ex

pr
es

se
d

as
av

er
ag

es
w

it
h

co
nfi

de
nc

e
in

te
rv

al
s.

20
10

[5
9]

Id
en

ti
fy

an
d

qu
an

ti
fy

(-
)-

ep
ic

at
ec

hi
n

co
nj

ug
at

es
in

pl
as

m
a

an
d

ur
in

e
af

te
r

ch
oc

ol
at

e
in

ta
ke

.

U
nc

on
tr

ol
le

d.

5
he

al
th

y
vo

lu
nt

ee
rs

.
A

ve
ra

ge
ag

e
of

23
ye

ar
s

an
d

av
er

ag
e

BM
Io

f2
2

kg
/m

2 .

10
0

g
of

70
%

ch
oc

ol
at

e
ha

vi
ng

79
m

g
of

(-
)-

ep
ic

at
ec

hi
n,

26
m

g
of

(±
)-

ca
te

ch
in

,a
nd

49
m

g
of

pr
oc

ya
ni

di
n

B2
.

U
ri

ne
an

d
pl

as
m

a.

Pl
as

m
a:

Ba
se

lin
e,

15
,

30
,4

5
m

in
,a

nd
1,

1.
25

,
1.

5,
1.

75
,2

,2
.2

5,
2.

5,
3,

4,
6,

8,
10

,1
4,

18
,a

nd
24

h.
U

ri
ne

:B
as

el
in

e,
0–

5
h,

5–
10

h,
10

–2
4

h,
an

d
0–

24
h.

U
PL

C
-E

SI
-Q

ua
tt

ro
M

ic
ro

A
PI

.
O

ne
-w

ay
A

N
O

VA
w

it
h

Tu
ke

y
te

st
.

20
12

[6
6]

A
na

ly
ze

th
e

re
la

ti
on

be
tw

ee
n

ch
oc

ol
at

e
co

ns
um

pt
io

n,
gl

uc
os

e
m

et
ab

ol
is

m
,a

nd
ex

er
ci

se
pe

rf
or

m
an

ce
.

Si
ng

le
bl

in
de

d,
ra

nd
om

iz
ed

,
cr

os
s-

ov
er

.

16
m

al
e

cy
cl

is
ts

(f
ro

m
4

to
20

h/
w

ee
k

of
tr

ai
ni

ng
).

C
oc

oa
en

ri
ch

ed
da

rk
70

%
ch

oc
ol

at
e

an
d

co
co

a
de

pl
et

ed
co

nt
ro

l.
Pl

as
m

a.
−1

0,
0,

15
,3

0,
45

,6
0,

90
,

an
d

12
0,

14
0,

18
0,

21
0,

24
0,

30
0,

an
d

36
0

m
in

.
H

PL
C

-U
V
/V

is

M
ix

ed
m

od
el

w
it

h
F-

te
st

,
H

id
ge

s-
Le

hm
an

n,
W

ilc
ox

on
si

gn
ed

-r
an

k
an

d
St

ud
en

t’s
t-

te
st

.

20
14

[4
9]

Ev
al

ua
te

th
e

eff
ec

ts
of

in
ta

ke
of

m
ilk

ch
oc

ol
at

e,
co

co
a

po
w

de
r

or
da

rk
ch

oc
ol

at
e

co
ns

um
pt

io
n

on
ur

ic
ac

id
cr

ys
ta

lli
za

ti
on

.

C
ro

ss
-o

ve
r.

11
m

al
es

an
d

9
fe

m
al

es
w

it
h

ag
es

fr
om

22
to

65
ye

ar
s.

2
×2

0
g

of
a

co
co

a
de

ri
ve

d
pr

od
uc

t/
da

y
(m

ilk
ch

oc
ol

at
e,

ch
oc

ol
at

e
po

w
de

r
an

d
da

rk
ch

oc
ol

at
e)

.

U
ri

ne
.

Ba
se

lin
e

an
d

ur
in

e
ob

ta
in

ed
af

te
r

12
h

ov
er

ni
gh

ta
tt

he
en

d
of

th
e

in
te

rv
en

ti
on

.

H
PL

C
-U

V
/V

is
.

A
N

O
VA

,B
on

fe
rr

on
i

an
d

W
ilc

ox
on

si
gn

ed
-r

an
k

te
st

s.
20

18
[6

7]

N
o

te
s:

Th
e

ab
br

ev
ia

ti
on

BM
Ic

or
re

sp
on

ds
to

bo
dy

m
as

s
in

de
x,

an
d

BW
to

bo
dy

w
ei

gh
t.

8



Nutrients 2019, 11, 1163

T
a

b
le

2
.

Su
m

m
ar

y
of

th
e

m
ai

n
as

pe
ct

s
of

ta
rg

et
ed

co
co

a
st

ud
ie

s,
in

vo
lv

in
g

co
co

a
po

w
de

r
or

co
co

a
ex

tr
ac

ts
-b

as
ed

dr
in

ks
in

ta
ke

.

O
b

je
ct

iv
e

s
E

x
p

e
ri

m
e

n
ta

l
D

e
si

g
n

S
u

b
je

ct
s

M
a

tr
ic

e
s

D
e

sc
ri

p
ti

o
n

a
n

d
D

o
se

B
io

lo
g

ic
a

l
S

a
m

p
le

s
S

a
m

p
li

n
g

p
e

ri
o

d
A

n
a

ly
ti

ca
l

T
e

ch
n

iq
u

e
S

ta
ti

st
ic

a
l

A
n

a
ly

si
s

Y
e

a
r

R
e

fe
re

n
ce

D
et

er
m

in
e

th
e

pr
es

en
ce

of
sp

ec
ifi

c
pr

oc
ya

ni
di

ns
in

hu
m

an
pl

as
m

a
af

te
r

co
ns

um
pt

io
n

of
co

co
a

fla
va

no
le

xt
ra

ct
.

U
nc

on
tr

ol
le

d.

3
m

en
an

d
2

w
om

en
.

A
ge

:2
3–

34
ye

ar
s,

av
er

ag
e

bo
dy

w
ei

gh
t

70
.5

kg
.

0.
37

5
g

of
co

co
a

ex
tr

ac
t/k

g
BW

in
30

0
m

L
of

w
at

er
(a

ve
ra

ge
of

26
.4

g
of

co
co

a)
.

Pl
as

m
a.

Ba
se

lin
e,

0.
5,

2
an

d
6

h.

H
PL

C
-c

ou
lo

m
et

ri
c

el
ec

tr
oc

he
m

ic
al

m
ul

ti
pl

e-
ar

ra
y

de
te

ct
io

n;
H

PL
C

-M
S.

K
ru

sk
al

–W
al

lis
on

e-
w

ay
A

N
O

VA
an

d
Tu

ke
y

or
D

un
n

te
st

s.
20

02
[6

8]

Ev
al

ua
te

th
e

eff
ec

to
fa

fla
va

no
l-

ri
ch

co
co

a
be

ve
ra

ge
on

th
e

ci
rc

ul
at

in
g

po
ol

of
ni

tr
ic

ox
id

e
an

d
of

en
do

th
el

ia
l

dy
sf

un
ct

io
n.

R
an

do
m

iz
ed

,
do

ub
le

-b
lin

de
d,

cr
os

s-
ov

er
.

6
m

al
es

an
d

5
fe

m
al

es
,

w
ith

m
ea

n
ag

e
of

31
,a

nd
m

ea
n

BM
Io

f2
1.

8
kg
/m

2 .
Th

ey
sm

ok
ed

an
av

er
ag

e
of

17
ci

ga
re

tt
es
/d

ay
.

H
ig

h
an

d
lo

w
fla

va
no

l
co

nt
en

tc
oc

oa
dr

in
k

in
w

at
er

.
Pl

as
m

a.
Ba

se
lin

e
an

d
2

h.
H

PL
C

-F
LD

.

A
N

O
VA

,p
ai

rw
is

e
te

st
s

w
it

h
Bo

nf
er

ro
ni

co
rr

ec
ti

on
fo

r
m

ul
ti

pl
e

co
m

pa
ri

so
ns

.

20
05

[6
1]

M
ea

su
re

di
ff

er
en

tm
et

ab
ol

ite
s

in
ur

in
e

af
te

r
po

ly
ph

en
ol

-r
ic

h
be

ve
ra

ge
s

in
ta

ke
,w

it
h

a
fa

st
m

et
ho

d.

R
an

do
m

iz
ed

,
cr

os
s-

ov
er

.
14

-d
ay

w
as

ho
ut

.

5
w

om
en

an
d

4
m

en
,

w
it

h
ag

es
in

be
tw

ee
n

20
–3

2
ye

ar
s

an
d

BM
Ii

n
be

tw
ee

n
18

.9
–2

4.
8

kg
/m

2 .

10
g

of
co

co
a

po
w

de
r

in
20

0
m

L
of

w
at

er
(o

th
er

no
n-

co
co

a
be

ve
ra

ge
s

w
er

e
te

st
ed

in
th

e
re

se
ar

ch
),

or
ho

tw
at

er
.

U
ri

ne
.

0–
24

h.
H

PL
C

-E
SI

-M
S/

M
S

M
an

n–
W

hi
tn

ey
U

te
st

.
20

05
[6

9]

D
ev

el
op

in
g

a
ra

pi
d

an
d

re
pr

od
uc

ib
le

m
et

ho
d

fo
r

an
al

ys
is

of
(-

)-
ep

ic
at

ec
hi

n
m

et
ab

ol
it

es
in

pl
as

m
a

an
d

ur
in

e.

R
an

do
m

iz
ed

,
cr

os
s-

ov
er

.
2

w
om

en
an

d
3

m
en

in
a

ra
ng

e
of

18
–4

9
ye

ar
s.

25
0

m
L

of
m

ilk
or

40
g

of
co

co
a

po
w

de
r

in
25

0
m

L
of

m
ilk

.

Pl
as

m
a

an
d

ur
in

e.
Pl

as
m

a:
0

an
d

2
h

U
ri

ne
:0

an
d

6
h.

H
PL

C
co

up
le

d
to

an
A

PI
-Q

Q
Q

-M
S.

St
ud

en
t’s

t-
te

st
.

20
05

[7
0]

Ev
al

ua
te

if
di

et
ar

y
fla

va
no

ls
an

d
th

ei
r

m
et

ab
ol

ite
s

ca
n

fu
nc

tio
n

as
va

so
ac

ti
ve

m
ed

ia
to

rs
.

R
an

do
m

iz
ed

,
do

ub
le

-b
lin

de
d,

cr
os

s-
ov

er
.

M
in

im
um

2-
da

y
w

as
ho

ut
.

16
m

al
es

w
it

hi
n

25
–3

2
ye

ar
s

an
d

w
it

h
a

BM
Io

f
19

–2
3

kg
/m

2 .

H
ig

h
an

d
lo

w
fla

va
no

l
co

nt
en

tc
oc

oa
po

w
de

r
w

it
h

30
0

m
L

of
w

at
er

.
Pl

as
m

a.
Ba

se
lin

e,
1,

2,
3,

4,
an

d
6

h.
H

PL
C

-M
S

A
N

O
VA

,p
ai

rw
is

e
te

st
s

w
it

h
Bo

nf
er

ro
ni

co
rr

ec
ti

on
fo

r
m

ul
ti

pl
e

co
m

pa
ri

so
ns

.

20
06

[7
1]

A
na

ly
ze

(-
)-

ep
ic

at
ec

hi
n

m
et

ab
ol

it
es

an
d

to
ta

l
an

ti
ox

id
an

ta
ct

iv
it

y
af

te
r

co
co

a
be

ve
ra

ge
in

ta
ke

.

R
an

do
m

iz
ed

an
d

cr
os

s-
ov

er
.

9
w

om
en

an
d

12
m

en
,

w
it

hi
n

18
an

d
50

ye
ar

s,
an

d
w

it
h

a
BM

Io
f

19
.1

–2
7.

7
kg
/m

2 .

40
g

of
co

co
a

po
w

de
r

w
it

h
25

0
m

L
of

w
at

er
an

d
25

0
m

L
of

m
ilk

as
co

nt
ro

l.

U
ri

ne
.

Ba
se

lin
e,

0,
6,

12
,a

nd
24

h.
A

PI
-Q

Q
Q

-M
S/

M
S.

A
N

C
O

VA
an

d
St

ud
en

t’s
t-

te
st

;
Pe

ar
so

n’
s

co
rr

el
at

io
n.

20
07

[7
2]

A
na

ly
ze

th
e

eff
ec

to
fm

ilk
in

th
e

bi
oa

va
ila

bi
lit

y
of

(-
)-

ep
ic

at
ec

hi
n

fr
om

a
co

co
a

po
w

de
r.

R
an

do
m

iz
ed

an
d

cr
os

s-
ov

er
.

1-
w

ee
k

w
as

ho
ut

.

9
w

om
en

,1
2

m
en

,
w

it
hi

n
18

an
d

50
,a

nd
w

it
h

a
BM

Io
f1

9.
1–

27
.7

kg
/m

2 .

25
0

m
L

of
m

ilk
us

ed
as

a
co

nt
ro

l,
40

g
of

co
co

a
po

w
de

r
di

ss
ol

ve
d

in
25

0
m

L
of

w
at

er
or

m
ilk

.

Pl
as

m
a.

Ba
se

lin
e,

2
an

d
6

h.
LC

-M
S.

A
N

C
O

VA
.

20
07

[7
3]

D
et

er
m

in
e

th
e

eff
ec

to
fm

ilk
pr

ot
ei

n
ad

di
ti

on
on

th
e

up
ta

ke
of

co
co

a
po

ly
ph

en
ol

s
by

an
al

yz
in

g
m

et
ab

ol
ite

s
in

pl
as

m
a

sa
m

pl
es

,a
ft

er
a

co
co

a
dr

in
k

in
te

rv
en

ti
on

.

R
an

do
m

iz
ed

,
co

nt
ro

lle
d,

do
ub

le
bl

in
d,

an
d

cr
os

s-
ov

er
.

1-
w

ee
k

w
as

ho
ut

.

10
m

en
an

d
14

w
om

en
.

A
ge

in
th

e
ra

ng
e

of
52

–6
5

ye
ar

s
w

it
h

BM
Ii

n
th

e
ra

ng
e

of
18

–3
0

kg
/m

2 .
13

vo
lu

nt
ee

rs
w

er
e

ta
ki

ng
m

ed
ic

at
io

ns
or

di
et

ar
y

su
pp

le
m

en
ts

.

20
0

m
L

of
da

ir
y

an
d

no
n-

da
ir

y
ch

oc
ol

at
e

dr
in

k.
Pl

as
m

a.
Ba

se
lin

e,
0.

5,
1,

1.
5,

2,
3,

4,
6,

an
d

8
h.

A
na

ly
ti

ca
l:

H
PL

C
-fl

uo
re

sc
en

ce
.

Pa
ir

ed
t-

te
st

w
it

h
Bo

nf
er

ro
ni

co
rr

ec
ti

on
fo

r
m

ul
ti

pl
e

te
st

s.
20

07
[7

4]

9



Nutrients 2019, 11, 1163

T
a

b
le

2
.

C
on

t.

O
b

je
ct

iv
e

s
E

x
p

e
ri

m
e

n
ta

l
D

e
si

g
n

S
u

b
je

ct
s

M
a

tr
ic

e
s

D
e

sc
ri

p
ti

o
n

a
n

d
D

o
se

B
io

lo
g

ic
a

l
S

a
m

p
le

s
S

a
m

p
li

n
g

p
e

ri
o

d
A

n
a

ly
ti

ca
l

T
e

ch
n

iq
u

e
S

ta
ti

st
ic

a
l

A
n

a
ly

si
s

Y
e

a
r

R
e

fe
re

n
ce

Q
ua

nt
if

y
an

d
ev

al
ua

te
hu

m
an

m
et

ab
ol

is
m

of
N

-p
he

ny
lp

ro
pe

no
yl

-L
-a

m
in

o
ac

id
s

pr
es

en
ti

n
a

co
co

a
dr

in
k.

U
nc

on
tr

ol
le

d.
4

m
al

es
an

d
4

fe
m

al
es

,
fr

om
24

to
30

ye
ar

s.
C

oc
oa

po
w

de
r-

ba
se

d
be

ve
ra

ge
.

U
ri

ne
.

Ba
se

lin
e,

1,
2,

3,
4,

6
an

d
8

h.

LC
-M

S/
M

S
m

ul
ti

pl
e

re
ac

ti
on

m
on

it
or

in
g

an
d

N
M

R
.

N
ot

sp
ec

ifi
ed

.
20

08
[2

0]

Ev
al

ua
te

th
e

im
pa

ct
of

m
ilk

ad
di

ti
on

on
th

e
(-

)-
ep

ic
at

ec
hi

n
m

et
ab

ol
it

es
af

te
r

in
ta

ke
of

a
co

co
a

dr
in

k.

R
an

do
m

iz
ed

cr
os

s-
ov

er
.

1-
w

ee
k

w
as

ho
ut

.

9
w

om
en

an
d

12
m

en
w

ith
ag

es
be

tw
ee

n
18

–5
0

an
d

BM
If

ro
m

19
.1

to
27

.7
kg
/m

2 .

C
oc

oa
be

ve
ra

ge
w

it
h

40
g

of
co

co
a

po
w

de
r

an
d:

(a
)2

50
m

L
of

m
ilk

;(
b)

25
0

m
L

of
w

at
er

or
(c

)
25

0
m

L
of

m
ilk

w
it

ho
ut

co
co

a
po

w
de

r.

U
ri

ne
.

0–
6,

6–
12

an
d

12
–2

4
h.

H
PL

C
co

up
le

d
to

an
A

PI
-Q

Q
Q

-M
S.

A
N

C
O

VA
an

d
St

ud
en

t’s
t-

te
st

.
20

08
[7

5]

D
ev

el
op

an
an

al
yt

ic
al

m
et

ho
d

fo
r

de
te

rm
in

in
g

co
co

a
m

et
ab

ol
it

es
in

hu
m

an
an

d
ra

t
ur

in
e.

U
nc

on
tr

ol
le

d.

9
w

om
en

an
d

12
m

en
,

w
it

hi
n

18
an

d
50

ye
ar

s
an

d
a

m
ea

n
BM

Io
f2

1.
6

kg
/m

2 .

40
g

of
co

co
a

po
w

de
r

in
25

0
m

L
of

w
at

er
.

U
ri

ne
.

Ba
se

lin
e

an
d

24
h

af
te

r
in

ta
ke

.
SP

E
an

d
LC

-M
S/

M
S.

W
ilc

ox
on

te
st

.
20

09
[7

6]

D
et

er
m

in
e

th
e

eff
ec

to
fm

ilk
on

th
e

bi
oa

va
ila

bi
lit

y
of

co
co

a
fla

va
n-

3-
ol

m
et

ab
ol

it
es

by
ev

al
ua

ti
ng

pl
as

m
a

an
d

ur
in

e
sa

m
pl

es
af

te
r

co
co

a
po

w
de

r
in

te
rv

en
ti

on
.

C
on

tr
ol

le
d,

cr
os

s-
ov

er
.

4-
w

ee
k

w
as

ho
ut

.

6
m

an
an

d
3

w
om

en
.

A
ge

s
in

th
e

ra
ng

e
of

20
–4

3.
A

ve
ra

ge
BM

Io
f

24
.7

kg
/m

2 .

10
g

of
co

co
a

po
w

de
r

in
25

0
m

L
of

m
ilk

or
w

at
er

w
it

h
1

g
of

pa
ra

ce
ta

m
ol

an
d

5
g

of
la

ct
ul

os
e.

U
ri

ne
an

d
pl

as
m

a.

Pl
as

m
a:

ba
se

lin
e

0.
5,

1,
2,

3,
4,

6,
8,

an
d

24
h.

U
ri

ne
:b

as
el

in
e,

0–
2,

2–
5,

5–
8

an
d

8–
24

h.

H
PL

C
-P

D
A

-M
S2 .

2-
fa

ct
or

re
pe

at
ed

m
ea

su
re

s
A

N
O

VA
an

d
St

ud
en

t’s
t-

te
st

.
20

09
[7

7]

Ev
al

ua
te

pl
as

m
a

an
d

ur
in

e
m

et
ab

ol
it

es
af

te
r

co
co

a
po

w
de

r
in

ta
ke

in
hi

gh
ca

rd
io

va
sc

ul
ar

ri
sk

su
bj

ec
ts

.

R
an

do
m

iz
ed

,
co

nt
ro

lle
d

an
d

cr
os

s-
ov

er
.

H
ig

h
C

V
D

ri
sk

pa
ti

en
ts

:
19

m
en

an
d

23
w

om
en

.
A

ve
ra

ge
ag

e
of

69
.7

ye
ar

s.

2
×2

0
g

of
co

co
a

po
w

de
r/

da
y

w
it

h
25

0
sk

im
m

ed
m

ilk
or

on
ly

50
0

m
L/

da
y

of
sk

im
m

ed
m

ilk
fo

r
4

w
ee

ks
.

U
ri

ne
an

d
pl

as
m

a.
0–

24
h.

LC
-M

S/
M

S.
W

ilc
ox

on
te

st
.

20
09

[5
7]

Ev
al

ua
te

th
e

eff
ec

to
fm

ilk
on

th
e

ur
in

ar
y

ex
cr

et
io

n
of

co
lo

ni
c

m
ic

ro
bi

al
-d

er
iv

ed
ph

en
ol

ic
ac

id
s

af
te

r
co

co
a

po
w

de
r

in
ta

ke
.

R
an

do
m

iz
ed

an
d

cr
os

s-
ov

er
.

12
m

en
an

d
9

w
om

en
.

A
ge

in
th

e
ra

ng
e

of
18

–5
0

ye
ar

s
w

it
h

BM
Io

f
21

.6
kg
/m

2 .

40
g

of
co

co
a

po
w

de
r

in
25

0
m

L
of

w
at

er
or

m
ilk

.
U

ri
ne

.
Ba

se
lin

e,
0–

6,
6–

12
,

an
d

12
–2

4
h.

LC
-M

S/
M

S
an

d
LC

-P
A

D
.

W
ilc

ox
on

te
st

fo
r

re
la

te
d

sa
m

pl
es

.
20

10
[7

8]

St
ud

y
th

e
st

er
eo

ch
em

ic
al

co
nfi

gu
ra

ti
on

of
fo

ur
di
ff

er
en

t
fla

va
no

ls
on

th
ei

r
ab

so
rp

ti
on

,
m

et
ab

ol
is

m
,a

nd
bi

ol
og

ic
al

ac
ti

vi
ty

.

R
an

do
m

iz
ed

,
do

ub
le

-b
lin

de
d,

cr
os

s-
ov

er
.

7
m

al
es

w
ith

in
18

an
d

35
ye

ar
s

ol
d,

w
it

h
av

er
ag

e
BM

Io
f2

4
kg
/m

2 .

1.
5

m
g/

kg
BW

of
(-

)-
ep

ic
at

ec
hi

n,
(+

)-
ep

ic
at

ec
hi

n,
(+

)-
ca

te
ch

in
,(

-)
-c

at
ec

hi
n,

w
it

h
0.

5
g/

kg
BW

of
lo

w
-fl

av
an

ol
co

co
a

ba
se

d
da

ir
y

dr
in

k.

U
ri

ne
an

d
pl

as
m

a.

U
ri

ne
:c

ol
le

ct
ed

ov
er

24
h.

Pl
as

m
a:

ba
se

lin
e,

2
an

d
4

h.

H
PL

C
-U

V
/V

is
A

nd
flu

or
es

ce
nc

e.

Tw
o-

w
ay

re
pe

at
ed

m
ea

su
re

s
A

N
O

VA
an

d
Tu

ke
y’

s
te

st
.

20
11

[7
9]

10



Nutrients 2019, 11, 1163

T
a

b
le

2
.

C
on

t.

O
b

je
ct

iv
e

s
E

x
p

e
ri

m
e

n
ta

l
D

e
si

g
n

S
u

b
je

ct
s

M
a

tr
ic

e
s

D
e

sc
ri

p
ti

o
n

a
n

d
D

o
se

B
io

lo
g

ic
a

l
S

a
m

p
le

s
S

a
m

p
li

n
g

p
e

ri
o

d
A

n
a

ly
ti

ca
l

T
e

ch
n

iq
u

e
S

ta
ti

st
ic

a
l

A
n

a
ly

si
s

Y
e

a
r

R
e

fe
re

n
ce

Q
ua

nt
if

y
di
ff

er
en

tm
et

ab
ol

it
es

in
pl

as
m

a
an

d
ur

in
e,

af
te

r
th

e
co

ns
um

pt
io

n
of

a
co

co
a

dr
in

k
w

it
h

ad
de

d
fla

va
no

ls
an

d
pr

oc
ya

ni
di

ns
.

R
an

do
m

iz
ed

,
do

ub
le

-m
as

ke
d,

cr
os

s-
ov

er
.

12
m

al
es

in
be

tw
ee

n
18

an
d

35
ye

ar
s

ol
d,

w
it

h
av

er
ag

e
BM

Io
f2

4
kg
/m

2 .

0.
48

g/
kg

BW
of

fla
va

no
l

(F
)a

nd
pr

oc
ya

ni
di

n
(P

)
fr

ee
m

im
et

ic
co

co
a

dr
in

k
po

w
de

r
re

co
ns

ti
tu

te
d

in
4

g/
kg

of
BW

of
m

ilk
w

it
h

1%
fa

tw
it

h
(a

)
co

co
a

ex
tr

ac
tw

it
h

m
on

om
er

ic
F

an
d

P,
(b

)
co

co
a

ex
tr

ac
th

ig
h

in
P

or
(c

)(
-)

-e
pi

ca
te

ch
in

is
ol

at
ed

fr
om

co
co

a.

U
ri

ne
an

d
pl

as
m

a.

U
ri

ne
:0

–7
h

an
d

7–
24

h.
Pl

as
m

a:
Ba

se
lin

e,
1,

2,
an

d
4

h.

H
PL

C
-U

V
an

d
co

ul
om

et
ri

c
el

ec
tr

oc
he

m
ic

al
de

te
ct

or
,a

nd
H

PL
C

-d
io

de
ar

ra
y

de
te

ct
or

.

Tw
o-

w
ay

re
pe

at
ed

m
ea

su
re

s
A

N
O

VA
an

d
Tu

ke
y’

s
te

st
.

20
12

[8
0]

St
ud

y
th

e
bi

oa
va

ila
bi

lit
y

of
m

et
hy

lx
an

th
in

es
in

tw
o

so
lu

bl
e

co
co

a
pr

od
uc

ts
by

ev
al

ua
ti

ng
pl

as
m

a
an

d
ur

in
e

sa
m

pl
es

th
e

af
te

r
in

te
rv

en
ti

on
.

R
an

do
m

iz
ed

,
co

nt
ro

lle
d,

si
ng

le
-b

lin
d,

cr
os

s-
ov

er
.

10
-d

ay
w

as
ho

ut
.

3
m

al
es

an
d

10
fe

m
al

es
.

A
ge

s
in

th
e

ra
ng

e
of

18
–4

5
ye

ar
s.

A
ve

ra
ge

BM
Io

f2
2.

5
kg
/m

2
fo

r
m

en
an

d
23

.4
kg
/m

2
fo

r
w

om
en

.

15
g

of
th

e
po

w
de

r
w

it
ho

ut
en

ri
ch

m
en

ta
nd

25
g

of
m

et
hy

lx
an

th
in

e-
en

ri
ch

ed
po

w
de

r,
w

it
h

20
0

m
L

of
se

m
i-

sk
im

m
ed

m
ilk

.

U
ri

ne
an

d
pl

as
m

a.

Pl
as

m
a:

ba
se

lin
e,

0.
5,

1,
2,

3,
4,

6,
an

d
8

h.
U

ri
ne

:b
as

el
in

e,
0–

4,
4–

8,
8–

12
,a

nd
12

–2
4

h.

H
PL

C
-D

A
D

,
H

PL
C

-Q
-T

oF
in

po
si

ti
ve

io
ni

za
ti

on
m

od
e.

M
ix

ed
m

od
el

.
20

14
[8

1]

A
na

ly
ze

th
e

bi
oa

va
ila

bi
lit

y,
m

et
ab

ol
is

m
an

d
m

ic
ro

bi
al

br
ea

kd
ow

n
of

(-
)-

ep
ic

at
ec

hi
n,

pr
oc

ya
ni

di
n

B1
,a

nd
a

co
co

a
pr

oc
ya

ni
di

n
fr

ac
ti

on
.

R
an

do
m

iz
ed

,
do

ub
le

-b
lin

de
d,

cr
os

s-
ov

er
.

1-
w

ee
k

w
as

ho
ut

.

7
he

al
th

y
m

al
e

vo
lu

nt
ee

rs
w

it
h

ag
es

in
be

tw
ee

n
24

an
d

31
ye

ar
s

an
d

w
it

h
a

BM
Io

f2
2

an
d

26
kg
/m

2 .

Pu
re

(-
)-

ep
ic

at
ec

hi
n,

pu
re

pr
oc

ya
ni

di
n

B1
an

d
a

pu
ri

fie
d

co
co

a
po

ly
m

er
ic

pr
oc

ya
ni

di
n

fr
ac

ti
on

.

Pl
as

m
a,

ur
in

e
an

d
fe

ce
s.

Pl
as

m
a:

ba
se

lin
e,

1,
2,

4,
8,

24
an

d
48

h.
U

ri
ne

:
0–

4,
4–

8,
8–

24
h,

an
d

48
h.

Fe
ce

s:
0–

24
h.

G
C

-M
S/

M
S

an
d

H
PL

C
-E

SI
-Q

-M
S.

N
ot

sp
ec

ifi
ed

.
20

15
[6

0]

V
al

id
at

e
an

d
H

PL
C

m
et

ho
d

fo
r

m
ea

su
ri

ng
th

eo
br

om
in

e
in

ur
in

e
an

d
ev

al
ua

ti
ng

th
eo

br
om

in
e

ur
in

ar
y

le
ve

ls
in

ch
ild

re
n

w
it

h
di
ff

er
en

tc
oc

oa
in

ta
ke

pa
tt

er
ns

.

C
ro

ss
-s

ec
tio

na
l.

80
he

al
th

y
ch

ild
re

n
fr

om
8–

17
ye

ar
s:

26
di

d
no

t
co

ns
um

e
co

co
a

de
ri

ve
d

pr
od

uc
ts

,1
9

of
th

em
di

d
no

tc
on

su
m

ed
co

co
a

po
w

de
r

bu
td

id
co

ns
um

e
1

co
co

a
de

ri
ve

d
pr

od
uc

td
ai

ly
,1

2
ch

ild
re

n
ju

st
co

ns
um

ed
co

co
a

po
w

de
r

in
br

ea
kf

as
ta

nd
23

co
ns

um
ed

co
co

a
de

ri
ve

d
pr

od
uc

ts
>

on
ce

a
da

y.

N
o

di
et

ar
y

in
te

rv
en

ti
on

or
re

co
m

m
en

da
ti

on
s.

U
ri

ne
.

12
h

in
th

e
da

y
an

d
12

h
in

th
e

ni
gh

t.
H

PL
C

-U
V.

K
ru

sk
al

–W
al

lis
an

d
W

ilc
ox

on
si

gn
ed

-r
an

k
te

st
s.

20
15

[5
6]

11



Nutrients 2019, 11, 1163

T
a

b
le

2
.

C
on

t.

O
b

je
ct

iv
e

s
E

x
p

e
ri

m
e

n
ta

l
D

e
si

g
n

S
u

b
je

ct
s

M
a

tr
ic

e
s

D
e

sc
ri

p
ti

o
n

a
n

d
D

o
se

B
io

lo
g

ic
a

l
S

a
m

p
le

s
S

a
m

p
li

n
g

p
e

ri
o

d
A

n
a

ly
ti

ca
l

T
e

ch
n

iq
u

e
S

ta
ti

st
ic

a
l

A
n

a
ly

si
s

Y
e

a
r

R
e

fe
re

n
ce

C
om

pa
re

ab
so

rp
ti

on
,

m
et

ab
ol

is
m

,a
nd

ex
cr

et
io

n
af

te
r

a
co

co
a

dr
in

k
in

ta
ke

.

R
an

do
m

iz
ed

cr
os

s-
ov

er
.

1-
w

ee
k

w
as

ho
ut

.

40
m

al
es

.G
ro

up
1

(y
ou

ng
):

18
–3

5
ye

ar
s

an
d

av
er

ag
e

BM
Io

f2
4

kg
/m

2 ;G
ro

up
2

(e
ld

er
ly

):
65

–8
0

ye
ar

s
an

d
av

er
ag

e
BM

Io
f2

7
kg
/m

2 .

Fr
ui

t-
fla

vo
re

d
co

co
a

po
w

de
r

dr
in

ks
w

it
h

5.
3

m
g

or
10

.7
m

g
of

co
co

a
fla

va
no

ls
/k

g
BW

.

Pl
as

m
a

an
d

ur
in

e.

Pl
as

m
a:

0,
0.

5,
1,

1.
5,

2,
3,

4,
5,

6,
an

d
24

-h
.

U
ri

ne
:0

–2
,2

–4
,4

–6
,

6–
12

,1
2–

24
h.

H
PL

C
-F

LD
/U

V
an

d
el

ec
tr

oc
he

m
ic

al
de

te
ct

io
n,

an
d

H
PL

C
-U

V.

Tw
o-

w
ay

A
N

O
VA

w
it

h
Bo

nf
er

ro
ni

an
d

Tu
ke

y
te

st
s.

20
15

[8
2]

Ev
al

ua
te

th
e

eff
ec

ts
of

m
ilk

an
d

da
rk

ch
oc

ol
at

e
an

d
co

co
a

po
w

de
r

in
ta

ke
on

ur
ic

ac
id

cr
ys

ta
lli

za
ti

on
.

C
ro

ss
-o

ve
r.

11
m

al
es

an
d

9
fe

m
al

es
w

it
h

ag
es

fr
om

22
to

65
ye

ar
s.

2
×2

0
g/

da
y

of
a

co
co

a
de

ri
ve

d
pr

od
uc

t:
m

ilk
ch

oc
ol

at
e,

ch
oc

ol
at

e
po

w
de

r
an

d
da

rk
ch

oc
ol

at
e.

U
ri

ne
.

Ba
se

lin
e

an
d

ur
in

e
ob

ta
in

ed
af

te
r

12
h

ov
er

ni
gh

ta
tt

he
en

d
of

th
e

in
te

rv
en

ti
on

.

H
PL

C
-U

V
/V

is
.

A
N

O
VA

,B
on

fe
rr

on
i

an
d

W
ilc

ox
on

si
gn

ed
-r

an
k

te
st

.
20

18
[6

7]

A
na

ly
ze

th
e

us
e

of
gV

L-
3’
/4

’-s
ul

ph
at

e
an

d
gV

L-
3’
/4

’-O
-g

lu
cu

ro
ni

de
as

bi
om

ar
ke

rs
of

fla
va

n-
3-

ol
s

in
ta

ke
.

R
an

do
m

iz
ed

,
do

ub
le

-m
as

ke
d,

cr
os

s-
ov

er
.

I.
8

m
al

es
,f

ro
m

25
–6

0
ye

ar
s.

II
.1

4
m

al
es

,f
ro

m
25

–4
0

ye
ar

s.

I.
8

di
ff

er
en

tn
on

da
ir

y
dr

in
ks

w
it

h
fla

va
n-

3-
ol

s
(F

)w
it

h
34

.8
m

g
of

(-
)-

ep
ic

at
ec

hi
n

or
th

e
eq

ui
va

le
nt

co
nc

en
tr

at
io

n
of

on
e

of
th

e
fo

llo
w

in
g:

(-
)-

ep
ig

al
lo

ca
te

ch
in

,
(-

)-
ep

ic
at

ec
hi

n-
3-

O
-g

al
la

te
,

(-
)-

ep
ig

al
lo

ca
te

ch
in

-3
-O

-g
al

la
te

(i
so

la
te

d
fr

om
gr

ee
n

te
a)

,
1:

1:
1

of
th

ea
fla

vi
n-

3-
O

-g
al

la
te

,
th

ea
fla

vi
n-

3‘
-O

-g
al

la
te

an
d

th
ea

fla
vi

n-
3,

3‘
-O

-d
ig

al
la

te
,

th
ea

ru
bi

gi
ns

,(
is

ol
at

ed
fr

om
bl

ac
k

te
a)

,
pr

oc
ya

ni
di

n
B2

is
ol

at
ed

fr
om

co
co

a,
an

d
a

co
nt

ro
lw

it
ho

ut
ad

de
d

F.
II

.F
ou

r
di
ff

er
en

t
no

nd
ai

ry
dr

in
ks

w
it

h
di
ff

er
en

ta
m

ou
nt

s
of

fla
va

n-
3-

ol
s

ra
ng

in
g

fr
om

95
m

g
to

14
24

m
g

pe
r

vo
lu

nt
ee

r.

U
ri

ne
.

I.
0–

6
an

d
6–

24
h.

II
.0

–4
,4

–8
,8

–1
2,

an
d

12
–2

4
h.

U
PL

C
-M

S.
A

N
O

VA
an

d
St

ud
en

t‘s
t-

te
st

.
20

18
[8

3]

12



Nutrients 2019, 11, 1163

T
a

b
le

2
.

C
on

t.

O
b

je
ct

iv
e

s
E

x
p

e
ri

m
e

n
ta

l
D

e
si

g
n

S
u

b
je

ct
s

M
a

tr
ic

e
s

D
e

sc
ri

p
ti

o
n

a
n

d
D

o
se

B
io

lo
g

ic
a

l
S

a
m

p
le

s
S

a
m

p
li

n
g

p
e

ri
o

d
A

n
a

ly
ti

ca
l

T
e

ch
n

iq
u

e
S

ta
ti

st
ic

a
l

A
n

a
ly

si
s

Y
e

a
r

R
e

fe
re

n
ce

Ev
al

ua
te

th
e

eff
ec

to
fc

oc
oa

in
ta

ke
on

lip
id

pr
ofi

le
s

an
d

bi
om

ar
ke

rs
of

ox
id

at
iv

e
st

re
ss

,
an

d
ar

ac
hi

do
ni

c
ac

id
/

ei
co

sa
pe

nt
ae

no
ic

ac
id

ra
ti

o.

R
an

do
m

iz
ed

,
th

re
e-

ar
m

pa
ra

lle
l

gr
ou

p.

48
he

al
th

y
su

bj
ec

ts
di

vi
de

d
in

th
re

e
gr

ou
ps

:
lo

w
-c

oc
oa

(n
=

16
),

m
id

dl
e-

co
co

a
(n
=

16
),

an
d

hi
gh

-c
oc

oa
gr

ou
p

(n
=

16
).

A
ve

ra
ge

ag
e

an
d

BM
Iw

er
e

cl
os

e
to

44
ye

ar
s

an
d

23
kg
/m

2 .

C
oc

oa
ca

ps
ul

es
do

se
d

to
di
ff

er
en

tg
ro

up
s:

a)
lo

w
-c

oc
oa

gr
ou

p:
1

g
of

co
co

a
(5

5
m

g/
da

y)
,

m
id

dl
e-

co
co

a
gr

ou
p:

2
g

of
co

co
a

(1
10

m
g

fla
va

no
ls
/d

ay
),

an
d

hi
gh

-c
oc

oa
gr

ou
p:

4
g

of
co

co
a

(2
20

m
g

fla
va

no
ls
/d

ay
),

fo
r

4
w

ee
ks

.

Pl
as

m
a

an
d

ur
in

e.

0,
1,

2,
an

d
4

(a
tt

he
be

gi
nn

in
g

of
th

e
st

ud
y

an
d

af
te

r
4

w
ee

ks
of

in
te

rv
en

ti
on

).

H
PL

C
-F

LD
-U

V
A

N
O

VA
an

d
Tu

ke
y’

s
te

st
.

20
18

[5
8]

N
o

te
s:

Th
e

ab
br

ev
ia

ti
on

BM
Ic

or
re

sp
on

ds
to

bo
dy

m
as

s
in

de
x,

an
d

BW
to

bo
dy

w
ei

gh
t.

T
a

b
le

3
.

Su
m

m
ar

y
of

th
e

m
ai

n
as

pe
ct

s
of

un
ta

rg
et

ed
co

co
a

in
te

rv
en

ti
on

st
ud

ie
s.

O
b

je
ct

iv
e
s

E
x
p

e
ri

m
e
n

ta
l

D
e
si

g
n

S
u

b
je

ct
s

M
a
tr

ic
e
s

a
n

d
D

o
se

B
io

lo
g

ic
a
l

S
a
m

p
le

s
S

a
m

p
li

n
g

p
e
ri

o
d

A
n

a
ly

ti
ca

l
T

e
ch

n
iq

u
e

S
ta

ti
st

ic
a
l

A
n

a
ly

si
s

Y
e
a
r

R
e
fe

re
n

ce

St
ud

y
th

e
ch

em
ic

al
pr

ofi
le

of
pl

as
m

a
an

d
ur

in
e

af
te

r
fla

va
n-

3-
ol

en
ri

ch
ed

da
rk

ch
oc

ol
at

e,
st

an
da

rd
da

rk
ch

oc
ol

at
e

an
d

w
hi

te
ch

oc
ol

at
e

in
ta

ke
.

R
an

do
m

iz
ed

,
co

nt
ro

lle
d

an
d

cr
os

s-
ov

er
.

M
in

im
um

2-
w

k
w

as
ho

ut
.

16
m

al
es

an
d

26
fe

m
al

es
w

ith
av

er
ag

e
BM

Io
f2

4.
5

kg
/m

2 .

60
g

of
:fl

av
an

-3
-o

l(
FL

A
)

en
ri

ch
ed

da
rk

ch
oc

ol
at

e,
st

an
da

rd
da

rk
ch

oc
ol

at
e

lo
w

in
FL

A
an

d
w

hi
te

ch
oc

ol
at

e
w

it
h

no
FL

A
.

Pl
as

m
a

an
d

ur
in

e.
Ba

se
lin

e,
2

an
d

6
h.

(1
)

1H
N

M
R

(6
00

M
H

z)
an

d
H

PL
C

-T
oF

-M
S.

PC
A

an
d

PL
S-

D
A

.
K

ru
sk

al
–W

al
lis

an
d

D
un

n
te

st
s.

20
17

,
20

13
[8

4,
85

]

Ev
al

ua
te

th
e

ch
an

ge
s

in
hu

m
an

e
ur

in
e

m
et

ab
ol

om
e

af
te

r
co

co
a

po
w

de
r

in
ta

ke
.

R
an

do
m

iz
ed

,
co

nt
ro

lle
d

an
d

cr
os

s-
ov

er
.

1-
w

ee
k

w
as

ho
ut

.

5
m

en
an

d
5

w
om

en
.

A
ge

s
in

th
e

ra
ng

e
of

18
–5

0
an

d
av

er
ag

e
BM

I
of

21
.6

kg
/m

2 .

40
g

of
co

co
a

po
w

de
r

in
25

0
m

L
of

w
at

er
or

m
ilk

an
d

25
0

m
L

of
m

ilk
as

a
co

nt
ro

l.

U
ri

ne
.

Ba
se

lin
e,

0–
6,

6–
12

an
d

12
–2

4
h.

H
PL

C
-Q

-T
oF

.
Po

si
ti

ve
io

ni
za

ti
on

m
od

e.

PC
A

,P
LS

-D
A

,(
O

SC
)

PL
S

an
d

O
SC

-P
LS

-D
A

.
20

09
[8

6]

A
na

ly
ze

th
e

ch
an

ge
s

in
ur

in
e

m
et

ab
ol

om
e

af
te

r
co

co
a

po
w

de
r

in
te

rv
en

ti
on

.
U

nc
on

tr
ol

le
d.

5
w

om
en

an
d

5
m

en
be

tw
ee

n
18

–5
0

ye
ar

s
w

it
h

BM
I2

1.
6

kg
/m

2 .

40
g

of
co

co
a

po
w

de
r

w
it

h
25

0
m

L
of

m
ilk

.
U

ri
ne

.
Ba

se
lin

e,
0–

6,
6–

12
,

an
d

12
–2

4
h.

H
PL

C
-Q

-T
oF

-M
S

in
po

si
ti

ve
m

od
e.

PL
S-

D
A

,O
SC

-P
LS

-D
A

an
d

tw
o-

w
ay

hi
er

ar
ch

ic
al

cl
us

te
ri

ng
(H

C
A

)a
pp

ly
in

g
Bo

nf
er

ro
ni

co
rr

ec
ti

on
.

20
10

[8
7]

A
pp

ly
an

un
ta

rg
et

ed
m

et
ab

ol
om

ic
s

ap
pr

oa
ch

to
pr

op
os

e
a

m
od

el
th

at
ca

n
di

sc
ri

m
in

at
e

th
e

ur
in

ar
y

m
et

ab
ol

om
e

of
re

gu
la

r
co

co
a

pr
od

uc
tc

on
su

m
er

s
an

d
no

n-
co

ns
um

er
s,

re
ve

al
in

g
di

et
ar

y
bi

om
ar

ke
rs

,i
n

a
fr

ee
-l

iv
in

g
po

pu
la

ti
on

.

R
an

do
m

iz
ed

,
co

nt
ro

lle
d,

pa
ra

lle
l

gr
ou

p,
m

ul
ti

ce
nt

er
,

an
d

cr
os

s-
se

ct
io

na
l.

64
hi

gh
ri

sk
(2

)
fr

ee
-l

iv
in

g
su

bj
ec

ts
.3

2
w

er
e

cl
as

si
fie

d
as

co
co

a
co

ns
um

er
s

(a
tl

ea
st

3
se

rv
in

gs
/w

ee
k

of
ch

oc
ol

at
e

an
d/

or
co

co
a

po
w

de
r)

an
d

32
as

no
n-

co
co

a
co

ns
um

er
s

(0
g/

da
y)

(3
).

N
o

di
et

ar
y

in
te

rv
en

tio
ns

or
re

co
m

m
en

da
ti

on
s.

U
ri

ne
.

Ba
se

lin
e.

A
na

ly
ti

ca
l:

H
PL

C
-Q

-T
oF

-M
S.

Po
si

ti
ve

an
d

ne
ga

tiv
e

io
ni

za
tio

n
m

od
es

.

O
SC

-P
LS

-D
A

,
M

an
n–

W
hi

tn
ey

an
d

St
ud

en
t’s

t-
te

st
.

20
15

[5
5]

N
o

te
s:

(1
)S

am
pl

es
ta

ke
n

2
h

af
te

r
in

ta
ke

w
er

e
an

al
yz

ed
on

ly
by

N
M

R
,a

nd
no

tb
y

LC
-M

S.
(2

)A
tl

ea
st

w
ith

ty
pe

2
di

ab
et

es
m

el
lit

us
or

w
ith

at
le

as
tt

hr
ee

co
nv

en
tio

na
lc

ar
di

ov
as

cu
la

r
ri

sk
fa

ct
or

s.
(3

)B
as

el
in

e
da

ta
an

d
ur

in
e

sa
m

pl
es

w
er

e
ob

ta
in

ed
fr

om
a

PR
ED

IM
ED

st
ud

y
of

27
5

vo
lu

nt
ee

rs
.

13



Nutrients 2019, 11, 1163

T
a

b
le

4
.

M
et

ab
ol

it
es

an
al

yz
ed

in
pl

as
m

a
af

te
r

di
ff

er
en

ta
cu

te
co

co
a

in
ta

ke
in

te
rv

en
ti

on
s,

by
ta

rg
et

ed
m

et
ho

do
lo

gi
es

.

C
h

e
m

ic
a

l
C

a
te

g
o

ry
M

e
ta

b
o

li
te

T
re

a
tm

e
n

t
1

T
re

a
tm

e
n

t
2

R
e

fe
re

n
ce

T
y

p
e

o
f

M
a

tr
ix

C
o

n
ce

n
tr

a
ti

o
n

S
a

m
p

li
n

g
P

e
ri

o
d

(h
)

T
y

p
e

o
f

M
a

tr
ix

C
o

n
ce

n
tr

a
ti

o
n

S
a

m
p

li
n

g
P

e
ri

o
d

(h
)

Fl
av

on
oi

ds
an

d
co

nj
ug

at
es

N
.R

.
N

.R
.

N
.R

.
D

ar
k

ch
oc

ol
at

e
23

3
±6

0
nm

ol
/L

3.
2
±0

.2
[6

6]

D
ri

nk
w

it
h

5.
3

m
g

co
co

a
fla

va
no

ls
/k

g
bo

dy
w

ei
gh

t
(y

ou
ng

)
98
±1

2
nm

ol
/L

1.
8
±0

.2
D

ri
nk

w
it

h
5.

3
m

g
co

co
a

fla
va

no
ls
/k

g
bo

dy
w

ei
gh

t
(e

ld
er

ly
)

12
5
±1

3
nm

ol
/L

1.
7
±0

.2
[8

2]

(-
)-

ep
ic

at
ec

hi
n

3’
-s

ul
fa

te
D

ri
nk

w
it

h
10

.7
m

g
co

co
a

fla
va

no
ls
/k

g
bo

dy
w

ei
gh

t
(y

ou
ng

)

25
1
±2

0
nm

ol
/L

1.
5
±0

.1
D

ri
nk

w
it

h
10

.7
m

g
co

co
a

fla
va

no
ls
/k

g
bo

dy
w

ei
gh

t
(e

ld
er

ly
)

21
2
±1

3
nm

ol
/L

1.
7
±0

.1
[8

2]

(-
)-

ep
ic

at
ec

hi
n

4’
-s

ul
fa

te
N

.R
.

N
.R

.
N

.R
.

D
ar

k
ch

oc
ol

at
e

11
±3

nm
ol
/L

3.
5
±0

.3
[6

6]

N
.R

.
N

.R
.

N
.R

.
D

ar
k

ch
oc

ol
at

e
29

0
±4

9
nm

ol
/L

3.
2
±0

.2
[6

6]

D
ri

nk
w

it
h

5.
3

m
g

co
co

a
fla

va
no

ls
/k

g
bo

dy
w

ei
gh

t
(y

ou
ng

)

30
9
±4

1
nm

ol
/L

1.
1
±0

.1
D

ri
nk

w
it

h
5.

3
m

g
co

co
a

fla
va

no
ls
/k

g
bo

dy
w

ei
gh

t
(e

ld
er

ly
)

37
1
±3

4
nm

ol
/L

1.
3
±0

.1
[8

2]

(-
)-

ep
ic

at
ec

hi
n-

3’
-β

-D
-g

lu
cu

ro
ni

de
D

ri
nk

w
it

h
10

.7
m

g
co

co
a

fla
va

no
ls
/k

g
bo

dy
w

ei
gh

t
(y

ou
ng

)

55
1
±6

7
nm

ol
/L

1.
2
±0

.1
D

ri
nk

w
it

h
10

.7
m

g
co

co
a

fla
va

no
ls
/k

g
bo

dy
w

ei
gh

t
(e

ld
er

ly
)

64
5
±6

6
nm

ol
/L

1.
2
±0

.1
[8

2]

(-
)-

ep
ic

at
ec

hi
n-

4’
-β

-D
-

gl
uc

ur
on

id
e

N
.R

.
N

.R
.

N
.R

.
D

ar
k

ch
oc

ol
at

e
44
±1

1
nm

ol
/L

3.
4
±0

.3
[6

6]

(-
)-

ep
ic

at
ec

hi
n-

7’
-β

-D
-g

lu
cu

ro
ni

de
N

.R
.

N
.R

.
N

.R
.

D
ar

k
ch

oc
ol

at
e

22
±6

nm
ol
/L

12
.8
±4

.8
[6

6]
(-

)-
ep

ic
at

ec
hi

n
gl

uc
ur

on
id

e
C

oc
oa

po
w

de
r

w
it

h
w

at
er

33
0
±1

56
nm

ol
/L

2
C

oc
oa

po
w

de
r

w
it

h
m

ilk
27

3
±1

38
nm

ol
/L

2
[7

3]

(4
-h

yd
ro

xy
ph

en
yl

)
ac

et
ic

ac
id

N
.R

.
N

.R
.

N
.R

.
C

oc
oa

po
ly

m
er

ic
pr

oc
ya

ni
di

n
co

nc
en

tr
at

e
12

0
±4

0
ng
/m

L
2
±1

[6
0]

ep
ic

at
ec

hi
n-

O
-s

ul
fa

te
C

oc
oa

po
w

de
r

w
it

h
w

at
er

83
±8

nm
ol
/L

1.
4
±0

.2
C

oc
oa

po
w

de
r

w
it

h
m

ilk
77
±1

4
nm

ol
/L

1.
3
±0

.2
[7

7]
3’

-O
-m

et
hy

l-(
-)

-e
pi

ca
te

ch
in

4’
-s

ul
fa

te
N

.R
.

N
.R

.
N

.R
.

D
ar

k
ch

oc
ol

at
e

49
±1

4
nm

ol
/L

3.
6
±0

.3
[6

6]

3’
-O

-m
et

hy
l-(

-)
-e

pi
ca

te
ch

in
7-

su
lf

at
e

N
.R

.
N

.R
.

N
.R

.
D

ar
k

ch
oc

ol
at

e
40
±1

0
nm

ol
/L

3.
8
±0

.2
[6

6]
D

ri
nk

w
it

h
5.

3
m

g
co

co
a

fla
va

no
ls
/k

g
bo

dy
w

ei
gh

t
(y

ou
ng

)
76
±6

nm
ol
/L

1.
7
±0

.2
D

ri
nk

w
it

h
5.

3
m

g
co

co
a

fla
va

no
ls
/k

g
bo

dy
w

ei
gh

t
(e

ld
er

ly
)

63
±6

nm
ol
/L

1.
8
±0

.1
[8

2]

D
ri

nk
w

it
h

10
.7

m
g

co
co

a
fla

va
no

ls
/k

g
bo

dy
w

ei
gh

t
(y

ou
ng

)

16
7
±1

9
nm

ol
/L

1.
7
±0

.1
D

ri
nk

w
it

h
10

.7
m

g
co

co
a

fla
va

no
ls
/k

g
bo

dy
w

ei
gh

t
(e

ld
er

ly
)

10
9
±1

1
nm

ol
/L

1.
9
±0

.2
[8

2]

14



Nutrients 2019, 11, 1163

T
a

b
le

4
.

C
on

t.

C
h

e
m

ic
a

l
C

a
te

g
o

ry
M

e
ta

b
o

li
te

T
re

a
tm

e
n

t
1

T
re

a
tm

e
n

t
2

R
e

fe
re

n
ce

T
y

p
e

o
f

M
a

tr
ix

C
o

n
ce

n
tr

a
ti

o
n

S
a

m
p

li
n

g
P

e
ri

o
d

(h
)

T
y

p
e

o
f

M
a

tr
ix

C
o

n
ce

n
tr

a
ti

o
n

S
a

m
p

li
n

g
P

e
ri

o
d

(h
)

Fl
av

on
oi

ds
an

d
co

nj
ug

at
es

N
.R

.
N

.R
.

N
.R

.
D

ar
k

ch
oc

ol
at

e
15

3
±4

3
nm

ol
/L

3.
8
±0

.2
[6

6]

D
ri

nk
w

it
h

5.
3

m
g

co
co

a
fla

va
no

ls
/k

g
bo

dy
w

ei
gh

t
(y

ou
ng

)
75
±7

nm
ol
/L

1.
4
±0

.1
D

ri
nk

w
it

h
5.

3
m

g
co

co
a

fla
va

no
ls
/k

g
bo

dy
w

ei
gh

t
(e

ld
er

ly
)

72
±7

nm
ol
/L

1.
4
±0

.1
[8

2]

3’
-O

-m
et

hy
l-(

-)
-e

pi
ca

te
ch

in
5-

su
lf

at
e

D
ri

nk
w

it
h

10
.7

m
g

co
co

a
fla

va
no

ls
/k

g
bo

dy
w

ei
gh

t
(y

ou
ng

)

17
6
±1

4
nm

ol
/L

1.
6
±0

.1
D

ri
nk

w
it

h
10

.7
m

g
co

co
a

fla
va

no
ls
/k

g
bo

dy
w

ei
gh

t
(e

ld
er

ly
)

12
8
±1

1
nm

ol
/L

1.
8
±0

.1
[8

2]

4’
-m

et
hy

l-(
-)

-e
pi

ca
te

ch
in

Lo
w

-fl
av

an
ol

co
co

a
dr

in
k

N
.R

.
N

.R
.

H
ig

h-
fla

va
no

lc
oc

oa
dr

in
k

N
.R

.
N

.R
.

[7
1]

4’
-O

-m
et

hy
l-(

-)
-e

pi
ca

te
ch

in
Lo

w
-fl

av
an

ol
co

co
a

dr
in

k
25
±5

nm
ol
/L

2
H

ig
h-

fla
va

no
lc

oc
oa

dr
in

k
41
±1

0
nm

ol
/L

2
[6

1]
4’

-O
-m

et
hy

l-(
-)

-e
pi

ca
te

ch
in

5-
su

lf
at

e
N

.R
.

N
.R

.
N

.R
.

D
ar

k
ch

oc
ol

at
e

18
±6

nm
ol
/L

3.
8
±0

.2
[6

6]

4’
-O

-m
et

hy
l-(

-)
-e

pi
ca

te
ch

in
7-

su
lf

at
e

N
.R

.
N

.R
.

N
.R

.
D

ar
k

ch
oc

ol
at

e
13
±4

nm
ol
/L

3.
8
±0

.2
[6

6]

4’
-O

-m
et

hy
l-(

-)
-e

pi
ca

te
ch

in
-

O
-β

-D
-g

lu
cu

ro
ni

de
Lo

w
-fl

av
an

ol
co

co
a

dr
in

k
N

.R
.

N
.R

.
H

ig
h-

fla
va

no
lc

oc
oa

dr
in

k
N

.R
.

N
.R

.
[7

1]

Lo
w

-fl
av

an
ol

co
co

a
dr

in
k

15
1
±4

6
nm

ol
/L

2
H

ig
h-

fla
va

no
lc

oc
oa

dr
in

k
28

7
±5

8
nm

ol
/L

2
[6

1]

Ep
ic

at
ec

hi
n-

O
-β

-D
-g

lu
cu

ro
ni

deL
ow

-fl
av

an
ol

co
co

a
dr

in
k

N
.R

.
N

.R
.

H
ig

h-
fla

va
no

lc
oc

oa
dr

in
k

N
.R

.
N

.R
.

[7
1]

Ep
ic

at
ec

hi
n-

7-
β

-D
-

gl
uc

ur
on

id
e

Lo
w

-fl
av

an
ol

co
co

a
dr

in
k

9
±3

nm
ol
/L

2
H

ig
h-

fla
va

no
lc

oc
oa

dr
in

k
39
±1

3
nm

ol
/L

2
[6

1]

C
ho

co
la

te
dr

in
k

m
ilk

-f
re

e
0.

21
±0

.2
μ

m
ol
/L

1–
1.

5
C

ho
co

la
te

dr
in

k
w

ith
m

ilk
0.

20
±0

.0
2

μ
m

ol
/L

0.
5–

1
[7

4]

N
o

co
co

a
ex

tr
ac

t
0.

00
μ

m
ol
/L

0
C

oc
oa

ex
tr

ac
ti

n
w

at
er

0.
16
±0

.0
3

μ
m

ol
/L

0.
5–

2
[6

8]

N
.R

.
N

.R
.

N
.R

.
C

oc
oa

ba
se

d
da

ir
y

dr
in

k
14

9
±1

8
nm

ol
/L

2
[7

9]

Lo
w

-fl
av

an
ol

co
co

a
dr

in
k

N
.R

.
N

.R
.

H
ig

h-
fla

va
no

lc
oc

oa
dr

in
k

N
.R

.
N

.R
.

[7
1]

C
at

ec
hi

n

Lo
w

-fl
av

an
ol

co
co

a
dr

in
k

9
±3

nm
ol
/L

2
H

ig
h-

fla
va

no
lc

oc
oa

dr
in

k
18
±3

nm
ol
/L

2
[6

1]

Ep
ic

at
ec

hi
n

N
.R

.
N

.R
.

N
.R

.
C

oc
oa

ba
se

d
da

ir
y

dr
in

k
88

9
±1

14
nm

ol
/L

2
[7

9]

C
ho

co
la

te
dr

in
k

m
ilk

-f
re

e
12

.8
9
±0

.9
5

μ
m

ol
/L

1–
2

C
ho

co
la

te
dr

in
k

w
ith

m
ilk

12
.4

2±
0.

97
μ

m
ol
/L

0.
5–

1
[7

4]

N
o

co
co

a
ex

tr
ac

t
0.

08
±0

.4
6

μ
m

ol
/L

0
C

oc
oa

ex
tr

ac
ti

n
w

at
er

5.
96
±0

.6
0

μ
m

ol
/L

0.
5–

2
[6

8]

Br
ea

d
19
±1

4
nm

ol
/L

2
80

g
of

ch
oc

ol
at

e
an

d
47

g
of

br
ea

d
35

5
±4

9
nm

ol
/L

2
[6

3]

C
ho

co
la

te
0.

15
±0

.0
4

μ
m

ol
/L

1–
2

C
oc

oa
0.

22
±0

.0
6

μ
m

ol
/L

0–
1

[6
4]

15



Nutrients 2019, 11, 1163

T
a

b
le

4
.

C
on

t.

C
h

e
m

ic
a

l
C

a
te

g
o

ry
M

e
ta

b
o

li
te

T
re

a
tm

e
n

t
1

T
re

a
tm

e
n

t
2

R
e

fe
re

n
ce

T
y

p
e

o
f

M
a

tr
ix

C
o

n
ce

n
tr

a
ti

o
n

S
a

m
p

li
n

g
P

e
ri

o
d

(h
)

T
y

p
e

o
f

M
a

tr
ix

C
o

n
ce

n
tr

a
ti

o
n

S
a

m
p

li
n

g
P

e
ri

o
d

(h
)

Fl
av

on
oi

ds
an

d
co

nj
ug

at
es

40
g

of
ch

oc
ol

at
e

10
3
±2

9
ng
/m

L
2.

00
±0

.0
0

80
g

of
ch

oc
ol

at
e

19
6
±5

7
ng
/m

L
2.

57
±0

.5
0

[6
2]

M
ilk

N
.D

.
2

M
ilk

an
d

co
co

a
po

w
de

r
62

5.
7
±1

98
.3

nm
ol
/L

2
[7

0]

Lo
w

-fl
av

an
ol

co
co

a
dr

in
k

N
.R

.
N

.R
.

H
ig

h-
fla

va
no

lc
oc

oa
dr

in
k

N
.R

.
N

.R
.

[7
1]

Lo
w

-fl
av

an
ol

co
co

a
dr

in
k

3
±0

nm
ol
/L

2
H

ig
h-

fla
va

no
lc

oc
oa

dr
in

k
19
±6

nm
ol
/L

2
[6

1]
Ep

ic
at

ec
hi

n

Lo
w

-c
oc

oa
gr

ou
p

57
8
±6

1
nm

ol
/L

2
H

ig
h-

co
co

a
gr

ou
p

N
.R

.
N

.R
.

[5
8]

Ep
ic

at
ec

hi
n

gl
uc

ur
on

id
e

C
ho

co
la

te
0.

78
±0

.2
8

μ
m

ol
/L

1–
2

C
oc

oa
0.

91
±0

.2
1

μ
m

ol
/L

1–
2

[6
4]

Ep
ic

at
ec

hi
n

su
lf

at
e

C
ho

co
la

te
1.

11
±0

.4
3

μ
m

ol
/L

0–
1

C
oc

oa
1.

14
±0

.2
1

μ
m

ol
/L

1–
2

[6
4]

Ep
ic

at
ec

hi
n

su
lf

og
lu

cu
ro

ni
de

C
ho

co
la

te
1.

19
±0

.4
4

μ
m

ol
/L

0–
1

C
oc

oa
1.

28
±0

.7
6

μ
m

ol
/L

0–
1

[6
4]

M
et

hy
la

te
d

ep
ic

at
ec

hi
n

su
lf

at
e

C
ho

co
la

te
0.

95
±0

.2
7

μ
m

ol
/L

1–
2

C
oc

oa
1.

00
±0

.3
4

μ
m

ol
/L

1–
2

[6
4]

M
et

hy
la

te
d

ep
ic

at
ec

hi
n

su
lf

og
lu

cu
ro

ni
de

C
ho

co
la

te
0.

71
±0

.1
4

μ
m

ol
/L

1–
2

C
oc

oa
0.

78
±0

.5
1

μ
m

ol
/L

4–
8

[6
4]

O
-m

et
hy

l-
(e

pi
)-

ca
te

ch
in

-
O

-s
ul

fa
te

C
oc

oa
po

w
de

r
w

it
h

w
at

er
60
±8

nm
ol
/L

1.
0
±0

.2
C

oc
oa

po
w

de
r

w
it

h
m

ilk
50
±8

nm
ol
/L

1.
3
±0

.2
[7

7]

Pr
oc

ya
ni

di
n

B2
N

o
co

co
a

ex
tr

ac
t

D
et

ec
te

d
0

C
ho

co
la

te
ex

tr
ac

ti
n

w
at

er
41
±4

nm
ol
/L

0.
5–

2
[6

8]

N
.R

.
N

.R
.

N
.R

.
C

oc
oa

da
ir

y
dr

in
k

4.
0
±0

.6
nm

ol
/L

2
[8

0]

M
et

hy
lx

an
th

in
es

3-
m

et
hy

lx
an

th
in

e
C

oc
oa

po
w

de
r

w
it

h
m

ilk
0.

6
±1

.4
μ

m
ol
/L

3.
4
±3

.3
C

oc
oa

po
w

de
r

en
ri

ch
ed

w
it

h
m

et
hy

lx
an

th
in

es
w

it
h

m
ilk

1.
8
±0

.9
μ

m
ol
/L

2.
2
±2

.5
[8

1]

7-
m

et
hy

lx
an

th
in

e
C

oc
oa

po
w

de
r

w
it

h
m

ilk
2.

1
±1

.4
μ

m
ol
/L

3.
3
±1

.6
C

oc
oa

po
w

de
r

en
ri

ch
ed

w
it

h
m

et
hy

lx
an

th
in

es
w

it
h

m
ilk

4.
6
±1

.8
μ

m
ol
/L

4.
5
±1

.5
[8

1]

C
aff

ei
ne

C
oc

oa
po

w
de

r
w

it
h

m
ilk

2.
1
±1

.3
μ

m
ol
/L

2.
1
±2

.0
C

oc
oa

po
w

de
r

en
ri

ch
ed

w
it

h
m

et
hy

lx
an

th
in

es
w

it
h

m
ilk

12
.1
±2

.6
μ

m
ol
/L

2.
0
±1

.1
[8

1]

N
o

ch
oc

ol
at

e
do

se
<

2.
5–

21
.4

μ
m

ol
/L

0
D

ar
k

ch
oc

ol
at

e
4.

6–
25

.3
μ

m
ol
/L

1.
5

[5
9]

Pa
ra

xa
nt

hi
ne

C
oc

oa
po

w
de

r
w

it
h

m
ilk

9.
5
±1

.3
μ

m
ol
/L

4.
5
±2

.9
C

oc
oa

po
w

de
r

en
ri

ch
ed

w
it

h
m

et
hy

lx
an

th
in

es
w

it
h

m
ilk

12
.0
±2

.2
μ

m
ol
/L

3.
5
±2

.5
[8

1]

Th
eo

br
om

in
e

N
o

ch
oc

ol
at

e
do

se
<

2.
5–

7.
1

μ
m

ol
/L

0
D

ar
k

ch
oc

ol
at

e
43

.2
–6

7.
5

μ
m

ol
/L

1.
5

[5
9]

C
oc

oa
po

w
de

r
w

it
h

m
ilk

15
.8
±3

.3
μ

m
ol
/L

1.
9
±1

.0
C

oc
oa

po
w

de
r

en
ri

ch
ed

w
it

h
m

et
hy

lx
an

th
in

es
w

it
h

m
ilk

51
.9
±1

3
μ

m
ol
/L

2.
2
±1

.1
[8

1]

16



Nutrients 2019, 11, 1163

T
a

b
le

4
.

C
on

t.

C
h

e
m

ic
a

l
C

a
te

g
o

ry
M

e
ta

b
o

li
te

T
re

a
tm

e
n

t
1

T
re

a
tm

e
n

t
2

R
e

fe
re

n
ce

T
y

p
e

o
f

M
a

tr
ix

C
o

n
ce

n
tr

a
ti

o
n

S
a

m
p

li
n

g
P

e
ri

o
d

(h
)

T
y

p
e

o
f

M
a

tr
ix

C
o

n
ce

n
tr

a
ti

o
n

S
a

m
p

li
n

g
P

e
ri

o
d

(h
)

M
et

hy
lx

an
th

in
es

C
oc

oa
de

pl
et

ed
co

nt
ro

l
N

.R
.

N
.R

.
D

ar
k

ch
oc

ol
at

e
70

μ
m

ol
/L

3
[4

9]

40
g

of
ch

oc
ol

at
e

6.
36

5
±0

.8
94

μ
g/

m
L

2.
25
±0

.8
8

80
g

of
ch

oc
ol

at
e

11
.4

14
±1

.1
90

μ
g/

m
L

3.
25
±0

.4
5

[6
2]

N
on

-c
oc

oa
co

ns
um

er
s

0.
04

–0
.1

7
m

g/
kg

0–
24

H
ig

h
co

co
a

co
ns

um
er

s
0.

33
–0

.6
6

m
g/

kg
0–

24
[5

6]

Ba
se

lin
e

2.
3
±2

.4
m

g/
L

0–
12

M
ilk

ch
oc

ol
at

e
7.

6
±5

.4
m

g/
L

0–
12

[6
7]

Ba
se

lin
e

2.
3
±2

.4
m

g/
L

0–
12

C
oc

oa
po

w
de

r
19

.3
±5

.9
m

g/
L

0–
12

[6
7]

Th
eo

br
om

in
e

Ba
se

lin
e

2.
3
±2

.4
m

g/
L

0–
12

D
ar

k
ch

oc
ol

at
e

30
.6
±1

0.
3

m
g/

L
0–

12
[6

7]

Th
eo

ph
yl

lin
e

C
oc

oa
po

w
de

r
w

it
h

m
ilk

11
.5
±2

.6
μ

m
ol
/L

3.
1
±3

.2
C

oc
oa

po
w

de
r

en
ri

ch
ed

w
it

h
m

et
hy

lx
an

th
in

es
w

it
h

m
ilk

12
.3
±4

.3
μ

m
ol
/L

1.
9
±2

.3
[8

1]

Ph
en

ol
ic

ac
id

s
Fe

ru
lic

ac
id

N
.R

.
N

.R
.

N
.R

.
C

oc
oa

po
ly

m
er

ic
pr

oc
ya

ni
di

n
co

nc
en

tr
at

e
15
±2

ng
/m

L
3
±1

[6
0]

N
o

te
s:

N
.R

.m
ea

ns
no

n
re

po
rt

ed
or

no
n-

co
co

a
m

at
ri

x
w

as
us

ed
.

T
a

b
le

5
.

M
et

ab
ol

ite
s

de
te

ct
ed

in
pl

as
m

a
sa

m
pl

es
,t

ha
td

is
cr

im
in

at
ed

th
e

ba
se

lin
e

fr
om

tr
ea

tm
en

ts
(e

nr
ic

he
d

da
rk

ch
oc

ol
at

e,
da

rk
ch

oc
ol

at
e

an
d

w
hi

te
ch

oc
ol

at
e)

,a
nd

ti
m

es
af

te
r

in
ta

ke
w

he
re

in
cr

ea
se

in
m

ea
su

re
d

si
gn

al
w

as
th

e
hi

gh
es

t,
in

an
un

ta
rg

et
ed

st
ud

y
[8

4]
.

M
e

ta
b

o
li

te
S

a
m

p
li

n
g

P
e

ri
o

d
(h

)

β
-h

yd
ro

xy
bu

ty
ra

te
6

A
ce

to
ne

6
A

ce
to

ac
et

at
e

6
A

sp
ar

ta
te

6
La

ct
at

e
2

17



Nutrients 2019, 11, 1163

T
a

b
le

6
.

M
et

ab
ol

it
es

an
al

yz
ed

in
ur

in
e

af
te

r
ac

ut
e

co
co

a
in

te
rv

en
ti

on
s

an
d

st
ud

ie
d

w
it

h
ta

rg
et

ed
m

et
ho

do
lo

gi
es

.

C
h

e
m

ic
a

l
C

a
te

g
o

ry
M

e
ta

b
o

li
te

T
re

a
tm

e
n

t
1

T
re

a
tm

e
n

t
2

R
e

fe
re

n
ce

T
y

p
e

o
f

M
a

tr
ix

C
o

n
ce

n
tr

a
ti

o
n

S
a

m
p

li
n

g
P

e
ri

o
d

(h
)

T
y

p
e

o
f

M
a

tr
ix

C
o

n
ce

n
tr

a
ti

o
n

S
a

m
p

li
n

g
P

e
ri

o
d

(h
)

Fl
av

on
oi

ds
an

d
co

nj
ug

at
es

(-
)-

ca
te

ch
in

N
.R

.
N

.R
.

N
.R

.
D

ai
ry

co
co

a
dr

in
k

4.
0
±0

.4
μ

m
ol

0–
24

[7
9]

(-
)-

ep
ic

at
ec

hi
n

N
.R

.
N

.R
.

N
.R

.
D

ai
ry

co
co

a
dr

in
k

13
±2

μ
m

ol
0–

24
[7

9]
N

.R
.

N
.R

.
N

.R
.

N
on

da
ir

y
co

co
a

dr
in

k
N

.R
.

0–
24

[7
6]

N
.R

.
N

.R
.

N
.R

.
C

oc
oa

po
ly

m
er

ic
pr

oc
ya

ni
di

n
co

nc
en

tr
at

e
0.

6
±0

.2
ng
/m

g
cr

ea
ti

nt
in

e
0–

4
[6

0]

(-
)-

ep
ic

at
ec

hi
n

gl
uc

ur
on

id
e

N
on

-d
ai

ry
co

co
a

dr
in

k
19

4.
95

μ
g/

g
cr

ea
ti

ni
ne

0–
6

D
ai

ry
co

co
a

dr
in

k
11

2.
79

μ
g/

g
cr

ea
ti

ni
ne

0–
6

[7
5]

(-
)-

ep
ic

at
ec

hi
n

su
lf

at
e

(i
so

m
er

1)
N

on
-d

ai
ry

co
co

a
dr

in
k

48
.8

3
μ

g/
g

cr
ea

ti
ni

ne
0–

6
D

ai
ry

co
co

a
dr

in
k

30
.8

6
μ

g/
g

cr
ea

ti
ni

ne
0–

6
[7

2,
75

]

(-
)-

ep
ic

at
ec

hi
n

su
lf

at
e

(i
so

m
er

2)
N

o-
da

ir
y

co
co

a
dr

in
k

19
5.

29
μ

g/
g

cr
ea

ti
ni

ne
6–

12
D

ai
ry

co
co

a
dr

in
k

12
8.

47
μ

g/
g

cr
ea

ti
ni

ne
6–

12
[7

2,
75

]

(-
)-

ep
ic

at
ec

hi
n

su
lf

at
e

(i
so

m
er

3)
N

on
-d

ai
ry

co
co

a
dr

in
k

5.
07

μ
g/

g
cr

ea
ti

ni
ne

0–
6

D
ai

ry
co

co
a

dr
in

k
72

.4
5
μ

g/
g

cr
ea

ti
ni

ne
0–

6
[7

2,
75

]

(-
)-

ep
ic

at
ec

hi
n-

3’
-s

ul
fa

te
N

.R
.

N
.R

.
N

.R
.

D
ar

k
ch

oc
ol

at
e

5.
80
±1

.7
8
μ

m
ol

5–
10

[6
6]

(-
)-

ep
ic

at
ec

hi
n-

3’
-β

-D
-g

lu
cu

ro
ni

de
N

.R
.

N
.R

.
N

.R
.

D
ar

k
ch

oc
ol

at
e

8.
74
±2

.9
2
μ

m
ol

5–
10

[6
6]

(-
)-

ep
ic

at
ec

hi
n-

4’
-s

ul
fa

te
N

.R
.

N
.R

.
N

.R
.

D
ar

k
ch

oc
ol

at
e

0.
37
±0

.1
3
μ

m
ol

5–
10

[6
6]

(-
)-

ep
ic

at
ec

hi
n-

4’
-β

-D
-g

lu
cu

ro
ni

de
N

.R
.

N
.R

.
N

.R
.

D
ar

k
ch

oc
ol

at
e

0.
56
±0

.1
4
μ

m
ol

5–
10

[6
6]

(-
)-

ep
ic

at
ec

hi
n-

5-
su

lf
at

e
N

.R
.

N
.R

.
N

.R
.

D
ar

k
ch

oc
ol

at
e

0.
72
±0

.3
6
μ

m
ol

5–
10

[6
6]

(-
)-

ep
ic

at
ec

hi
n-

7-
β

-D
-g

lu
cu

ro
ni

de
N

.R
.

N
.R

.
N

.R
.

D
ar

k
ch

oc
ol

at
e

4.
59
±0

.7
4
μ

m
ol

10
–2

4
[6

6]

Fl
av

on
oi

ds
an

d
co

nj
ug

at
es

(-
)-

ep
ic

at
ec

hi
n-

O
-g

lu
cu

ro
ni

de
C

oc
oa

po
w

de
r

w
it

h
w

at
er

40
5
±4

4
μ

m
ol
/L

0–
2

C
oc

oa
po

w
de

r
w

it
h

m
ilk

13
6
±2

4
μ

m
ol
/L

2–
5

[7
7]

(-
)-

ep
ic

at
ec

hi
n-

O
-s

ul
fa

te
(i

so
m

er
2)

C
oc

oa
po

w
de

r
w

it
h

w
at

er
11

27
±1

96
μ

m
ol
/L

0–
2

C
oc

oa
po

w
de

r
w

it
h

m
ilk

73
7
±1

18
μ

m
ol
/L

2–
5

[7
7]

(+
)-

ca
te

ch
in

N
.R

.
N

.R
.

N
.R

.
D

ai
ry

co
co

a
dr

in
k

9.
8
±1

.4
μ

m
ol

0–
24

[7
9]

(+
)-

ep
ic

at
ec

hi
n

N
.R

.
N

.R
.

N
.R

.
D

ai
ry

co
co

a
dr

in
k

10
±1

μ
m

ol
0–

24
[7

9]
Ep

ic
at

ec
hi

n
H

ot
w

at
er

N
.D

.
0–

24
C

oc
oa

po
w

de
r

w
ith

w
at

er
4.

3
±4

.2
μ

m
ol

0–
24

[6
9]

(e
pi

)c
at

ec
hi

n-
O

-s
ul

fa
te

(i
so

m
er

1)
C

oc
oa

po
w

de
r

w
it

h
w

at
er

92
8
±1

10
μ

m
ol
/L

0–
2

C
oc

oa
po

w
de

r
w

it
h

m
ilk

47
6
±7

5
μ

m
ol
/L

0–
2

[7
7]

3’
-O

-m
et

hy
l-

(-
)-

ep
ic

at
ec

hi
n

N
.R

.
N

.R
.

N
.R

.
C

oc
oa

po
ly

m
er

ic
pr

oc
ya

ni
di

n
co

nc
en

tr
at

e
0.

2
±0

.3
ng
/m

g
cr

ea
ti

ni
ne

0–
4

[6
0]

3’
-O

-m
et

hy
l-

(-
)-

ep
ic

at
ec

hi
n

4’
-s

ul
fa

te
N

.R
.

N
.R

.
N

.R
.

D
ar

k
ch

oc
ol

at
e

1.
27
±0

.3
9
μ

m
ol

5–
10

[6
6]

3’
-O

-m
et

hy
l-

(-
)-

ep
ic

at
ec

hi
n

5-
su

lf
at

e
N

.R
.

N
.R

.
N

.R
.

D
ar

k
ch

oc
ol

at
e

8.
87
±3

.0
5
μ

m
ol

5–
10

[6
6]

3’
-O

-m
et

hy
l-

(-
)-

ep
ic

at
ec

hi
n

7-
su

lf
at

e
N

.R
.

N
.R

.
N

.R
.

D
ar

k
ch

oc
ol

at
e

1.
55
±0

.5
5
μ

m
ol

5–
10

[6
6]

3’
-O

-m
et

hy
l-

(-
)-

ep
ic

at
ec

hi
n-

3’
-β

-
D

-g
lu

cu
ro

ni
de

N
.R

.
N

.R
.

N
.R

.
D

ar
k

ch
oc

ol
at

e
0.

69
±0

.1
2
μ

m
ol

5–
10

[6
6]

4’
-O

-m
et

hy
l-

(-
)-

ep
ic

at
ec

hi
n

5-
su

lf
at

e
N

.R
.

N
.R

.
N

.R
.

D
ar

k
ch

oc
ol

at
e

0.
92
±0

.3
4
μ

m
ol

5–
10

[6
6]

4’
-O

-m
et

hy
l-

(-
)-

ep
ic

at
ec

hi
n

7-
su

lf
at

e
N

.R
.

N
.R

.
N

.R
.

D
ar

k
ch

oc
ol

at
e

0.
55
±0

.2
9
μ

m
ol

5–
10

[6
6]

O
-m

et
hy

l-
(e

pi
)-

ca
te

ch
in

-O
-s

ul
fa

te
C

oc
oa

po
w

de
r

w
it

h
w

at
er

11
46
±2

31
μ

m
ol
/L

0–
2

C
oc

oa
po

w
de

r
w

it
h

m
ilk

82
3
±1

31
μ

m
ol
/L

0–
2

[7
7]

Fl
av

on
oi

ds
an

d
co

nj
ug

at
es

N
ar

in
ge

ni
n

H
ot

w
at

er
0.

1
±0

.2
μ

m
ol

0–
24

C
oc

oa
po

w
de

r
w

ith
w

at
er

0.
3
±0

.4
μ

m
ol

0–
24

[6
9]

Pr
oc

ya
ni

di
n

B2
N

.R
.

N
.R

.
N

.R
.

N
on

-d
ai

ry
co

co
a

dr
in

k
N

.R
.

0–
24

[7
6]

18



Nutrients 2019, 11, 1163

T
a

b
le

6
.

C
on

t.

C
h

e
m

ic
a

l
C

a
te

g
o

ry
M

e
ta

b
o

li
te

T
re

a
tm

e
n

t
1

T
re

a
tm

e
n

t
2

R
e

fe
re

n
ce

T
y

p
e

o
f

M
a

tr
ix

C
o

n
ce

n
tr

a
ti

o
n

S
a

m
p

li
n

g
P

e
ri

o
d

(h
)

T
y

p
e

o
f

M
a

tr
ix

C
o

n
ce

n
tr

a
ti

o
n

S
a

m
p

li
n

g
P

e
ri

o
d

(h
)

Li
gn

an
s

N
.R

.
N

.R
.

N
.R

.
N

on
-d

ai
ry

co
co

a
dr

in
k

N
.R

.
0–

24
[7

6]
En

te
ro

di
ol

H
ot

w
at

er
0.

5
±1

.1
μ

m
ol

0–
24

C
oc

oa
po

w
de

r
w

ith
w

at
er

0.
2
±0

.3
μ

m
ol

0–
24

[6
9]

En
te

ro
la

ct
on

e
N

.R
.

N
.R

.
N

.R
.

N
on

-d
ai

ry
co

co
a

dr
in

k
N

.R
.

0–
24

[7
6]

H
ot

w
at

er
3.

8
±2

.8
μ

m
ol

0–
24

C
oc

oa
po

w
de

r
w

ith
w

at
er

3.
6
±2

.9
μ

m
ol

0–
24

[6
9]

M
et

hy
lx

an
th

in
es

1,
3,

7-
tr

im
et

hy
lu

ri
c

ac
id

C
oc

oa
po

w
de

r
w

it
h

m
ilk

0.
7
±0

.3
μ

m
ol
/L

0–
2

C
oc

oa
po

w
de

r
w

it
h

m
ilk

,
en

ri
ch

ed
w

it
h

m
et

hy
lx

an
th

in
es

1.
8
±0

.6
μ

m
ol
/L

9.
7
±6

.9
[8

1]

1,
3-

di
m

et
hy

lu
ri

c
ac

id
C

oc
oa

po
w

de
r

w
it

h
m

ilk
1.

3
±1

.1
μ

m
ol
/L

21
.5
±6

.0
C

oc
oa

po
w

de
r

w
it

h
m

ilk
,

en
ri

ch
ed

w
it

h
m

et
hy

lx
an

th
in

es
3.

4
±1

.9
μ

m
ol
/L

18
.0
±7

.5
[8

1]

1,
7-

di
m

et
hy

lu
ri

c
ac

id
C

oc
oa

po
w

de
r

w
it

h
m

ilk
3.

9
±2

.7
μ

m
ol
/L

20
.0
±7

.7
C

oc
oa

po
w

de
r

w
it

h
m

ilk
,

en
ri

ch
ed

w
it

h
m

et
hy

lx
an

th
in

es
13

.5
±7

.8
μ

m
ol
/L

12
.7
±8

.7
[8

1]

1-
m

et
hy

lu
ri

c
ac

id
C

oc
oa

po
w

de
r

w
it

h
m

ilk
9.

2
±4

.1
μ

m
ol
/L

19
.7
±8

.2
C

oc
oa

po
w

de
r

w
it

h
m

ilk
,

en
ri

ch
ed

w
it

h
m

et
hy

lx
an

th
in

es
45

.2
±1

6.
4
μ

m
ol
/L

12
.4
±7

.5
[8

1]

1-
m

et
hy

lx
an

th
in

e
C

oc
oa

po
w

de
r

w
it

h
m

ilk
5.

5
±2

.7
μ

m
ol
/L

21
.2
±6

.8
C

oc
oa

po
w

de
r

w
it

h
m

ilk
,

en
ri

ch
ed

w
it

h
m

et
hy

lx
an

th
in

es
15

.3
±7

.3
μ

m
ol
/L

13
.7
±7

.7
[8

1]

M
et

hy
lx

an
th

in
es

3,
7-

di
m

et
hy

lu
ri

c
ac

id
C

oc
oa

po
w

de
r

w
it

h
m

ilk
2.

7
±1

.1
μ

m
ol
/L

21
.2
±6

.8
C

oc
oa

po
w

de
r

w
it

h
m

ilk
,

en
ri

ch
ed

w
it

h
m

et
hy

lx
an

th
in

es
7.

3
±2

.9
μ

m
ol
/L

14
.3
±8

.6
[8

1]

3-
m

et
hy

lx
an

th
in

e
C

oc
oa

po
w

de
r

w
it

h
m

ilk
34

.8
±8

.9
μ

m
ol
/L

14
.8
±9

.1
C

oc
oa

po
w

de
r

w
it

h
m

ilk
,

en
ri

ch
ed

w
it

h
m

et
hy

lx
an

th
in

es
98

.1
±2

1.
9
μ

m
ol
/L

12
.0
±7

.4
[8

1]

7-
m

et
hy

lx
an

th
in

e
C

oc
oa

po
w

de
r

w
it

h
m

ilk
11

0.
1
±4

0.
1

μ
m

ol
/L

16
.3
±8

.7
C

oc
oa

po
w

de
r

w
it

h
m

ilk
,

en
ri

ch
ed

w
it

h
m

et
hy

lx
an

th
in

es
18

7.
4
±8

2.
1
μ

m
ol
/L

12
.0
±7

.2
[8

1]

C
aff

ei
ne

C
oc

oa
po

w
de

r
w

it
h

m
ilk

2.
1
±0

.7
μ

m
ol
/L

14
.5
±9

.3
C

oc
oa

po
w

de
r

w
it

h
m

ilk
,

en
ri

ch
ed

w
it

h
m

et
hy

lx
an

th
in

es
9.

9
±3

.5
μ

m
ol
/L

7.
7
±5

.5
[8

1]

Ba
se

lin
e

<
2.

5–
23

.4
μ

m
ol
/L

0
D

ar
k

ch
oc

ol
at

e
4.

2–
24

.7
μ

m
ol
/L

1.
5

[5
9]

Pa
ra

xa
nt

hi
ne

C
oc

oa
po

w
de

r
w

it
h

m
ilk

3.
5
±1

.8
μ

m
ol
/L

15
.1
±9

.0
C

oc
oa

po
w

de
r

w
it

h
m

ilk
,

en
ri

ch
ed

w
it

h
m

et
hy

lx
an

th
in

es
10

.7
±5

.8
μ

m
ol
/L

11
.7
±7

.5
[8

1]

Th
eo

br
om

in
e

C
oc

oa
po

w
de

r
w

it
h

m
ilk

50
.4
±1

8.
4

μ
m

ol
/L

14
.2
±9

.6
C

oc
oa

po
w

de
r

w
it

h
m

ilk
,

en
ri

ch
ed

w
it

h
m

et
hy

lx
an

th
in

es
17

7.
4
±4

5.
0
μ

m
ol
/L

7.
7
±5

.5
[8

1]

Ba
se

lin
e

2.
5–

94
.9

μ
m

ol
/L

0
D

ar
k

ch
oc

ol
at

e
13

1.
9–

44
9.

4
μ

m
ol
/L

1.
5

[5
9]

Th
eo

ph
yl

lin
e

Ba
se

lin
e

1.
0
±1

.4
μ

m
ol
/L

14
.9
±8

.9
D

ar
k

ch
oc

ol
at

e
2.

5
±1

.3
μ

m
ol
/L

7.
6
±5

.8
[8

1]

19



Nutrients 2019, 11, 1163

T
a

b
le

6
.

C
on

t.

C
h

e
m

ic
a

l
C

a
te

g
o

ry
M

e
ta

b
o

li
te

T
re

a
tm

e
n

t
1

T
re

a
tm

e
n

t
2

R
e

fe
re

n
ce

T
y

p
e

o
f

M
a

tr
ix

C
o

n
ce

n
tr

a
ti

o
n

S
a

m
p

li
n

g
P

e
ri

o
d

(h
)

T
y

p
e

o
f

M
a

tr
ix

C
o

n
ce

n
tr

a
ti

o
n

S
a

m
p

li
n

g
P

e
ri

o
d

(h
)

N
-p

he
ny

lp
ro

pe
no

yl
-

L-
am

in
o

ac
id

s

N
-[

3’
,4

’-d
ih

yd
ro

xy
-(

E)
-c

in
na

m
oy

l]
-

L-
as

pa
rt

ic
ac

id
Ba

se
lin

e
N

.D
.

0
N

on
-d

ai
ry

co
co

a
dr

in
k

4.
76
±4

.0
1
μ

g
2

[2
0]

N
-[

3’
,4

’-d
ih

yd
ro

xy
-(

E)
-c

in
na

m
oy

l]
-

L-
do

pa
Ba

se
lin

e
N

.D
.

0
N

on
-d

ai
ry

co
co

a
dr

in
k

1.
25
±1

.1
9
μ

g
2

[2
0]

N
-[

3’
,4

’-d
ih

yd
ro

xy
-(

E)
-c

in
na

m
oy

l]
-

L-
gl

ut
am

ic
ac

id
Ba

se
lin

e
N

.D
.

0
N

on
-d

ai
ry

co
co

a
dr

in
k

N
.D

.
N

.D
.

[2
0]

N
-[

3’
,4

’-d
ih

yd
ro

xy
-(

E)
-c

in
na

m
oy

l]
-

L-
ty

ro
si

ne
Ba

se
lin

e
N

.D
.

0
N

on
-d

ai
ry

co
co

a
dr

in
k

0.
30
±0

.3
9
μ

g
2

[2
0]

N
-[

4’
-h

yd
ro

xy
-(

E)
-c

in
na

m
oy

l]
-

L-
as

pa
rt

ic
ac

id
Ba

se
lin

e
N

.D
.

0
N

on
-d

ai
ry

co
co

a
dr

in
k

64
.3

7
±2

0.
22

μ
g

2
[2

0]

N
-[

4’
-h

yd
ro

xy
-(

E)
-c

in
na

m
oy

l]
-

L-
do

pa
Ba

se
lin

e
N

.D
.

0
N

on
-d

ai
ry

co
co

a
dr

in
k

0.
85
±0

.9
6
μ

g
2

[2
0]

N
-p

he
ny

lp
ro

pe
no

yl
-

L-
am

in
o

ac
id

s

N
-[

4’
-h

yd
ro

xy
-(

E)
-c

in
na

m
oy

l]-
L-

gl
ut

am
ic

ac
id

Ba
se

lin
e

N
.D

.
0

N
on

-d
ai

ry
co

co
a

dr
in

k
22

.1
7
±1

2.
57

μ
g

2
[2

0]

N
-[

4’
-h

yd
ro

xy
-(

E)
-c

in
na

m
oy

l]
-

L-
tr

yp
to

ph
an

e
Ba

se
lin

e
N

.D
.

0
N

on
-d

ai
ry

co
co

a
dr

in
k

<
0.

1
μ

g
1–

4
[2

0]

N
-[

4’
-h

yd
ro

xy
-(

E)
-c

in
na

m
oy

l]
-

L-
ty

ro
si

ne
Ba

se
lin

e
N

.D
.

0
N

on
-d

ai
ry

co
co

a
dr

in
k

18
.9

1
±5

.5
3
μ

g
2

[2
0]

N
-[

4’
-h

yd
ro

xy
-3

’-m
et

ho
xy

-(
E)

-
ci

nn
am

oy
l]

-L
-a

sp
ar

ti
c

ac
id

Ba
se

lin
e

N
.D

.
0

N
on

-d
ai

ry
co

co
a

dr
in

k
9.

70
±2

.9
3
μ

g
2

[2
0]

N
-[

4’
-h

yd
ro

xy
-3

’-m
et

ho
xy

-(
E)

-c
in

na
m

oy
l]

-L
-t

yr
os

in
e

Ba
se

lin
e

N
.D

.
0

N
on

-d
ai

ry
co

co
a

dr
in

k
1.

91
±0

.5
9
μ

g
2

[2
0]

N
-[

ci
nn

am
oy

l]
-L

-a
sp

ar
ti

c
ac

id
Ba

se
lin

e
N

.D
.

0
N

on
-d

ai
ry

co
co

a
dr

in
k

0.
43
±0

.3
3
μ

g
2

[2
0]

Ph
en

ol
ic

ac
id

s
an

d
ot

he
rs

3-
hy

dr
ox

yb
en

zo
ic

ac
id

N
.R

.
N

.R
.

N
.R

.
C

oc
oa

po
ly

m
er

ic
pr

oc
ya

ni
di

n
co

nc
en

tr
at

e
1
±1

ng
/m

g
cr

ea
tin

in
e

0–
4

[6
6]

N
.R

.
N

.R
.

N
.R

.
N

on
-d

ai
ry

co
co

a
dr

in
k

N
.R

.
0–

24
[7

6]

3,
4-

di
hy

dr
ox

yp
he

ny
la

ce
ti

c
ac

id

Ba
se

lin
e

15
.8
±4

.4
nm

ol
/m

g
cr

ea
ti

ni
ne

−2
4–

0
C

ho
co

la
te

38
.8
±1

2.
3

nm
ol
/m

g
cr

ea
ti

ni
ne

0–
24

[6
5]

C
oc

oa
po

w
de

r
w

it
h

w
at

er

1.
60
±0

.3
7

nm
ol
/m

g
cr

ea
ti

ni
ne

6–
12

C
oc

oa
po

w
de

r
w

it
h

m
ilk

0.
45
±0

.1
0

nm
ol
/m

g
cr

ea
ti

ni
ne

12
–2

4
[7

8]

N
.R

.
N

.R
.

N
.R

.
C

oc
oa

po
ly

m
er

ic
pr

oc
ya

ni
di

n
co

nc
en

tr
at

e
10
±1

0
ng
/m

g
cr

ea
ti

ni
ne

0–
4

[6
0]

N
.R

.
N

.R
.

N
.R

.
N

on
-d

ai
ry

co
co

a
dr

in
k

N
.R

.
0–

24
[7

6]

20



Nutrients 2019, 11, 1163

T
a

b
le

6
.

C
on

t.

C
h

e
m

ic
a

l
C

a
te

g
o

ry
M

e
ta

b
o

li
te

T
re

a
tm

e
n

t
1

T
re

a
tm

e
n

t
2

R
e

fe
re

n
ce

T
y

p
e

o
f

M
a

tr
ix

C
o

n
ce

n
tr

a
ti

o
n

S
a

m
p

li
n

g
P

e
ri

o
d

(h
)

T
y

p
e

o
f

M
a

tr
ix

C
o

n
ce

n
tr

a
ti

o
n

S
a

m
p

li
n

g
P

e
ri

o
d

(h
)

Ph
en

ol
ic

ac
id

s
an

d
ot

he
rs

3,
4-

di
hy

dr
ox

yp
he

ny
lp

ro
pi

on
ic

ac
id

N
.R

.
N

.R
.

N
.R

.
C

oc
oa

po
ly

m
er

ic
pr

oc
ya

ni
di

n
co

nc
en

tr
at

e
6
±5

ng
/m

g
cr

ea
tin

in
e

0–
4

[6
0]

Ba
se

lin
e

3.
1
±0

.7
nm

ol
/m

g
cr

ea
ti

ni
ne

−2
4–

0
C

ho
co

la
te

2.
6
±0

.6
nm

ol
/m

g
cr

ea
ti

ni
ne

0–
24

[6
5]

C
oc

oa
po

w
de

r
w

it
h

w
at

er

16
.8

4
±2

.8
1

nm
ol
/m

g
cr

ea
ti

ni
ne

0–
6

C
oc

oa
po

w
de

r
w

it
h

m
ilk

16
.9
±4

.0
nm

ol
/m

g
cr

ea
ti

ni
ne

0–
6

[7
8]

N
.R

.
N

.R
.

N
.R

.
N

on
-d

ai
ry

co
co

a
dr

in
k

N
.R

.
0–

24
[7

6]

3-
hy

dr
ox

yp
he

ny
la

ce
ti

c
ac

id

C
oc

oa
po

w
de

r
w

it
h

w
at

er

10
.1
±3

.4
2

nm
ol
/m

g
cr

ea
ti

ni
ne

12
–2

4
C

oc
oa

po
w

de
r

w
it

h
m

ilk
7.

36
±1

.6
1

nm
ol
/m

g
cr

ea
ti

ni
ne

12
–2

4
[7

8]

N
.R

.
N

.R
.

N
.R

.
N

on
-d

ai
ry

co
co

a
dr

in
k

N
.R

.
0–

24
[7

6]

N
.R

.
N

.R
.

N
.R

.
C

oc
oa

po
ly

m
er

ic
pr

oc
ya

ni
di

n
co

nc
en

tr
at

e
30
±2

0
ng
/m

g
cr

ea
ti

ni
ne

0–
4

[6
0]

3-
hy

dr
ox

yp
he

ny
lp

ro
pa

no
ic

ac
id

N
.R

.
N

.R
.

N
.R

.
C

oc
oa

po
ly

m
er

ic
pr

oc
ya

ni
di

n
co

nc
en

tr
at

e
10
±7

ng
/m

g
cr

ea
ti

ni
ne

0–
4

[6
0]

3-
m

et
ho

xy
-4

-h
yd

ro
xy

-p
he

ny
la

ce
ti

c
ac

id

C
oc

oa
po

w
de

r
w

it
h

w
at

er

11
.3

0
±1

.6
3

nm
ol
/m

g
cr

ea
ti

ni
ne

6–
12

C
oc

oa
po

w
de

r
w

it
h

m
ilk

9.
30
±0

.7
4

nm
ol
/m

g
cr

ea
ti

ni
ne

6–
12

[7
8]

N
.R

.
N

.R
.

N
.R

.
N

on
-d

ai
ry

co
co

a
dr

in
k

N
.R

.
0–

24
[7

6]
4-

hy
dr

ox
y-

5-
(3

’,4
’-d

ih
yd

ro
xy

ph
en

yl
)

va
le

ri
c

ac
id

N
.R

.
N

.R
.

N
.R

.
C

oc
oa

po
ly

m
er

ic
pr

oc
ya

ni
di

n
co

nc
en

tr
at

e
0.

2
±0

.3
ng
/m

g
cr

ea
ti

ni
ne

0–
4

[6
0]

4-
hy

dr
ox

yb
en

zo
ic

ac
id

N
.R

.
N

.R
.

N
.R

.
C

oc
oa

po
ly

m
er

ic
pr

oc
ya

ni
di

n
co

nc
en

tr
at

e
16
±6

ng
/m

g
cr

ea
ti

ni
ne

0–
4

[6
0]

N
.R

.
N

.R
.

N
.R

.
N

on
-d

ai
ry

co
co

a
dr

in
k

N
.R

.
0–

24
[7

6]

4-
hy

dr
ox

yp
he

ny
la

ce
ti

c
ac

id
N

.R
.

N
.R

.
N

.R
.

C
oc

oa
po

ly
m

er
ic

pr
oc

ya
ni

di
n

co
nc

en
tr

at
e

21
0
±5

0
ng
/m

g
cr

ea
ti

ni
ne

0–
4

[6
0]

21



Nutrients 2019, 11, 1163

T
a

b
le

6
.

C
on

t.

C
h

e
m

ic
a

l
C

a
te

g
o

ry
M

e
ta

b
o

li
te

T
re

a
tm

e
n

t
1

T
re

a
tm

e
n

t
2

R
e

fe
re

n
ce

T
y

p
e

o
f

M
a

tr
ix

C
o

n
ce

n
tr

a
ti

o
n

S
a

m
p

li
n

g
P

e
ri

o
d

(h
)

T
y

p
e

o
f

M
a

tr
ix

C
o

n
ce

n
tr

a
ti

o
n

S
a

m
p

li
n

g
P

e
ri

o
d

(h
)

Ph
en

ol
ic

ac
id

s
an

d
ot

he
rs

4-
hy

dr
ox

yp
he

ny
lp

ro
pa

no
ic

ac
id

N
.R

.
N

.R
.

N
.R

.
C

oc
oa

po
ly

m
er

ic
pr

oc
ya

ni
di

n
co

nc
en

tr
at

e
0.

02
±0

.0
4

ng
/m

g
cr

ea
ti

ni
ne

0–
4

[6
0]

4-
O

-m
et

hy
lg

al
lic

ac
id

N
.R

.
N

.R
.

N
.R

.
N

on
-d

ai
ry

co
co

a
dr

in
k

N
.R

.
0–

24
[7

6]
H

ot
w

at
er

N
.D

.
0–

24
C

oc
oa

po
w

de
r

w
ith

w
at

er
0.

6
±1

.1
μ

m
ol

0–
24

[6
9]

5-
(3

’,4
’-d

ih
yd

ro
xy

ph
en

yl
)

va
le

ro
la

ct
on

e
N

.R
.

N
.R

.
N

.R
.

C
oc

oa
po

ly
m

er
ic

pr
oc

ya
ni

di
n

co
nc

en
tr

at
e

2
±4

ng
/m

g
cr

ea
tin

in
e

48
[6

0]

C
aff

ei
c

ac
id

N
.R

.
N

.R
.

N
.R

.
C

oc
oa

po
ly

m
er

ic
pr

oc
ya

ni
di

n
co

nc
en

tr
at

e
1.

2
±0

.5
ng
/m

g
cr

ea
ti

ni
ne

0–
4

[6
0]

N
.R

.
N

.R
.

N
.R

.
N

on
-d

ai
ry

co
co

a
dr

in
k

N
.R

.
0–

24
[7

6]
H

ot
w

at
er

0.
1
±0

.2
μ

m
ol

0–
24

C
oc

oa
po

w
de

r
w

ith
w

at
er

0.
4
±0

.4
μ

m
ol

0–
24

[6
9]

D
ih

yd
ro

xy
ph

en
yl

va
le

ri
c

ac
id

N
.R

.
N

.R
.

N
.R

.
C

oc
oa

po
ly

m
er

ic
pr

oc
ya

ni
di

n
co

nc
en

tr
at

e
0.

01
ng
/m

g
cr

ea
ti

nt
in

e
-

[6
0]

Fe
ru

lic
ac

id
N

.R
.

N
.R

.
N

.R
.

C
oc

oa
po

ly
m

er
ic

pr
oc

ya
ni

di
n

co
nc

en
tr

at
e

21
±4

ng
/m

g
cr

ea
ti

ni
ne

0–
4

[6
0]

Ba
se

lin
e

13
1
±5

9
nm

ol
/m

g
cr

ea
ti

ni
ne

−2
4–

0
C

ho
co

la
te

32
1
±9

9
nm

ol
/m

g
cr

ea
ti

ni
ne

24
–4

8
[6

5]

N
.R

.
N

.R
.

N
.R

.
N

on
-d

ai
ry

co
co

a
dr

in
k

N
.R

.
0–

24
[7

6]

H
ip

pu
ri

c
ac

id

C
oc

oa
po

w
de

r
w

it
h

w
at

er

19
3.

16
±2

7.
89

nm
ol
/m

g
cr

ea
ti

ni
ne

0–
6

C
oc

oa
po

w
de

r
w

it
h

m
ilk

12
2.

82
±1

8.
83

nm
ol
/m

g
cr

ea
ti

ni
ne

12
–2

4
[7

8]

N
.R

.
N

.R
.

N
.R

.
N

on
-d

ai
ry

co
co

a
dr

in
k

N
.R

.
0–

24
[7

6]

Ba
se

lin
e

29
43
±1

92
3

nm
ol
/m

g
cr

ea
ti

ni
ne

−2
4–

0
C

ho
co

la
te

97
4±

11
5

nm
ol
/m

g
cr

ea
ti

ni
ne

0–
24

[6
5]

m
-c

ou
m

ar
ic

ac
id

N
.R

.
N

.R
.

N
.R

.
C

oc
oa

po
ly

m
er

ic
pr

oc
ya

ni
di

n
co

nc
en

tr
at

e
1
±1

ng
/m

g
cr

ea
tin

in
e

0–
4

[6
0]

H
ot

w
at

er
0.

5
±0

.9
μ

m
ol

0–
24

C
oc

oa
po

w
de

r
w

ith
w

at
er

1.
4
±1

.4
μ

m
ol

0–
24

[6
9]

22



Nutrients 2019, 11, 1163

T
a

b
le

6
.

C
on

t.

C
h

e
m

ic
a

l
C

a
te

g
o

ry
M

e
ta

b
o

li
te

T
re

a
tm

e
n

t
1

T
re

a
tm

e
n

t
2

R
e

fe
re

n
ce

T
y

p
e

o
f

M
a

tr
ix

C
o

n
ce

n
tr

a
ti

o
n

S
a

m
p

li
n

g
P

e
ri

o
d

(h
)

T
y

p
e

o
f

M
a

tr
ix

C
o

n
ce

n
tr

a
ti

o
n

S
a

m
p

li
n

g
P

e
ri

o
d

(h
)

Ph
en

ol
ic

ac
id

s
an

d
ot

he
rs

m
-c

ou
m

ar
ic

ac
id

N
.R

.
N

.R
.

N
.R

.
N

on
-d

ai
ry

co
co

a
dr

in
k

N
.R

.
0–

24
[7

6]
M

et
hy

l-
5-

(3
’,

4’
-d

ih
yd

ro
xy

ph
en

yl
)-

va
le

ro
la

ct
on

e
N

.R
.

N
.R

.
N

.R
.

C
oc

oa
po

ly
m

er
ic

pr
oc

ya
ni

di
n

co
nc

en
tr

at
e

0.
5
±0

.8
ng
/m

g
cr

ea
ti

ni
ne

48
[6

0]

m
-h

yd
ro

xy
be

nz
oi

c
ac

id
Ba

se
lin

e
N

on
de

te
ct

ed
−2

4–
0

C
ho

co
la

te
8.

93
±3

.9
nm

ol
/m

g
cr

ea
ti

ni
ne

24
–4

8
[6

5]

C
oc

oa
po

w
de

r
w

it
h

w
at

er

0.
56
±2

4
nm

ol
/m

g
cr

ea
ti

ni
ne

6–
12

C
oc

oa
po

w
de

r
w

it
h

m
ilk

0.
60
±0

.2
8

nm
ol
/m

g
cr

ea
ti

ni
ne

12
–2

4
[7

8]

m
-h

yd
ro

xy
ph

en
yl

ac
et

ic
ac

id
Ba

se
lin

e
21

.2
±3

.5
nm

ol
/m

g
cr

ea
ti

ni
ne

−2
4–

0
C

ho
co

la
te

15
6
±5

4
nm

ol
/m

g
cr

ea
ti

ni
ne

24
–4

8
[6

5]

m
-h

yd
ro

xy
ph

en
yl

pr
op

io
ni

c
ac

id
Ba

se
lin

e
5.

4
±2

.4
nm

ol
/m

g
cr

ea
ti

ni
ne

−2
4–

0
C

ho
co

la
te

13
.4
±4

.1
nm

ol
/m

g
cr

ea
ti

ni
ne

24
–4

8
[6

5]

p-
co

um
ar

ic
ac

id
N

.R
.

N
.R

.
N

.R
.

C
oc

oa
pr

oc
ya

ni
di

n
co

nc
en

tr
at

e
1
±1

ng
/m

g
cr

ea
tin

in
e

48
[6

0]

N
.R

.
N

.R
.

N
.R

.
N

on
-d

ai
ry

co
co

a
dr

in
k

N
.R

.
0–

24
[7

6]

Ph
en

yl
ac

et
ic

ac
id

C
oc

oa
po

w
de

r
w

it
h

w
at

er

16
3.

77
±2

2.
10

nm
ol
/m

g
cr

ea
ti

ni
ne

0–
6

C
oc

oa
po

w
de

r
w

it
h

m
ilk

16
7.

72
±2

3.
80

nm
ol
/m

g
cr

ea
ti

ni
ne

0–
6

[7
8]

Ba
se

lin
e

70
.1
±1

1.
3

nm
ol
/m

g
cr

ea
ti

ni
ne

−2
4–

0
C

ho
co

la
te

36
.8
±8

.1
nm

ol
/m

g
cr

ea
ti

ni
ne

24
–4

8
[6

5]

p-
hy

dr
ox

yb
en

zo
ic

ac
id

Ba
se

lin
e

54
.2
±8

.1
nm

ol
/m

g
cr

ea
ti

ni
ne

−2
4–

0
C

ho
co

la
te

41
.2
±1

0.
4

nm
ol
/m

g
cr

ea
ti

ni
ne

24
–4

8
[6

5]

C
oc

oa
po

w
de

r
w

it
h

w
at

er

6.
39
±0

.6
6

nm
ol
/m

g
cr

ea
ti

ni
ne

0–
6

C
oc

oa
po

w
de

r
w

it
h

m
ilk

3.
01
±0

.9
7

nm
ol
/m

g
cr

ea
ti

ni
ne

12
–2

4
[7

8]

23



Nutrients 2019, 11, 1163

T
a

b
le

6
.

C
on

t.

C
h

e
m

ic
a

l
C

a
te

g
o

ry
M

e
ta

b
o

li
te

T
re

a
tm

e
n

t
1

T
re

a
tm

e
n

t
2

R
e

fe
re

n
ce

T
y

p
e

o
f

M
a

tr
ix

C
o

n
ce

n
tr

a
ti

o
n

S
a

m
p

li
n

g
P

e
ri

o
d

(h
)

T
y

p
e

o
f

M
a

tr
ix

C
o

n
ce

n
tr

a
ti

o
n

S
a

m
p

li
n

g
P

e
ri

o
d

(h
)

Ph
en

ol
ic

ac
id

s
an

d
ot

he
rs

C
oc

oa
po

w
de

r
w

it
h

w
at

er

3.
13
±0

.6
0

nm
ol
/m

g
cr

ea
ti

ni
ne

0–
6

C
oc

oa
po

w
de

r
w

it
h

m
ilk

1.
76
±0

.3
0

nm
ol
/m

g
cr

ea
ti

ni
ne

6–
12

[7
8]

Ba
se

lin
e

71
.1
±1

3.
6

nm
ol
/m

g
cr

ea
ti

ni
ne

−2
4–

0
C

ho
co

la
te

90
.5
±2

1.
3

nm
ol
/m

g
cr

ea
ti

ni
ne

24
–4

8
[6

5]
p-

hy
dr

ox
yh

ip
pu

ri
c

ac
id

N
.R

.
N

.R
.

N
.R

.
N

on
-d

ai
ry

co
co

a
dr

in
k

N
.R

.
0–

24
[7

6]

Pr
ot

oc
at

ec
hu

ic
ac

id

C
oc

oa
po

w
de

r
w

it
h

w
at

er

11
.0

7
±1

.1
9

nm
ol
/m

g
cr

ea
ti

ni
ne

0–
6

C
oc

oa
po

w
de

r
w

it
h

m
ilk

8.
8
±2

.2
nm

ol
/m

g
cr

ea
ti

ni
ne

0–
6

[7
8]

N
.R

.
N

.R
.

N
.R

.
N

on
-d

ai
ry

co
co

a
dr

in
k

N
.R

.
0–

24
[7

6]

N
.R

.
N

.R
.

N
.R

.
C

oc
oa

po
ly

m
er

ic
pr

oc
ya

ni
di

n
co

nc
en

tr
at

e
40
±2

0
ng
/m

g
cr

ea
ti

ni
ne

8–
24

[6
0]

C
oc

oa
po

w
de

r
w

it
h

w
at

er

5.
96
±1

.1
5

nm
ol
/m

g
cr

ea
ti

ni
ne

0–
6

C
oc

oa
po

w
de

r
w

it
h

m
ilk

9.
85
±1

.2
7

nm
ol
/m

g
cr

ea
ti

ni
ne

0–
6

[7
8]

Ba
se

lin
e

64
.6
±2

5.
5

nm
ol
/m

g
cr

ea
ti

ni
ne

−2
4–

0
C

ho
co

la
te

22
8
±3

3
nm

ol
/m

g
cr

ea
ti

ni
ne

0–
24

[6
5]

N
.R

.
N

.R
.

N
.R

.
N

on
-d

ai
ry

co
co

a
dr

in
k

N
.R

.
0–

24
[7

6]

V
an

ill
ic

ac
id

N
.R

.
N

.R
.

N
.R

.
C

oc
oa

po
ly

m
er

ic
pr

oc
ya

ni
di

n
co

nc
en

tr
at

e
14
±4

ng
/m

g
cr

ea
ti

ni
ne

0–
4

[6
0]

N
o

te
s:

N
.R

.r
ef

er
s

to
no

n-
re

po
rt

ed
or

no
n-

co
co

a
m

at
ri

x
w

as
us

ed
,a

nd
N

.D
.t

o
no

n-
de

te
ct

ed
.

24



Nutrients 2019, 11, 1163

T
a

b
le

7
.

M
et

ab
ol

it
es

an
al

yz
ed

in
ur

in
e

af
te

r
ac

ut
e

co
co

a
in

te
rv

en
ti

on
st

ud
ie

d
w

it
h

no
n-

ta
rg

et
ed

m
et

ho
do

lo
gi

es
.

P
e

ri
o

d
(h

)
P

u
ri

n
e

M
e

ta
b

o
li

te
s

P
o

ly
p

h
e

n
o

l
M

e
ta

b
o

li
te

s
N

ic
o

ti
n

ic
A

ci
d

M
e

ta
b

o
li

te
s

A
m

in
o

A
ci

d
M

e
ta

b
o

li
te

s
O

th
e

rs
R

e
fe

re
n

ce

Ba
se

lin
e

N
-m

et
hy

lg
ua

ni
ne

-
-

-
-

[8
7]

0–
6

3-
m

et
hy

lu
ri

c
ac

id
3-

m
et

hy
lx

an
th

in
e

3,
7-

di
m

et
hy

lu
ri

c
ac

id
7-

m
et

hy
lu

ri
c

ac
id

7-
m

et
hy

lx
an

th
in

eA
M

M
U

(4
)

C
aff

ei
ne

Th
eo

br
om

in
e

3’
-m

et
ho

xy
-4

’-h
yd

ro
xy

ph
en

yl
va

le
ro

la
ct

on
e

3’
-m

et
ho

xy
-4

’-h
yd

ro
xy

ph
en

yl
va

le
ro

la
ct

on
e

gl
uc

ur
on

id
e

4-
hy

dr
ox

y-
5-

(3
,4

-d
ih

yd
ro

xy
ph

en
yl

)-
va

le
ri

c
ac

id
5-

(3
’,4

’-d
ih

yd
ro

xy
ph

en
yl

)-
γ

-v
al

er
ol

ac
to

ne
gl

uc
ur

on
id

e
Ep

ic
at

ec
hi

n-
O

—
su

lf
at

e
O

-m
et

hy
le

pi
ca

te
ch

in
V

an
ill

ic
ac

id
V

an
ill

oy
lg

ly
ci

ne

H
yd

ro
xy

ni
co

ti
ni

c
ac

id
Tr

ig
on

el
lin

e
Ty

ro
si

ne

3,
5-

di
et

hy
l-

2-
m

et
hy

lp
yr

az
in

e
C

yc
lo

(S
er

-T
yr

)
C

yc
lo

(P
ro

-P
ro

)
H

yd
ro

xy
ac

et
op

he
no

ne

[8
6]

3-
m

et
hy

lx
an

th
in

e
7-

m
et

hy
lx

an
th

in
e

Th
eo

br
om

in
e

V
an

ill
oy

lg
ly

ci
ne

-
-

-
[8

7]

3-
m

et
hy

lu
ri

c
ac

id
3-

m
et

hy
lx

an
th

in
e

3,
7-

di
m

et
hy

lu
ri

c
ac

id
7-

m
et

hy
lu

ri
c

ac
id

7-
m

et
hy

lx
an

th
in

e
A

M
M

U
C

aff
ei

ne
Th

eo
br

om
in

e

3’
-m

et
ho

xy
-4

’-h
yd

ro
xy

ph
en

yl
va

le
ro

la
ct

on
e

3’
-m

et
ho

xy
-4

’-h
yd

ro
xy

ph
en

yl
va

le
ro

la
ct

on
e

gl
uc

ur
on

id
e

4-
hy

dr
ox

y-
5-

(3
,4

-d
ih

yd
ro

xy
ph

en
yl

)-
va

le
ri

c
ac

id
5-

(3
’,4

’-d
ih

yd
ro

xy
ph

en
yl

)–
va

le
ro

la
ct

on
e

su
lf

at
e

5-
(3

’,4
’-d

ih
yd

ro
xy

ph
en

yl
)-

va
le

ro
la

ct
on

e
gl

uc
ur

on
id

e
H

ip
pu

ra
te

Ep
ic

at
ec

hi
n-

O
-s

ul
fa

te
V

an
ill

oy
lg

ly
ci

ne

H
yd

ro
xy

ni
co

ti
ni

c
ac

id
N

1-
m

et
hy

ln
ic

ot
in

am
id

e

A
la

ni
ne

A
rg

in
in

e
G

ly
ci

ne
Ty

ro
si

ne
V

al
in

e

2-
hy

dr
ox

yi
so

bu
ty

ra
te

3-
hy

dr
ox

yi
so

bu
ty

ra
te

3-
hy

dr
ox

yi
so

va
le

ra
te

4-
hy

dr
ox

yp
he

ny
la

ce
ta

te
C

re
at

in
in

e
D

im
et

hy
la

m
in

e
La

ct
at

e
O

-f
er

uo
yl

qu
in

at
e

Py
ru

va
te

[8
4]

6–
12

3-
m

et
hy

lu
ri

c
ac

id
3-

m
et

hy
lx

an
th

in
e

3,
7-

di
m

et
hy

lu
ri

c
ac

id
7-

m
et

hy
lu

ri
c

ac
id

7-
m

et
hy

lx
an

th
in

e
A

M
M

U
C

aff
ei

ne
Th

eo
br

om
in

e

3’
-m

et
ho

xy
-4

’-h
yd

ro
xy

ph
en

yl
va

le
ro

la
ct

on
e

3’
-m

et
ho

xy
-4

’-h
yd

ro
xy

ph
en

yl
va

le
ro

la
ct

on
e

gl
uc

ur
on

id
e

4-
hy

dr
ox

y-
5-

(3
,4

-d
ih

yd
ro

xy
ph

en
yl

)-
va

le
ri

c
ac

id
5-

(3
’,4

’-d
ih

yd
ro

xy
ph

en
yl

)-
g-

va
le

ro
la

ct
on

e
gl

uc
ur

on
id

e
5-

(3
’,4

’-d
ih

yd
ro

xy
ph

en
yl

)-
γ

-v
al

er
ol

ac
to

ne
su

lf
at

e
5-

(3
’,4

’-d
ih

yd
ro

xy
ph

en
yl

)-
γ

-v
al

er
ol

ac
to

ne
gl

uc
ur

on
id

e

-
-

C
yc

lo
(S

er
-T

yr
)

3,
5-

di
et

hy
l-

2-
m

et
hy

lp
yr

az
in

e
[8

6]

3-
m

et
hy

lx
an

th
in

e
7-

m
et

hy
lx

an
th

in
e

Th
eo

br
om

in
e

D
ih

yd
ro

xy
ph

en
yl

va
le

ro
la

ct
on

e
gl

uc
ur

on
id

e
-

-
Fu

ro
yl

gl
yc

in
e

[8
7]

12
–2

4

3-
m

et
hy

lu
ri

c
ac

id
3-

m
et

hy
lx

an
th

in
e

3,
7-

di
m

et
hy

lu
ri

c
ac

id
7-

m
et

hy
lu

ri
c

ac
id

7-
m

et
hy

lx
an

th
in

e
A

M
M

U
Th

eo
br

om
in

e

3’
-m

et
ho

xy
-4

’-h
yd

ro
xy

ph
en

yl
va

le
ro

la
ct

on
e

3’
-m

et
ho

xy
-4

’-h
yd

ro
xy

ph
en

yl
va

le
ro

la
ct

on
e

gl
uc

ur
on

id
e

4-
hy

dr
ox

y-
5-

(3
,4

-d
ih

yd
ro

xy
ph

en
yl

)-
va

le
ri

c
ac

id
5-

(3
’,4

’-d
ih

yd
ro

xy
ph

en
yl

)-
g-

va
le

ro
la

ct
on

e
gl

uc
ur

on
id

e
5-

(3
’,4

’-d
ih

yd
ro

xy
ph

en
yl

)-
γ

-v
al

er
ol

ac
to

ne
gl

uc
ur

on
id

e

-
-

C
yc

lo
(S

er
-T

yr
)

[8
6]

3-
m

et
hy

lx
an

th
in

e
7-

m
et

hy
lx

an
th

in
e

Th
eo

br
om

in
e

-
-

X
an

th
ur

en
ic

ac
id

-
[8

7]

N
o

te
s:

(4
)A

M
M

U
m

ea
ns

6-
am

in
o-

5-
[N

-m
et

hy
lf

or
m

yl
am

in
o]

-1
-m

et
hy

lu
ra

ci
l.

25



Nutrients 2019, 11, 1163

T
a

b
le

8
.

M
et

ab
ol

ite
sa

na
ly

ze
d

in
ur

in
e

an
d

pl
as

m
a

af
te

ra
cu

te
,s

ho
rt

-t
er

m
,o

rr
eg

ul
ar

co
co

a
in

ta
ke

in
te

rv
en

tio
ns

,s
tu

di
ed

w
ith

no
n-

ta
rg

et
ed

an
d

ta
rg

et
ed

m
et

ho
do

lo
gi

es
.

T
y

p
e

o
f

M
e

ta
b

o
li

te
M

e
ta

b
o

li
te

s
in

U
ri

n
e

M
e

ta
b

o
li

te
s

in
P

la
sm

a
(T

a
rg

e
te

d
)

N
o

n
-T

a
rg

e
te

d
[5

5
]

T
a

rg
e

te
d

[5
7

]
[5

7
]

[5
8
]

Po
ly

ph
en

ol
s

m
et

ab
ol

it
es

(D
H

PV
)5

-(
3’

,4
’-d

ih
yd

ro
xp

he
ny

l)
-v

al
er

ol
ac

to
ne

su
lf

og
lu

cu
ro

ni
de

(H
D

H
PV

A
)

4-
hy

dr
ox

y-
5-

(d
ih

yd
ro

xy
ph

en
yl

)-
va

le
ri

c
ac

id
gl

uc
ur

on
id

e
(H

H
M

PV
A

)
4-

hy
dr

ox
y-

5-
(h

yd
ro

xy
l-m

et
ho

xy
ph

en
yl

)-
va

le
ri

c
ac

id
gl

uc
ur

on
id

e
(H

H
PV

A
)

4-
hy

dr
ox

y-
5-

(h
yd

ro
xy

ph
en

yl
)-

va
le

ri
c

ac
id

su
lp

ha
te

(H
PV

)h
yd

ro
xy

ph
en

yl
-v

al
er

ol
ac

to
ne

gl
uc

ur
on

id
e

(H
PV

A
)4

-h
yd

ro
xy

-5
-(

ph
en

yl
)-

va
le

ri
c

ac
id

su
lp

ha
te

(M
H

PV
)m

et
ho

xy
hy

dr
ox

yp
he

ny
l

va
le

ro
la

ct
on

e
D

H
PV

gl
uc

ur
on

id
e

(1
)a

nd
(2

)
D

H
PV

su
lp

ha
te

(e
pi

)c
at

ec
hi

n
gl

uc
ur

on
id

e
(e

pi
)c

at
ec

hi
n

su
lp

ha
te

H
D

H
PV

A
H

D
H

PV
A

su
lp

ha
te

H
H

PM
VA

su
lp

ha
te

H
PV

su
lp

ha
te

M
H

PV
gl

uc
ur

on
id

e
V

an
ill

ic
ac

id
V

an
ill

in
su

lp
ha

te

(-
)-

ep
ic

at
ec

hi
n

3-
hy

dr
ox

yb
en

zo
ic

ac
id

3-
hy

dr
ox

yh
ip

pu
ri

c
ac

id
3-

hy
dr

ox
yp

he
ny

la
ce

ti
c

ac
id

3-
hy

dr
ox

yp
he

ny
lp

ro
pi

on
ic

ac
id

3-
m

et
ho

xy
-4

-h
yd

ro
xy

ph
en

yl
ac

et
ic

ac
id

3,
4-

di
hy

dr
ox

yp
he

ny
la

ce
ti

c
ac

id
3,

4-
di

hy
dr

ox
yp

he
ny

lp
ro

pi
on

ic
ac

id
4-

hy
dr

ox
yb

en
zo

ic
ac

id
4-

hy
dr

ox
yh

ip
pu

ri
c

ac
id

5-
(3

’,4
’-d

ih
yd

ro
xy

ph
en

yl
)-
γ

-v
al

er
ol

ac
to

ne
5-

(3
’-m

et
ho

xy
,

4’
-h

yd
ro

xy
ph

en
yl

)-
γ

-v
al

er
ol

ac
to

ne
O

-g
lu

cu
ro

ni
de

5-
(3

’-m
et

ho
xy

,
4’

-h
yd

ro
xy

ph
en

yl
)-
γ

-v
al

er
ol

ac
to

ne
O

-s
ul

fa
te

5-
(3

’,4
’-d

ih
yd

ro
xy

ph
en

yl
)-
γ

-v
al

er
ol

ac
to

ne
O

-g
lu

cu
ro

ni
de

is
om

er
s

C
aff

ei
c

ac
id

Ep
ic

at
ec

hi
n-

3’
-O

-g
lu

cu
ro

ni
de

Ep
ic

at
ec

hi
n-

7-
O

-g
lu

cu
ro

ni
de

Ep
ic

at
ec

hi
n-

O
-g

lu
cu

ro
ni

de
is

om
er

s
Ep

ic
at

ec
hi

n-
O

-s
ul

fa
te

is
om

er
s

Fe
ru

lic
ac

id
m

-c
ou

m
ar

ic
ac

id
O

-m
et

hy
l-

ep
ic

at
ec

hi
n-

O
-g

lu
cu

ro
ni

de
is

om
er

sO
-m

et
hy

l-
ep

ic
at

ec
hi

n-
O

-s
ul

fa
te

is
om

er
sp

-c
ou

m
ar

ic
ac

id
Ph

en
yl

ac
et

ic
ac

id
Pr

ot
oc

at
ec

hu
ic

ac
id

V
an

ill
ic

ac
id

3-
hy

dr
ox

yh
ip

pu
ri

c
ac

id
3-

hy
dr

ox
yp

he
ny

la
ce

ti
c

ac
id

3-
hy

dr
ox

yp
he

ny
lp

ro
pi

on
ic

ac
id

3,
4-

di
hy

dr
ox

yp
he

ny
la

ce
ti

c
ac

id
3,

4-
di

hy
dr

ox
yp

he
ny

lp
ro

pi
on

ic
ac

id
4-

hy
dr

ox
yb

en
zo

ic
ac

id
4-

hy
dr

ox
yh

ip
pu

ri
c

ac
id

5-
(3

’,4
’-d

ih
yd

ro
xy

ph
en

yl
)-
γ

-v
al

er
ol

ac
to

ne
5-

(3
’-m

et
ho

xy
,

4’
-h

yd
ro

xy
ph

en
yl

)-
γ

-v
al

er
ol

ac
to

ne
O

-g
lu

cu
ro

ni
de

5-
(3

’,4
’-d

ih
yd

ro
xy

ph
en

yl
)-
γ

-v
al

er
ol

ac
to

ne
O

-g
lu

cu
ro

ni
de

(1
)a

nd
(2

)
C

aff
ei

c
ac

id
Fe

ru
lic

ac
id

p-
co

um
ar

ic
ac

id
Ph

en
yl

ac
et

ic
ac

id
Pr

ot
oc

at
ec

hu
ic

ac
id

V
an

ill
ic

ac
id

3’
-O

-m
et

hy
l-

(-
)-

ep
ic

at
ec

hi
n

4’
-O

-m
et

hy
l-

(-
)-

ep
ic

at
ec

hi
n

Ep
ic

at
ec

hi
n

Pu
ri

ne
m

et
ab

ol
it

es

3-
m

et
hy

lu
ri

c
ac

id
3,

7-
di

m
et

hy
lu

ri
c

ac
id

7-
m

et
hy

lx
an

th
in

e
A

M
M

U
1

an
d

2
(5

)
Th

eo
br

om
in

e
X

an
th

in
e

-
-

-

O
th

er
s

A
sp

ar
ty

l-
ph

en
yl

al
an

in
e

C
yc

lo
(a

sp
ar

ty
l-

ph
en

yl
al

an
yl

)
Fu

ro
yl

gl
yc

in
e

M
et

hy
lg

lu
ta

ry
lc

ar
ni

ti
ne

-
-

-

N
o

te
s:

(5
)1

an
d

2
co

rr
es

po
nd

to
is

om
er

s
A

M
M

U
=

6-
am

in
o-

5-
[N

-m
et

hy
lf

or
m

yl
am

in
o]

-1
-m

et
hy

lu
ra

ci
l.

26



Nutrients 2019, 11, 1163

In particular, studies that mentioned acute intake of cocoa are summarized in the following
tables: (a) Tables 4 and 6 include information of different metabolites as concentrations measured in
the biological samples and the corresponding sampling periods. The type of matrix analyzed is also
indicated. Both tables summarize information of targeted studies, the first focused on plasma (Table 4)
and the other in urine (Table 6) analysis; (b) Table 5 shows the time after intake of different chocolates,
where the highest signals of the different metabolites were detected or expected in plasma samples, (c)
Table 7 focuses on the main metabolites found in urine that discriminated between different periods of
time after intake, with an untargeted approach.

On the other hand, discriminating metabolites in between regular/chronic consumers and
non-regular/chronic consumers observed in urine and plasma are listed on Table 8. This covers both
targeted and untargeted studies.

Metabolites were organized by means of the chemical group, mainly methylxanthines, flavonoids
and conjugates, phenolic acids, and lignans. As for the data collected from untargeted studies, data
organization was done in a way that respected as much as possible the authors’ original classification.
Additionally, in each category metabolites were organized alphabetically.

4. Discussion

4.1. Methylxanthines

Theobromine showed some of the higher concentrations in plasma and urine after cocoa intake
in different human intervention trials (Tables 4 and 5). One study [81] showed that unmetabolized
theobromine in urine was close to 1.5 times higher when consuming methylxanthine enriched powder
compared to the non-enriched cocoa powder, which indicates that renal clearance could vary in
function of exposure. Due to a possible saturation of the pathway, a lack of enzymes and/or cofactors
to process the metabolite may have had affected [81,88].

There is evidence that suggests that excretion also depends on gender and age. After consumption
of chocolate in a cross-over study, theobromine excretion showed by women almost doubled man’s
levels and was also higher for volunteers younger than 29 years, and lower compared to the ones older
than 54 years [84].

A variety of methylxanthines metabolites were also observed in non-targeted studies (Table 7),
which follow characteristic metabolic pathways [89]. Some of them have been proposed as possible
biomarkers of regular cocoa intake as AMMU, 3-methyluric acid, 7-methylxanthine, 3-methylxanthine,
theobromine, and 3,7-dimethyluric acid [55].

4.2. Polyphenols

Polyphenols such as (epi) catechin, and the corresponding glucuronides, sulfates, with or without
methylations were the most frequently analyzed metabolites.

One example is a study that evaluated plasma and urine samples after drinking a cocoa
beverage. The most abundant flavanol metabolites were (-)-epicatechin-3’-β-D-glucuronide,
(-)-epicatechin-3’-sulfate, 3’-O-methyl-(-)-epicatechin-5-sulfate, and 3’-O-methyl-(-)-epicatechin-
7-sulfate which represented close to 94% of the total flavanol metabolites that were measured in
plasma [82].

This is consequence of the metabolic pathways that flavanols and phenolic acids follow. When
absorbed, these metabolites are transferred to the liver or other tissues where phase I and phase II
reactions occur. In phase I, cytochrome enzymes lead to hydroxylations, oxidations and reductions;
meanwhile, phase II produces conjugates by action of glucuronosyl transferases, sulfotransferases, and
catechol-O-methyl transferases [75,90–92].

In general terms these metabolites reached maximum concentrations in plasma in less than 4 hours
after intake (Table 4). One exception was (-)-epicatechin-7’-β-D-glucuronide, that in one study required
12.8 ± 4.8 h after cocoa intake to reach maximal concentrations [66].

27



Nutrients 2019, 11, 1163

When these metabolites are present in plasma, they could exert particular effects. For example,
one study analyzed the impact of chocolate intake on oxidative damage, and observed an increase in
plasma antioxidant activity and plasma lipid oxidation products decrease as epicatechin plasma levels
increased [63]. Additionally, elimination rates have an influence on the probabilities of accumulation
in blood or tissues, and the subsequent effect on health [93].

In this matter, when studying urine samples, the required time to reach maximal concentration was
found to be largely variable. While (epi) catechin-O-sulfate isomer required a time in between 0–2 h after
cocoa powder in milk intake to reach the higher concentration [77], (-)-epicatechin-7-β-D-glucuronide
required a time in between 10–24 h after dark chocolate consumption [66].

Influence of age on metabolism was analyzed in an intervention that evaluated two cocoa powder
drinks. Non-significant differences or small differences were observed for the different pharmacokinetic
parameters, in the renal clearance, total excreted metabolites, and apparent volume of distribution in
two age groups: 18–35 years and 65–80 years. Some of the small differences observed were associated
with changes in renal function due to normal aging processes [82].

Studies converge in that increasing polymerization degree (n > 2) of procyanidins hinders their
absorption. Procyanidin B2 dimer has been detected in plasma after consuming a cocoa beverage,
showing a maximum concentration in the period between 0.5–2 h (Table 5). In this same study, B5
dimer was not detected [68]. Similar results were observed in another study where volunteers drank
samples with cocoa extracts that contained procyanidins from 2–10 units. In this study, B2 dimer was
detected in plasma in approximately 80% of the volunteers, indicating maximum concentrations at 2 h
after intake, and with concentrations close to the limit of detection. Additionally, B5 dimer was not
detected in any of the plasma samples [80].

Polyphenol absorption and excretion can depend on the food matrix, but contradictory information
exists. For example, excretion patterns of microbial phenolic acids metabolites measured in urine
differed depending on the liquid vehicle of cocoa powder consumed: water or milk [78]. One
randomized study compared the levels of (-)-epicatechin glucuronide in plasma after the intake of
cocoa powder with milk or water, and reported no statistical differences in the results from each
group [73]. Also, milk protein did not affect the bioavailability of polyphenols present in a chocolate
drink [74]. In another study the excretion of different flavan-3-ol metabolites within 24 h after cocoa
intake was close to 20% of the ingested dose if cocoa was provided as a water-based beverage, but
only 10% if ingested as a milk-based cocoa drink [77]. When consuming two cocoa beverages, either
prepared with water or with milk, the total excretion was not affected, but kinetics was different. In the
same period of time after intake (-)-epicatechin glucuronide was the most concentrated metabolite
when water was the vehicle—doubling the concentration of total excreted (-)-epicatechin sulfates-
but when milk was used, glucuronides and total sulfates reached similar concentrations in urine [75].
No significant differences in excretion patterns were found when comparing a variety of metabolites
in urine after consuming cocoa powder in milk or in water [86]. It is suggested that polyphenol
absorption and metabolism might be affected because of the interactions between milk polypeptides
and polyphenols, which can decrease the bioaccessibility [94,95]. In addition, polyphenol absorption
could also be affected by carbohydrates, as it has been reported that flavanol uptake could increase
when simultaneously consuming these macronutrients [50].

Flavanol absorption and metabolism has also been demonstrated to be dependent on the
stereochemistry. Differences in absorption and metabolism were detected after the consumption of
equal amounts of (-)-epicatechin, (-)-catechin, (+)-catechin, and (+)-epicatechin in a cocoa based milk
drink [79].

Non-absorbed flavonoids and phenolic acids could follow metabolic pathways that are carried
out by the colonic microbiota [66,90–92]. Some epicatechin metabolites can return to small intestine
including non-absorbed epicatechin pass to the colon, which can account a total close to 70 % of the
total ingested [96].
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Microbial metabolism can lead to the production of phenolic acids, sulfated and glucuronidated
valerolactones [57]. Some examples are ferulic acid, phenylacetic acid, hippuric acid (Table 6),
4-hydroxy-5-(dihydroxyphenyl)-valeric acid glucuronide, and methoxyhydroxyphenyl valerolactone
(Tables 6 and 7).

In general terms, these types of metabolites require longer times to reach mean concentrations in
urine and plasma than the metabolites following phase II metabolism (Tables 4 and 6, Tables 7 and 8).
To illustrate, ferulic and m-hydroxyphenyl acetic acids showed maximum concentrations in between
24 and 48 h after chocolate intake, and vanillic acid was the only metabolite that returned to basal level
concentrations in the 48 h of observation [65].

Research suggests that consumption of cocoa and derivatives could modulate human metabolism.
A randomized controlled cross-over intervention trial analyzed the acute consumption of three
types of chocolates in 42 healthy volunteers and concluded that several endogenous metabolites
were affected (Tables 5 and 7). In particular, several amino acids, organic acids, creatinine, lactate,
and N1-methylnicotinamide decreased meanwhile pyruvate, tyrosine, and p-hydroxyphenylacetate
increased after the intervention. Flavan-3-ols, methylxanthines and their metabolites were suggested
to modulate endogenous and colonic microbial metabolism [84].

Studies with longer periods of intervention detected additional metabolome changes due
to regular cocoa consumption (Table 8). For example, different glucuronide and sulfate
conjugates of (-)-epicatechin, O-methyl-epicatechin, dihydroxyphenyl valerolactones, and methoxy
hydroxyphenyl valerolactones increased their levels in plasma after regular consumption of cocoa
powder in a non-healthy group of volunteers. Hydroxyphenylacetic acids, AMMU isomers,
5-(3’,4’-dihydroxyphenyl)-γ-valerolactone, and its glucuronides and sulfates have been proposed as
biomarkers of regular consumption of cocoa [55,57]. Further on, one study reported that methylglutaryl
carnitine, derived from the acylcarnitine pathway, decreased after a long-term cocoa intake [55].

More recent studies have supported this information as 5-(3’,4’-dihidroxyphenyl)-γ-valerolactone
has also been proposed as a specific biomarker of flavan-3-ols consumption, deriving only from (epi)
catechin-based mono and oligomeric cocoa flavanols [83].

There is also evidence that polyphenol consumption from cocoa products might change the gut
microbiota, exerting prebiotic effects, and which could be related to the activation of anti-inflammatory
pathways with benefits in the host and alter the obtained profile of metabolites. One study observed
an increase of Lactobacillus spp. and Bifidobacterium spp. in contrast with a decrease of Clostridium spp.
populations after daily consumption during one month of a flavanol-rich cocoa beverage, compared to
a low flavanol cocoa beverage [33,97,98].

4.3. Other Metabolites

Metabolites different than methylxanthines and polyphenols metabolism have also been detected
after cocoa intake. For example, trigonelline (N-methylnicotinic acid) and hydroxynicotinic acid may
be a result of nicotinic acid metabolism. They were detected in urine only within 6 h after cocoa powder
consumption. Also, diketopiperazines such as cyclo(ser-tyr) and cyclo(pro-pro) were reported for the
first time associated to cocoa powder intake and are considered flavor and taste metabolites [86].

N-phenylpropenoyl-L-amino acids have also been metabolites of interest as there is some
preliminary evidence of their biological activity. Thirteen of them have been reported in urine after
cocoa intake [20].

Additionally, significant changes in plasma metabolites after 6 h of chocolate intake have been
reported for β-hydroxybutyrate, acetone, acetoacetate, and aspartate. (Table 5) [84].

One study observed that daily dark chocolate intake for 2 weeks modulated energy and hormone
metabolism of humans with low and high anxiety traits, and also modulated their microbial gut
metabolism. Urine analysis showed a reduction of stress hormone metabolites, and other stress-related
metabolites presented a trend to change towards the low anxiety profile. Some of these metabolites are

29



Nutrients 2019, 11, 1163

glycine, citrate, trans-aconitate, proline, DOPA, β-alanine, hippurate, and p-cresol sulfate [99]. This
can eventually help understand the impact of cocoa intake on health.

5. Conclusions

A diversity of metabolites has been identified in urine and plasma after consumption of cocoa
or cocoa derived products. Theobromine and caffeine have been some of the main methylxanthines
identified together with their metabolites. Polyphenolic phase I and phase II metabolism leads mainly
to (epi)catechin sulphates, glucuronides, and sulfoglucuronides. Non absorbed polyphenols are
transformed by colonic microorganisms yielding a diversity of metabolites that range from phenolic
acids to different valerolactones, and more complex metabolites.

Biomarkers of consumption of cocoa have been proposed: AMMU, 3-methyluric acid,
7-methylxanthine, 3-methylxanthine, theobromine, 3,7-dimethyluric acid, hydroxyphenylacetic
acid, and 5-(3’,4’-dihydroxyphenyl)-γ-valerolactone; the latter with its correspondant glucuronides
and sulfates.

Evidence shows that absorption, metabolism, and excretion of cocoa metabolites depend on the
food matrix, the dose, age, gender, overall health status and other factors such as the polymerization
degree (e.g., procyanidins), and stereochemistry (e.g., flavanols).

The development of clinical studies is fundamental to understand the metabolic pathways of
different metabolites present in cocoa and further on the effects on health. Special attention must be
given to properly design the experiments, and instrumental methodologies for the extraction and
quantification of metabolites in biological samples.
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Abstract: Cocoa has beneficial health effects partly due to its high flavanol content. This study was
aimed at assessing the absorption and metabolism of polyphenols in two soluble cocoa products: a
conventional (CC) and a flavanol-rich product (CC-PP). A crossover, randomized, blind study was
performed in 13 healthy men and women. On two different days, after an overnight fast, volunteers
consumed one serving of CC (15 g) or CC-PP (25 g) in 200 mL of semi-skimmed milk containing
19.80 mg and 68.25 mg of flavanols, respectively. Blood and urine samples were taken, before and after
CC and CC-PP consumption, and analyzed by high-performance liquid chromatography coupled
to electrospray ionisation and quadrupole time-of-flight mass spectrometry (HPLC-ESI-QToF-MS).
Up to 10 and 30 metabolites were identified in plasma and urine, respectively. Phase II derivatives
of epicatechin were identified with kinetics compatible with small intestine absorption, although
the most abundant groups of metabolites were phase II derivatives of phenyl-γ-valerolactone and
phenylvaleric acid, formed at colonic level. 5-(4′-Hydroxyphenyl)-γ-valerolactone-sulfate could be a
sensitive biomarker of cocoa flavanol intake. CC and CC-PP flavanols showed a dose-dependent
absorption with a recovery of 35%. In conclusion, cocoa flavanols are moderately bioavailable and
extensively metabolized, mainly by the colonic microbiota.

Keywords: flavanols; soluble cocoa products; bioavailability; human; plasma nutrikinetics; liquid
chromatography coupled to electrospray ionisation and quadrupole time-of-flight mass spectrometry
(LC-ESI-QToF-MS); colonic bacteria

1. Introduction

Cocoa remains a popular foodstuff worldwide. Soluble cocoa products have been popular in
Spain, among other countries, being commonly consumed twice a day, at breakfast and as part of an
afternoon break known as “merienda”. The potential health-promoting effects of cocoa products have
gained extensive attention in the last few years. Most of these effects are attributed to the polyphenolic
fraction of cocoa, mainly flavanols epicatechin and catechin, and low molecular weight procyanidins
such as procyanidins B1 and B2 [1,2]. In fact, cocoa has been defined as a functional food due to its high
flavanol content [1]. Moreover, soluble cocoa products are also a source of methylxanthines (mainly
theobromine), magnesium and dietary fiber; all are biologically active substances that may also affect
human health positively [2].

The biological activity of phenolic compounds depends on their bioavailability and metabolic fate,
as well as on their digestive accessibility, which is determined by the release from the food matrix and
efficiency in trans-epithelial passage. Recently Mena et al. [3] reviewed the rate and extent of absorption
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of cocoa polyphenols in humans, as well as the metabolic pathways involved. These polyphenols
are partially absorbed in the upper gastrointestinal tract, being conjugated by phase II enzymes into
methoxy, sulfated and/or glucuronidated metabolites, with maximum plasma concentrations around
2 h after cocoa intake in the nM range [4]. Controversy exists regarding whether procyanidins can be
broken down in the stomach yielding monomers that may be absorbed or, conversely, whether intact
procyanidins can be absorbed from the gastrointestinal tract. In this sense, Ottaviani et al. [5] observed
that dietary procyanidins do not contribute to the systemic pool of flavanols in humans when test
drinks that contained only flavanols, flavanols and procyanidins, or only procyanidins were consumed
by humans.

Polyphenols not absorbed in the small intestine reach the colon where they are metabolized by
the intestinal microbiota mainly to phenyl-γ-valerolactone and phenylvaleric acid metabolites [3].
These ring fission products, as well as phenylvaleric acid conjugates, were excreted primarily
5–10 h after ingestion of green tea [6,7]. In a recent report on the absorption, distribution,
metabolism, and excretion in humans of radiolabeled and stereochemically pure [2-14C](-)-epicatechin
([14C]epicatechin) [8], 20 different metabolites were identified and quantified: phase II derivatives of
epicatechin, hydroxyphenyl-γ-valerolactones and phenylvaleric acids. Moreover, it was confirmed
that the gut microbiome is a key driver of epicatechin metabolism.

Nowadays, innovation in the elaboration of cocoa products includes using new delivery forms
in an attempt to increase polyphenols’ bioavailability, like microencapsulation of cocoa phenols in
cocoa-nut creams [9]. New soluble cocoa products enriched with bioactive components such as dietary
fiber, methylxanthines or polyphenols are also being introduced into the food market. This is the case
of two novel soluble cocoa products, produced and commercialized by the same manufacturer as the
products used in the present study. One is rich in dietary fiber and the other rich in cocoa, containing
1.16 and 3.02 mg/g of flavanols, respectively [10]—amounts similar to the flavanol content of the
soluble cocoas used in the present study (see below). When consumed in realistic doses by healthy
and subjects at cardiovascular risk (hypercholesterolemic), results showed that both soluble cocoa
products had a positive effect on serum lipid profile, increasing HDL-cholesterol without inducing
anthropometric changes. These effects could be associated in part to the flavanol content in the two
commercial cocoa products, although in that study the circulating levels of phenolic metabolites was
not quantified. However, other studies have shown a correlation between the effect of dark chocolate
(50 g, providing 7.5 gallic acid equivalents (GAE) of polyphenols) improving platelet function and
the increased plasma concentrations of structurally-related (epi)catechin metabolites (SREM). These
data confirm that the potential health benefits of cocoa consumption may be mediated by flavan-3-ol
circulating metabolites [11], in spite of the limited bioavailability of cocoa polyphenols.

Indeed, many studies have focused on determining the bioavailability and metabolism of cocoa
phenolic compounds, although most bioavailability studies have been carried out with unrealistic
doses (for some reviews see [3,12–14]). Therefore, the aim of the present work was to evaluate the
bioavailability of flavanols in healthy humans after consuming a realistic amount of two soluble cocoa
products: a conventional soluble cocoa (CC) and a flavanol-rich soluble cocoa (CC-PP). In addition, an
important effort has been made to identify microbiota-derived metabolites, showing the importance of
gut bacteria on polyphenol absorption and metabolism.

2. Materials and Methods

2.1. Chemical Reagents and Materials

The commercialized soluble cocoa products used in the study were provided by Idilia Foods
(previous company name: Nutrexpa S.L.), one being a conventional soluble cocoa product, labeled
as CC, and the other a flavanol-rich soluble cocoa product, labeled as CC-PP. All solvents and
reagents were of analytical grade unless otherwise stated. Ascorbic acid, epicatechin, catechin,
procyanidin B1, 3-(3,4-dihydroxyphenyl)propionic acid, 3-(4-hydroxyphenyl)propionic acid, 3-(4-
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hydroxy-3-methoxyphenyl)propionic acid, 3,4-dihydroxyphenylacetic acid, 4-hydroxyphenylacetic
acid, 4-hydroxy-3-methoxyphenylacetic acid, protocatechuic acid, 4-hydroxybenzoic acid and ferulic
acid were from Sigma-Aldrich (Madrid, Spain). Procyanidin B2 and epicatechin-3-gallate were acquired
from Extransynthese Genay Cedex (France). Methanol, formic acid, and acetonitrile (high-performance
liquid chromatography (HPLC) grade) were acquired from Panreac (Madrid, Spain).

2.2. Quantification of Total Polyphenols of the Soluble Cocoa Products. Characterization and Quantification by
high-performance liquid chromatography-mass spectrometry (HPLC-MS) and high-performance liquid
chromatography-diode array (HPLC-DAD).

Total polyphenols were measured spectrophotometrically using the Folin–Ciocalteau reagent and
gallic acid as standard. Results were expressed as μg equiv gallic acid/g product.

As described by Bravo et al. [15], cocoa extracts were obtained by washing 1 g of defatted cocoa
with 40 mL of 50% aqueous methanol (HPLC grade) containing 0.8% of 2 mol/L hydrochloric acid for 1 h
at room temperature with constant shaking. Afterwards, samples were centrifuged (10 min, 3000× g)
and supernatants were collected. The residues obtained were successively extracted with 40 mL of 70%
acetone (v/v) in water (1 h, constant shaking). The samples were then centrifuged (10 min, 3000× g) and
supernatants were collected. Finally, supernatants obtained after each extraction step were combined
and made up to 100 mL. Polyphenolic composition was analyzed using an Agilent 1200 series liquid
chromatographic system equipped with an autosampler, quaternary pump, diode array detector
(DAD) and simple quadrupole (sQ) mass spectrometer (Agilent Technologies, Waldbronn, Germany).
Samples (20 μL) were injected into a Superspher RP18 column (4.6 mm × 250 mm i.d., 4 μm; Agilent
Technologies) preceded by an ODS RP18 guard column kept in a thermostatic oven at 37 ◦C.

Elution was performed at a flow rate of 0.6 mL/min using a binary system consisting of 1% formic
acid in deionized water (solvent A) and 1% formic acid in acetonitrile (solvent B). The solvent gradient
changed from 6% to 10% solvent B over 20 min, 10% to 13% solvent B over 5 min, 13% to 15% solvent B
over 5 min, 15% to 10% in 10 min, 10% to 6% in 5 min and then maintained isocratically for 5 min.
Chromatograms were recorded at 280 nm. The mass spectrometer was fitted to an atmospheric pressure
electrospray ionization (ESI) source, which operated in negative ion mode. Capillary voltage was set
to 3500 V, with nebulizing gas flow rate of 12 h/L, drying gas temperature of 350 ◦C and nebulizer
pressure of 45 psi. Mass spectrometry data were acquired in scan mode (mass range m/z 100–1000).
Data acquisition and analysis were carried out in an Agilent ChemStation.

An Agilent 1200 series liquid chromatographic system (Agilent Technologies) equipped with
a quaternary pump, column oven, autosampler and DAD was used to quantify the identified
polyphenols in soluble cocoa products by high-performance liquid chromatography (HPLC–DAD).
The chromatographic conditions (column, guard column, binary gradient, injection volume, etc.) were
as described above. For quantitative analysis the external standard method was used. Samples were
prepared and analyzed in triplicate and the results were expressed as the mean value.

2.3. Subjects and Study Design

The study protocol was conducted in accordance with the ethical recommendations of the
Declaration of Helsinki and approved by the Ethics Committee of Hospital Universitario Puerta de
Hierro in Majadahonda (Madrid, Spain) (ACT ID 256, 28th of June 2010; Project Identification Code
AGL2015-69986-R). Recruitment of volunteers was carried out through placing advertisements at the
Institute of Food Science, Technology and Nutrition (ICTAN).

The study was carried out in thirteen healthy subjects (3 men and 10 women); the mens’ average
age and body mass index were 26.67 ± 3.21 year and 22.47 ± 2.97 kg/m2, respectively, and womens’
were 32.60 ± 9.85 year and 23.36 ± 3.73 kg/m2, respectively. They were non-smoker, non-vegetarian,
non-pregnant women, who were not taking any medication or nutritional supplements, and were
not suffering from any chronic pathology or gastrointestinal disorder. The sample size was estimated
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attending to similar previous bioavailability studies [4,16]. The volunteers gave their informed consent
prior to participation.

The present randomized, single-blind study was carried out at the Human Nutrition Unit (HNU)
of the Institute of Food Science, Technology and Nutrition (ICTAN). Volunteers attended the HNU on
two days, separated by two weeks. Three days previous to each visit, participants were instructed
not to consume cocoa products (chocolate, soluble cocoa, etc.), juices, tea, wine, grape must, oranges,
tangerines, apples, grapes, strawberries or other berries, beets, onions, soybeans and soy derivatives.
In addition, volunteers were asked to complete a 24 h food intake recall the day before they attended
the HNU in order to monitor any possible food restriction incompliance.

On each intervention day, volunteers arrived at the HNU after an overnight fast. Prior to the intake
of the soluble cocoa product, a nurse inserted a cannula in the cubital vein of the non-prevailing arm of
the volunteers and blood samples were collected into EDTA-coated tubes at baseline (t = 0) and 0.5, 1,
2, 3, 4, 6, and 8 h after consuming the corresponding cocoa product. The soluble cocoa products, either
15 g of CC or 25 g CC-PP, were dissolved in 200 mL of semi-skimmed milk following manufacturer’s
preparation instructions. Plasma was separated by centrifugation (10 min, 3000 rpm, 4 ◦C) and stored
at −80 ◦C until further analysis. Urine samples were collected at different time intervals (t = −2–0, 0–4,
4–8, 8–12, and 12–24 h) in urine collection flasks that contained 0.5 g of ascorbic acid as preservative and
were aliquoted and frozen at −20 ◦C until analysis. A polyphenol-free breakfast, lunch and afternoon
snack were provided 2 h, 4 h, and 8 h after consumption of cocoa products, and water and isotonic
beverages were available ad libitum.

2.4. Extraction of Phenolic Metabolites from Biological Samples

A liquid–liquid extraction and protein precipitation with acetonitrile was used to isolate metabolites
from plasma. A 1 mL defrosted plasma sample was mixed with 50 μL of ascorbic acid (0.2 g/mL). After
vortexing the aqueous mixture, it was added drop wise to 750 μL of cold acetonitrile and vortexed for
2 min before centrifuging at 12,000 rpm for 10 min at 4 ◦C. The supernatant was separated, and the
pellet was re-extracted twice more following the same procedure. Supernatants were combined and
reduced to dryness under a stream of nitrogen at 30 ◦C. The dried samples were resuspended in
150 μL of aqueous formic acid (0.1%) containing 10% acetonitrile acidified with 0.1% formic acid and
centrifuged at 4 ◦C for 20 min at 14,000 rpm. The final supernatant was collected, filtered (0.45 μm
pore-size, cellulose-acetate membrane filters, Albet, Dassel (Germany)) and 30 μL were analyzed
by high-performance liquid chromatography coupled to electrospray ionisation and quadrupole
time-of-flight mass spectrometry (HPLC-ESI-QToF-MS). Recoveries of the standards used to quantify
metabolites ranged from 95 to 99%.

Urine samples were diluted with an equivalent volume of Milli-Q water (50%) and centrifuged at
14000 rpm (10 min, 4 ◦C). Supernatants were filtered (0.45 μm pore-size cellulose-acetate membrane
filters) and a 5 μL aliquot was directly injected into the LC-ESI-QToF-MS equipment.

2.5. Metabolite Identification by HPLC-ESI-QToF-MS Analysis

Analyses were performed on an Agilent 1200 series LC system coupled to an Agilent
6530A Accurate-Mass Quadrupole Time-Of-Flight (Q-ToF) with ESI-Jet Stream Technology (Agilent
Technologies). Compounds were separated on a reverse-phase Ascentis Express C18 (15 cm × 3 mm,
2.7 m) column (Sigma-Aldrich Química, Madrid) preceded by a Supelco 55215-U guard column at
30 ◦C. The test samples, either 30 μL of the plasma extract or 5 μL of diluted urine, were injected and
separated using a mobile phase consisting of Milli-Q water (phase A) and acetonitrile (phase B), both
containing 0.1% formic acid, at a flow rate of 0.3 mL/min. The mobile phase was initially programmed
with 90% of solvent A and 10% of B. The elution program increased to 30% of solvent B in 10 min. Then,
the initial conditions (10% solvent B) were recovered in 5 min and maintained for 5 min. The Q-ToF
acquisition conditions were as follows: drying gas flow (nitrogen, purity > 99.9%) and temperature
were 10 L/min and 325 ◦C, respectively; sheath gas flow and temperature were 6 L/min and 250 ◦C,
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respectively; nebulizer pressure was 25 psi; cap voltage was 3500 V and nozzle voltage was 500 V. Mass
range selected was from 100 up to 970 m/z in negative mode and fragmentor voltage of 150 V. Data
were processed in a Mass Hunter Workstation Software.

Due to the lack of standards for certain phase II metabolites, they were tentatively quantified
using the calibration curves of their corresponding phenolic precursors. Thus, epicatechin was
used to quantify epicatechin and 5-(3′,4′-dihydroxyphenyl)-γ-valerolactone (DHPVL) derivatives and
3,4-dihydroxyphenylpropionic acid to quantify phenylvaleric acid derivatives. The rest of microbial
metabolites identified, derivatives of hydroxyphenylpropionic, hydroxyphenylacetic, hydroxybenzoic
and hippuric acids, were quantified using their respective commercially available standards. Urine
concentration of the excreted metabolites was normalized by the volume excreted in each studied
interval. A linear response was obtained for all the standard curves (from 1 to 1,000 nM), as checked
by linear regression analysis. Calibration curves were freshly prepared in a pool of both plasma
and urine due to matrix effects. Limits of detection and quantification in plasma ranged from 1 to
5 nM and from 2 to 8 nM, respectively, while limits of detection and quantification in urine ranged
from 2.5 to 30 nM and from 50 to 90 nM, respectively. The inter- and intra-day precision of the assay
(as the coefficient of variation, ranging from 2.5 to 9.5%) were considered acceptable and allowed the
quantification of phenolic compounds and their metabolites (quantified as equivalents of the respective
parent molecules). The recovery ranged between 96% and 103% in plasma and between 92% and 97%
in urine samples.

2.6. Nutrikinetic and Statistical Analysis

Statistical analyses were carried out using the program SPSS (version 23.0, SPSS, Inc., IBM
Company, New York, NY, USA). Significant differences between metabolites excreted in urine after
consumption of CC and CC-PP cocoa products were evaluated based on non-parametric Wilcoxon test
(p < 0.05). To determine the absorption and elimination of epicatechin metabolites after consumption of
the soluble cocoa products, metabolite nutrikinetics were studied using the pharmacokinetic functions
of Microsoft Excel, calculating the maximum concentration (Cmax), area under curve (AUC) and time
to reach maximum concentration (Tmax). Data are expressed as mean ± standard deviation.

3. Results

3.1. Phenolic Content of Soluble Cocoa Products

The total polyphenolic content of both cocoa products, according to the Folin–Ciocalteau assay,
was 21.70 and 25.63 μg gallic acid equivalents (GAE)/g in the conventional (CC) and flavanol-rich
(CC-PP) soluble cocoa products, respectively.

In addition, the phenolic composition of both cocoa products was analyzed by HPLC-DAD.
The 200 mL serving prepared from 15 and 25 g of CC and CC-PP products, respectively, provided
68.2 and 235.1 μmoles (19.80 and 68.25 mg) of flavan-3-ols, respectively (Table 1; Table S1; Figure S1).
As expected, the amount of flavanols was higher in the phenol-enriched CC-PP product than in the
conventional cocoa (CC), contrary to the results obtained by the Folin-Ciocalteau assay. Epicatechin
was the most abundant monomer in both products (43.2% and 42.1% of the total polyphenols in CC
and CC-PP, respectively) compared to catechin (24.2% and 19.4% of the total polyphenols in CC and
CC-PP, respectively). Regarding dimeric procyanidins, procyanidin B2 (PB2) was present in higher
concentrations than catechin, with lower amounts of procyanidin B1 (PB1) (3.0–8.5% of the total
polyphenols in CC and CC-PP, respectively).

41



Nutrients 2019, 11, 1441

Table 1. Phenolic composition of cocoa products (conventional soluble cocoa -CC- and flavanol-rich
soluble cocoa -CC-PP-) determined by high-performance liquid chromatography-diode array
(HPLC-DAD).

Flavanols
CC

mg/g d.m. (%)
CC-PP

mg/g d.m. (%)

Epicatechin 0.57 ± 0.07 (43.2%) 1.15 ± 0.06 (42.1%)
Catechin 0.32 ± 0.03 (24.2%) 0.53 ± 0.04 (19.4%)
Procyanidin B1 0.04 ± 0.02 (3.0%) 0.23 ± 0.02 (8.5%)
Procyanidin B2 0.39 ± 0.05 (29.6%) 0.82 ± 0.06 (30.0%)
Total Flavanols 1.32 ± 0.17 (100%) 2.73 ± 0.18 (100%)

Expressed in mg per gram of dry matter (d.m. 6.5% CC and 6.7% CC-PP moisture). Values in parenthesis represent
the percentage of total flavanols quantified by high-performance liquid chromatography (HPLC). Mean ± standard
deviation (n = 3).

3.2. LC-ESI-QToF-MS Identification of Flavanols and Metabolites in Plasma and Urine

Table 2 shows the retention time (RT), molecular formula, accurate mass of the quasimolecular
ion [M-H]− after negative ionization, MS2 fragments and location (U: urine or P: plasma) of the main
compounds identified in plasma and urine samples by LC-ESI-QToF-MS. Characterization of the
identified compounds was supported by commercial standards and/or previously published results.

Table 2. High-performance liquid chromatography coupled to electrospray ionisation and quadrupole
time-of-flight mass spectrometry (HPLC-ESI-QToF-MS) identification of flavanol metabolites detected
in plasma (P) and urine (U) samples obtained after the ingestion of soluble cocoa products.

Identified Compound
RT

(min)
Molecular
Formula

[M-H]− MS2

Fragment
Location

Flavanols

Epicatechin-3′-glucuronide 7.8 C21H22O12 465.1038 289 P, U
Epicatechin-3′-methoxy-glucuronide 8.0 C22H24O12 479.1195 303 U
Epicatechin-3′-sulfate 9.8 C15H14O9S 369.0286 289 P, U
Epicatechin-methoxy-sulfate (isomer 1) 11.0 C16H16O9S 383.0442 303 P, U
Epicatechin-methoxy-sulfate (isomer 2) 11.7 C16H16O9S 383.0442 303 P, U
Epicatechin-methoxy-sulfate (isomer 3) 12.3 C16H16O9S 383.0442 303 U
Phenyl-γ-Valerolactone (PVL) derivatives

5-(3′,4′-Dihydroxyphenyl)-γ-valerolactone
(DHPVL) 10.8 C11H12O4 207.0663 163 P, U

5-(3′-Hydroxyphenyl)-γ-valerolactone-4′-glucuronide
(HPVL-4′-glucuronide) 7.4 C17H20O10 383.0984 207;163 U

5-(4′-Hydroxyphenyl)-γ-valerolactone-3′-glucuronide
(HPVL-3′-glucuronide) 8.4 C17H20O10 383.0984 207;163 P, U

5-(Hydroxyphenyl)-γ-valerolactone-sulfate
(HPVL-sulfate) 12.0 C11H12O7S 287.0231 207;163 P, U

5-Phenyl-γ-valerolactone-methoxy-glucuronide
(PVL-methoxy-glucuronide) 8.6 C18H22O10 397.1140 221 P, U

5-Phenyl-γ-valerolactone-methoxy-sulfate
(PVL-methoxy-sulfate) 12.0 C12H14O7S 301.0387 221 U

5-(3′-Hydroxyphenyl)-γ-valerolactone (HPVL) 11.6 C11H12O3 191.0714 147 U
5-Phenyl-γ-valerolactone-3′-glucuronide
(PVL-3′-glucuronide) 9.4 C17H20O9 367.1035 191 U

5-Phenyl-γ-valerolactone-3′-sulfate
(PVL-3′-sulfate) 11.7 C11H12O6S 271.0282 191 P, U

Phenylvaleric acid derivatives

4-Hydroxy-5-(3′,4′-dihydroxyphenyl)valeric acid
(HDHPVA) 5.5 C11H14O5 225.0768 179 U

4-Hydroxy-5-(hydroxyphenyl)valeric
acid-glucuronide (HHPVA-glucuronide) 5.1 C17H22O11 401.1089 225 U

4-Hydroxy-5-(hydroxyphenyl)valeric acid-sulfate
(HHPVA-sulfate) 7.3 C11H14O8S 305.0337 225 P, U
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Table 2. Cont.

Identified Compound
RT

(min)
Molecular
Formula

[M-H]− MS2

Fragment
Location

Other microbial metabolites
3,4-Dihydroxyphenylpropionic acid 8.5 C9H10O4 181.0506 137;122 P, U
3-Methoxy-4-hydroxyphenylpropionic acid 10.8 C10H12O4 195.0663 137 P, U
3-Hydroxyphenylpropionic acid 11.1 C9H10O3 165.0557 121 P, U
3,4-Dihydroxyphenylacetic acid 5.6 C8H8O4 167.0350 123 P, U
3-Methoxy-4-hydroxyphenylacetic acid 6.5 C9H10O4 181.0506 137 U
3-Hydroxyphenylacetic acid 7.4 C8H8O3 151.0401 107 U
Ferulic acid 12.3 C10H10O4 193.0506 134 P, U
Isoferulic acid 15.4 C10H10O4 193.0506 134 U
3,4-Dihydroxybenzoic acid 3.8 C7H604 153.0193 109 P, U
4-Hydroxyhippuric acid 10.7 C9H9O4N 194.0459 100 P, U
3-Hydroxyhippuric acid 14.1 C9H9O4N 194.0459 150 P, U
Hydroxybenzoic acid 6.3 C7H6O3 137.0244 93 P, U

No un-metabolized compounds originally present in both cocoa products (CC and CC-PP) were
detected in plasma and urine samples. Phase II derivatives of epicatechin were detected in biological
fluids after consuming both types of soluble cocoa products. In particular, glucuronidated epicatechin
was assigned to the chromatographic peak that eluted at 7.8 min, with a quasimolecular ion at m/z
465.1038 and fragment ion at m/z 289 corresponding to epicatechin, present in both plasma and urine.
Based on previous studies [4,16], this peak was assigned as epicatechin-3′-glucuronide.

Related to glucuronide derivatives, the presence of the epicatechin-methoxy-glucuronide
derivative ([M-H]− at m/z 479.1195 and fragment ion at m/z 303 corresponding to methoxy derivative
of epicatechin) was confirmed in urine. This compound showed a higher RT (8.0 min) than
that described for the glucuronidated derivative (RT at 7.8 min), consistent with the lipophilicity
that the methyl group provides to the molecule. This metabolite was tentatively assigned as
epicatechin-3′-methoxy-glucuronide based on the study carried out by Actis-Goretta et al. [16].
Subsequently, the chromatographic peak present in both plasma and urine at 9.8 min was assigned to
epicatechin-3′-sulfate, thanks to its MS spectrum ([M-H]− at m/z 369.0286 and fragment ion at m/z 289
corresponding to epicatechin). This metabolite has already been described after consumption of dark
chocolate [16] and cocoa [4]. Three methoxy-sulfated isomers at 11.0, 11.7 and 12.3 min ([M-H]− at
m/z 383.0442 and fragment ion at m/z 303) were tentatively identified as epicatechin-methoxy-sulfate
(isomer 1, isomer 2, and isomer 3), based on previous studies [4,16]. The two metabolites that eluted
earlier (at 11.0 and 11.7 min) have been detected in both plasma and urine, while the third metabolite
at 12.3 min was only detected in urine.

After the intake of soluble cocoa products, derivatives of phenyl-γ-valerolactone are
important compounds formed as a result of the microbial metabolism of flavanols [17]. Thus,
5-(3′,4′-dihydroxyphenyl)-γ-valerolactone (DHPVL) was identified in both plasma and urine at
RT 10.8 min a quasimolecular ion at m/z 207.0663 and fragment ion at m/z 163, in agreement
with the pattern fragmentation already described by other authors [17,18]. In addition, phase
II derivatives of DHPVL were detected. Two glucuronidated (RT at 7.4 and 8.4 min) and one
sulfated (RT 12.0 min) derivatives of DHPVL were detected in both plasma and urine, except the
glucuronidated metabolite at RT 7.4 min, not found in plasma. Quasimolecular ions at m/z 383.0984
and 287.0231 were compatible with glucuronide and sulfate derivatives, respectively, in addition
to common fragment ions at m/z 207 and 163 corresponding to DHPVL. Finally, chromatographic
peaks at 7.4, 8.4, and 12.0 min were assigned as 5-(3′-hydroxyphenyl)-γ-valerolactone-4′-glucuronide
(HPVL-4′-glucuronide), 5-(4′-hydroxyphenyl)-γ-valerolactone-3′-glucuronide (HPVL-3′-glucuronide),
and 5-(4′-hydroxyphenyl)-γ-valerolactone-sulfate (HPVL-sulfate), respectively, based on Actis-Goretta
et al. [16], who used similar chromatographic conditions and observed that the glucuronidated and
sulfated isomers of epicatechin at the C4′ position elute earlier than those at the C3′ position, contrary to
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what occurs with methoxy derivatives [16]. Likewise, results reported by Ottaviani et al. [8] confirmed
the identity of these metabolites.

Methoxy derivatives of DHPVL were also identified, in particular, 5-phenyl-γ-valerolactone-
methoxy-glucuronide (PVL-methoxy-glucuronide) was assigned to the chromatographic peak that
eluted at 8.6 min, with a quasimolecular ion at m/z 397.1140 and fragment ion at m/z 221 corresponding
to 5-phenyl-γ-valerolactone-methoxy, found in plasma and urine. The chromatographic peak present
in urine at 12.0 min was assigned to 5-phenyl-γ-valerolactone-methoxy-sulfate (PVL-methoxy-sulfate)
thanks to its MS spectrum, ([M-H]− at m/z 301.0387 and fragment ion at m/z 221).

Based on the preferred dehydroxylation route in the C4′ of ring B described for flavanols [19], the
presence of 5-(3′-hydroxyphenyl)-γ-valerolactone (HPVL) and its phase II derivatives was postulated.
The search for the [M-H]− ion at m/z 191.0714 yielded a peak at RT 11.6 min supported by the fragment ion
at m/z 147, which allowed the identification of HPVL. Likewise, the peaks at RT 9.4 and 11.7 min showed a
consistent fragmentation pattern with a glucuronidated derivative ([M-H]− at m/z 367.1035 and fragment
at m/z 191) and a sulfated derivative ([M-H]− at m/z 271.0282 and fragment at m/z 191), respectively.
These compounds have been tentatively identified as 5-(phenyl)-γ-valerolactone-3′-glucuronide
(PVL-3′-glucuronide) and 5-(phenyl)-γ-valerolactone-3′-sulfate (PVL-3′-sulfate), respectively.

Phenyl-γ-valerolactones evolve to phenylvaleric acid derivatives. Thus, 4-hydroxy-5-(3′,4′-
dihydroxyphenyl)valeric acid (HDHPVA) was assigned to the chromatographic peak at RT 5.5 min
detected in urine, due to its quasimolecular ion [M-H]− at m/z 225.0768 and MS/MS fragmentation
pattern coinciding with that described by Stoupi et al. [20], who identified this compound after in vitro
fermentation of epicatechin and PB2 (fragment ion at m/z 179). Likewise, its glucuronidated derivative
([M-H]− at m/z 401.1089 and fragment ion at m/z 225, corresponding to its precursor HDHPVA) and
sulfated derivative ([M-H]− at m/z 305.0337 and fragment ion at m/z 225) were identified, eluting at 5.1
and 7.3 min, respectively. While the sulfated metabolite was detected in both plasma and urine, the
glucuronidated derivative was only detected in urine.

Finally, derivatives of hydroxyphenylpropionic, hydroxyphenylacetic, hydroxybenzoic, and
hydroxyhippuric acids were detected in plasma and urine samples (Table 2).

3.3. Quantification of Plasma Metabolites and Nutrikinetic Parameters

Out of the 30 metabolites identified after consumption of the two soluble cocoa products, 8 and
10 were detected in plasma after CC and CC-PP consumption, respectively, although only 7 and
10 metabolites, respectively, showed levels above the limit of quantification. The kinetics of plasma
appearance and clearance of these metabolites up to 8 h post-intake are represented in Figure 1.
Nutrikinetic parameters are summarized in Table 3.
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Figure 1. Plasma concentrations of the identified metabolites after consuming a conventional soluble cocoa
product (CC) and a flavanol-rich soluble cocoa product (CC-PP) containing 19.80 and 68.25 mg of flavanols,
respectively. (a) Epicatechin-3′-glucuronide; (b) epicatechin-3′-sulfate; (c) epicatechin- methoxy-sulfate
(isomer 1); (d) epicatechin-methoxy-sulfate (isomer 2); (e) 5-(3′,4′-dihydroxyphenyl)- γ-valerolactone
(DHPVL); (f) 5-(4′-hydroxyphenyl)-γ-valerolactone-3′-glucuronide (HPVL-3′-glucuronide);
(g) 5-(hydroxyphenyl)-γ-valerolactone-sulfate (HPVL-sulfate); (h) 5-phenyl-γ- valerolactone-
methoxy-glucuronide (PVL-methoxy-glucuronide); (i) 5-phenyl-γ-valerolactone-3′- sulfate (PVL-3′-sulfate)
and (j) 4-hydroxy-5-(hydroxyphenyl)valeric acid-sulfate (HHPVA-sulfate). Results represent concentration
(μM) as mean ± standard deviation (n = 13). The lower part of the error bars is not displayed for the sake
of clarity.
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Un-metabolized flavanols were not detected in plasma after the consumption of both products (CC
and CC-PP). Phase II derivatives of flavanols, epicatechin-3′-glucuronide, epicatechin-3′-sulfate and
epicatechin-methoxy-sulfate (isomer 1) after CC and CC-PP intake, and epicatechin-methoxy-sulfate
(isomer 2) after CC-PP intake, were detected in plasma. Concentrations of these phase II derivatives
showed a rapid increase between 1 and 1.5 h after the consumption soluble cocoa products, whilst
their clearance was slow, maintaining or even showing a second maxima between 3 and 6 h, with
subsequent clearance at 8 h post-intake (Figure 1).

Table 3. Nutrikinetic parameters of metabolites detected in human plasma after consuming a
conventional soluble cocoa product (CC) and a flavanol-rich soluble cocoa product (CC-PP) containing
19.80 and 68.25 mg of flavanols, respectively. Values represent mean ± standard deviation (n = 13).

CC CC-PP
p Value

(CC vs CC-PP)

Metabolite
Cmax

(μM)
Tmax

(h)
AUC

(μM min−1)

Cmax

(μM)
Tmax

(h)
AUC

(μM min−1)
Cmax Tmax AUC

Intestinal absorption
Epicatechin-3′-
glucuronide 0.025 ± 0.001 1.5 ± 0.5 0.072 ± 0.028 0.037 ± 0.001 1.4 ± 0.8 0.110 ± 0.066 <0.05 N.S. N.S.

Epicatechin-3′-sulfate 0.026 ± 0.003 1.0 ± 0.1 0.101 ± 0.023 0.042 ± 0.004 1.2 ± 0.5 0.109 ± 0.076 N.S. N.S. N.S.
Epicatechin-methoxy-
sulfate (isomer 1) 0.031 ± 0.003 1.3 ± 0.6 0.122 ± 0.025 0.041 ± 0.002 1.1 ± 0.6 0.173 ± 0.107 <0.05 N.S. N.S.

Epicatechin-methoxy-
sulfate (isomer 2) N.D. 0.041 ± 0.004 1.3 ± 0.5 0.145 ± 0.107 <0.05 <0.05 <0.05

Microbial metabolites
DHPVL 0.035 ± 0.008 6.0 ± 1.6 0.124 ± 0.073 0.037 ± 0.007 5.5 ± 1.4 0.192 ± 0.029 N.S. N.S. N.S.
HPVL-3′-glucuronide 0.031 ± 0.004 5.6 ± 0.8 0.106 ± 0.021 0.357 ± 0.200 5.0 ± 1.2 1.433 ± 0.727 <0.05 N.S. <0.05
HPVL-sulfate 0.336 ± 0.240 5.3 ± 2.4 1.150 ± 0.742 0.332 ± 0.161 4.9 ± 1.2 1.384 ± 0.648 N.S. N.S. N.S.
PVL-methoxy-
glucuronide 0.022 ± 0.001 5.3 ± 1.0 0.078 ± 0.032 0.027 ± 0.003 5.6 ± 1.3 0.091 ± 0.059 <0.05 N.S. N.S.

PVL-3′-sulfate b Traces (4–6) a 0.039 ± 0.014 5.2 ± 2.2 0.161 ± 0.105 <0.05 <0.05 <0.05
HHPVA-sulfate N.D. 0.037 ± 0.008 6.3 ± 1.8 0.167 ± 0.068 <0.05 <0.05 <0.05

AUC: area under the curve; DHPVL: 5-(3′,4′-dihydroxyphenyl)-γ-valerolactone; HPVL: 5-(3′-
hydroxyphenyl)-γ-valerolactone; PVL: 5-phenyl-γ-valerolactone; HDHPVA: 4-hydroxy-5-(3′,4′-
dihydroxyphenyl)valeric acid; N.D.: Not detected; N.S.: Non-significant differences; p values were
assessed using the general linear model of variance for repeated measures. a Range where the metabolite showed
the highest value. b No pharmacokinetic parameters of these metabolites were determined because they were
present at trace levels.

5-(3′,4′-dihydroxyphenyl)-γ-valerolactone (DHPVL) and its phase II derivatives;
HPVL-3′-glucuronide, HPVL-3′-sulfate, PVL-methoxy-glucuronide, and PVL-3′-sulfate, formed
the main group of metabolites detected in plasma (Figure 1). The plasmatic profile of these metabolites
showed maxima concentrations between 4.9 and 6.3 h (Tmax) post-intake, except PVL-3′-sulfate after
CC intake which appeared at traces level (Table 3). HPVL-3′-sulfate was the predominant metabolite
after CC and CC-PP intake, showing Cmax value of 1.150 and 1.384 μM, respectively, followed by
HPVL-3′-glucuronide with Cmax ranging from 0.106 to 1.433 μM, respectively (Table 3).

A sulfated derivative of phenylvaleric acid, HHPVA-sulfate, was also detected in plasma but only
after CC-PP intake with similar kinetic behavior than derivatives of phenyl-γ-valerolactones, with
maxima concentration at 6.3 h post-intake (Figure 1).

In general, metabolites’ Cmax after CC consumption were significantly lower than after CC-PP
intake (p< 0.05), consistent with the higher content of flavanols ingested with the polyphenol-rich cocoa.

3.4. Quantification of Urinary Metabolites

Up to 29 and 30 metabolites were quantified in 24 h urine samples after CC and CC-PP consumption,
respectively (Table 4; Table 5). Neither epicatechin nor PB2 dimer was detected in urine in any of
the interventions.

Phase II derivatives of epicatechin were preferentially excreted in the first two sampling intervals
(0–4 and 4–8 h) after the ingestion of both soluble products. In the range of 0–4 h, the excretion of these
metabolites was 58.3% and 62.0% (CC and CC-PP, respectively) of the total phase II derivatives of
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epicatechin excreted in urine; these percentages decreased to 36.0% and 34.8% in the second interval
(4–8 h). Sulfated and/or methoxysulfated derivatives contributed 93% in both interventions with CC
and CC-PP, showing that sulfation was the preferential route of biotransformation according to what
was previously observed in the plasma. This group of metabolites represented 35.9% and 31.0% of the
total urinary metabolites after CC and CC-PP intake, respectively.

DHPVL and its phase II derivatives, HPVL-4′-glucuronide, HPVL-3′-glucuronide and
HPVL-sulfate, along with PVL-methoxy-glucuronide, PVL-methoxy-sulfate, PVL-3′-glucuronide
and PVL-3′-sulfate conformed the most important group of metabolites quantified in urine after
the ingestion of both soluble cocoa products. This group was largely excreted between 4 and 8 h
post-intake and represented the 54.4% and 56.1% of the total urinary metabolites after CC and CC-PP
intake, respectively. Excretion of HPVL-sulfate added up to 9.9 and 31.32 μmoles in 24 h followed by
PVL-3′-sulfate (2.0 μmoles and 7.8 μmoles) after CC and CC-PP intake, respectively, evidencing that
the sulfation was the preferential biotransformation pathway.

Regarding phenylvaleric acid derivatives, HHPVA-sulfate and HHPVA-glucuronide were also
excreted preferentially between 4 and 8 h post-intake, accounting for 9.7% and 12.9% of the total
urinary metabolites after CC and CC-PP intake, respectively.

Finally, derivatives of hydroxyphenylpropionic, hydroxyphenylacetic, and hydrophenylbenzoic
acids, along with hydroxyhippuric acid, were present in basal urine before cocoa product intake but
their levels increased after CC and CC-PP consumption (0–24 h), peaking between 4 and 8 h compared
to baseline values (Table 4). However, there was little difference in the total content excreted for this
group of metabolites (13.1 μmoles and 15.8 μmoles after CC and CC-PP consumption, respectively)
despite the large difference of polyphenol intake between both soluble cocoa products (68.2 μmoles of
CC and 235 μmoles of CC-PP). For this reason, this group of metabolites was not taken into account to
determine flavanols recovery.

Attending to these results, it may be summarized that the total amount of metabolites in 24 h urine
after the intake of a single serving of CC and CC-PP beverages added up to 24.1μmol and 81.3 μmoles
(Tables 4 and 5), respectively, corresponding to 35.3% and 34.6% of the 68.2 and 235.1 μmoles of
polyphenols consumed, respectively.
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4. Discussion

Relevant studies on the absorption and metabolism of flavanols in different cocoa products
have been recently published [3,13,14,21]. However, the particularity of the present work lies in the
realistic dose administered to the participants, following the recommendations of the cocoa product
manufacturer. Furthermore, the present study compares the bioavailability of flavanols in two cocoa
products: one conventional, naturally rich in cocoa (CC) and the other enriched in flavanols (CC-PP).
This enabled us to check if the higher phenol doses administered with CC-PP would alter the kinetics
of appearance, clearance and biotransformation. Furthermore, special attention has been paid to
identify novel microbial metabolites, considering that the identification could contribute to shed light
on the biotransformation pathway of flavanols in cocoa in general terms, and soluble cocoa products
in particular, therefore allowing to further understand the bioactivity of these products.

The results show that flavanols present in soluble cocoa products are partially absorbed and
extensively metabolized, so that most of the metabolites are produced by the intestinal microbiota.
Thus, phenyl-γ-valerolactones and phenylvaleric acid derivatives, mainly as phase II conjugated
metabolites, formed after absorption in the colon, were the predominant metabolites in plasma and
urine, underlying the importance of the microbiota in the metabolism of flavanols (Figure 2).

 

 

 

 

 

 

 

 

Figure 2. Biotransformation pathways in humans of the main flavanols contained in a conventional
soluble cocoa product (CC) and a flavanol-rich soluble cocoa product (CC-PP).

Neither un-metabolized epicatechin and catechin nor procyanidins B1 and B2 were detected in the
collected biological fluids in agreement with previous studies [4,11,16,22–25]. Only Schroeter et al. [26]
described the presence of epicatechin and catechin in plasma after the ingestion of powdered cocoa
drinks with a high flavanol content (917 mg). Flavanols followed two different pathways: a minor
part of metabolites was subsequently metabolized by phase II enzymes into sulfated, glucuronidated
and methoxy derivatives in the intestinal epithelium, after entering the bloodstream, whereas most
flavanols reached the colon and were transformed by microbial enzymes prior to absorption and
conjugation into phase II metabolites.
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Regarding the compounds identified in the systemic circulation, the present results are in
agreement with those described by Actis-Goretta et al. [16], Ottaviani et al. [4], Borges et al. [21], and
Montagnana et al. [11], who identified glucuronidated, sulfated and methoxy-sulfated derivatives of
epicatechin in plasma. These metabolites were quantified in nM concentrations with Cmax values from
25 to 31 nM and 37 to 42 nM after CC and CC-PP intake, respectively. As can be seen, there were no
remarkable differences in the plasma concentrations of the major phase II epicatechin derivatives, in
spite of the different intake of polyphenols with both cocoa products (CC, providing 19.80 mg, and
CC-PP, with a total intake of 68.2 mg). In contrast, plasma concentrations as high as ~300 nM were
reported by Actis-Goretta et al. [16] after the ingestion of 154 mg of flavanols in 100 g of dark chocolate,
or up to 590 nM after the intake of 1,100 mg of flavanols in a soluble cocoa product [4]. Mullen et al. [25]
demonstrated the interference of milk proteins in the absorption of flavanols, which might explain the
lower plasmatic level of metabolites described in this study compared to Actis-Goretta et al. [16] or
Ottaviani et al. [4], among others. However, it is noteworthy that these high intakes correspond to
non-realistic doses that are difficult to maintain on a daily basis within a balanced diet. The time that
these metabolites took to reach the maximum concentration in plasma (Tmax), ranged from 1.0 h and
1.5 h with both soluble cocoa products, pointing to the absorption in the proximal gastrointestinal tract,
in agreement with other studies [4,8,24,25,27,28].

On reaching the colon, flavanols undergo microbiota-mediated conversion yielding the 5C-ring
fission metabolites, 5-(hydroxypheynyl)-γ-valerolactones and 5-(hydroxyphenyl)-γ-hydroxyvaleric
acids that appear in plasma preferably as phase II metabolites, being HPVL-sulfate and
HPVL-3′-glucuronide the most abundant metabolites. Cmax of the total amount of these metabolites
was 424 nM and 829 nM after CC and CC-PP intake, respectively, and their Tmax ranged from 5.0 to
6.0 h, distinctive of colon-derived products. These results are in line with those obtained by Ottaviani
et al. [8], who evaluated the absorption, metabolism, distribution, and excretion of radiolabeled and
stereochemically pure [2-14C](-)-epicatechin ([14C]epicatechin) in 8 male volunteers that consumed a
drink containing 207 μmol (60 mg) of flavanols and reported in plasma a total concentration of 588 nM
of this group of metabolites. Recently, Montagnana et al. [11] also has detected phenyl-γ-valerolactone
metabolites (glucuronidated, sulfated and methoxy derivatives) in plasma 4 h after the ingestion of
50 g of 90% cocoa chocolate (7.5 gallic acid equivalents of polyphenols).

There were substantially higher levels of metabolites in urine than plasma. The main urinary
metabolites were epicatechin-methoxy-sulfate (isomer 1) and epicatechin-3′-sulfate along with
epicatechin-methoxy-sulfate (isomer 3), epicatechin-3′-glucuronide and epicatechin-methoxy-sulfate
(isomer 2) followed by epicatechin-3′-methoxy-glucuronide. Sulfated and/or methylsulfated derivatives
of epicatechin represented 92% of this group of metabolites after consumption of both soluble cocoa
products, confirming sulfation as the preferential biotransformation pathway. These results are in
line with previous studies [4,8,16,25] although the proportion of metabolites was dependent on the
amount of epicatechin ingested, so that a greater proportion of sulfated derivatives in all their forms
(sulfated and methoxy-sulfated) was observed at lower doses of epicatechin, as in Mullen et al. [25],
after the intake of 13 mg of flavanols, whereas a higher proportion of glucuronidated derivatives was
observed at higher doses of epicatechin as in Ottaviani et al. [4], who administered 1100 mg of flavanols.
Later Ottaviani et al. [8] detected a balanced amount of glucuronidated and sulfated derivatives of
epicatechin after the intake of 60 mg of epicatechin. Phase II derivatives of epicatechin were excreted
mainly in the initial 0–4 h urine collection period, followed by the interval 4–8 h and then rapidly
decreased in the following intervals, in keeping with the plasma pharmacokinetic profiles (Figure 1).
Phase II derivatives of epicatechin accounted for 35.9% and 31.0% of total urinary metabolites after CC
and CC-PP intake, respectively, which suggests a limited bioavailability at the intestinal level.

Regarding microbial metabolites derived from epicatechin, phase II derivatives of
phenyl-γ-valerolactones and phenylvaleric acid were the most important group of metabolites
quantified in urine after the ingestion of both soluble cocoa products (64.1% and 69% of the total urinary
metabolites) and were largely excreted between 4–8 h post-intake. These compounds have been less
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described in the literature than phase II derivatives of epicatechin. Urpi-Sarda et al. [17] identified in
24 h urine mainly DHPVL and its phase II derivatives (glucuronides, sulfates, methoxy-glucuronides
and methoxy-sulfates), with some being also found in plasma after the intake of 46.4 mg of flavanols
in cocoa powder. Llorach et al. [29] revealed the presence of 4-hydroxy-5-(3′,4′-dihydroxyphenyl)
valeric acid in 24 h urine along with some phase II derivatives of DHPVL after the consumption
of a single dose of cocoa powder. Vitaglione et al. [9] also detected DHPVL in urine after the
intake of different products prepared with cocoa cream. Recently, Ottaviani et al. [8] completed the
characterization of phenyl-γ-valerolactones and phenylvaleric acid derivatives after consumption of 60
mg of [14C]epicatechin identifying sulfated and glucuronidated forms of DHPVL, HPVL and HDHPVA.

It is worth noting that excretion of HPVL-sulfate added up to 9.9 and 31.32 μmoles in 24 h after
CC and CC-PP intake, respectively, evidencing that sulfation was the preferential biotransformation
pathway followed by methylation and glucuronidation, in agreement with the profile described in
plasma. Consequently, HPVL-sulfate as the main metabolite in both plasma and urine, could be a very
sensitive biomarker of flavanol intake, considering that the excreted amount of this metabolite reached
41.1% and 38.5% of the total metabolites excreted after the consumption of CC and CC-PP, respectively.

Finally, derivatives of hydroxyphenylpropionic, hydroxyphenylacetic, hydroxybenzoic,
hydroxycinnamic, and hydroxyhippuric acids were also characterized. These compounds are not
exclusively formed during the biotransformation of flavanols, since most were present in basal urine
before soluble cocoa product intake (Tables 4 and 5) and, therefore, they were not taken into account to
determine flavanol recovery.

The total urinary excretion of metabolites derived from flavanols in CC and CC-PP presented a
recovery of 35.3% and 34.6% of the phenols ingested, respectively, pointing to a moderate bioavailability
of flavanols. It is worth noting that, although urinary recovery of metabolites, both from intestinal and
colonic absorption, showed a dose-dependent increase after CC and CC-PP intake, the total amount
of excreted metabolites was similar in both cases, around 35% of the ingested polyphenols, pointed
out the limited bioavailability of cocoa flavanols. There is a marginal difference between the data
reported in the literature regarding the recovery of flavanols. For instance, Baba et al. [27] showed an
epicatechin excretion of 29.8% and 25.3% after the ingestion of chocolate and cocoa, respectively, which
provided 220 mg of flavanols. Ito et al. [30] reported an excretion of 1.9% after the ingestion of 289 mg
of flavanols in a soluble cocoa administered with water. Mullen et al. [25] described excretions of 18%
and 10% after the ingestion of a beverage containing 13 mg of cocoa flavanols dissolved in water or
milk, respectively. Afterwards, Actis-Goretta et al. [16] reported excretion values of 21.7% following
the ingestion of 100 g of dark chocolate that provided 154 mg of flavanols. Recently, jejunal absorption
of (−)-epicatechin in humans assessed by an intestinal perfusion technique revealed an average of
~46% (−)-epicatechin absorption based on recovery in the perfusion fluid, with high inter-individual
variability among the eight volunteers participating in the study, ranging from 31% to 90% [31]. More
recently, Ottaviani et al. [8] determined that the mean total recovery of radioactivity in urine from
8 volunteers in a 0–48 h period after ingestion of [14C]EC was 82.5 ± 4.7% of intake, with individual
values ranging from 49.9% to 90.2%. In most volunteers, only a relatively small amount of radioactivity
was excreted after 48 h (8; 21). It is remarkable that in all these studies there are important differences
in the designs of the interventions, treatments applied to the samples before the analysis, quantification
methods and even in the form of administering the flavanols (dark chocolate, milk chocolate, cocoa
powder dissolved in water or milk), so that there are variables that can significantly affect the results,
making comparisons difficult. Of all the factors mentioned, the matrix effect of the food has been the
subject of numerous studies and, although they have generated controversial results, there are more
studies that suggest an interference of milk proteins in the absorption of flavanols, as described in
Mullen et al. [25], among others. High inter-individual differences in the production of metabolites
have been detected in this study, as in most previous studies here cited, since different factors such as
sex, age, dietary habits, and gut microbiota may significantly influence the absorption and metabolism
of phenolic compounds. Among the mentioned factors, the colonic microbiota is arguably the most
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important factor affecting the inter-individual variability, considering that metabolites formed at
colonic level constitute the predominant circulating metabolites. Nevertheless, all studies, including
the present work, suggest modest recovery of flavanols in urine considering only epicatechin-derived
phase II metabolites.

A limitation of this study was the reduced urinary collection time. Most of the microbial
metabolites show relevant amounts in the 12–24 h interval, not returning to basal levels, and therefore
it would have been interesting to extend the collection time to at least 48 h. Therefore, it is likely that
the amount of urinary metabolites has been underestimated and thus a higher bioavailability of cocoa
polyphenols cannot be ruled out. Another limitation was the lack of certain metabolite standards,
mainly phase II derivatives, forcing to express the results as equivalents of the corresponding precursor
compound. Therefore, the results here indicated did not accurately measure the concentrations of the
metabolites described in the biological samples. Nevertheless, the results are in line with other studies
on the bioavailability of cocoa flavanols [4,16,25].

In summary, polyphenols contained in two commercial, soluble cocoa products were partially
absorbed and extensively metabolized. Phase II derivatives of epicatechin were identified and their
pharmacokinetic profiles were compatible with epicatechin absorption at small intestine level. However,
the predominant group of metabolites identified corresponded to those formed by the microbiota,
hydroxyphenyl-γ-valerolatones and phenylvaleric acid, which were absorbed and metabolized into
phase II derivatives. Among these metabolites, 5-(hydroxyphenyl)-γ-valerolactone 3′-sulfate showed a
high amount in urine, which could be used as biomarker of intake of flavanol-rich food. In all, although
flavanol bioavailability, determined by urinary recovery, showed a dose-dependent absorption after
consuming both cocoa products, this was partial and limited to 35% of the ingested polyphenols,
irrespective of the initial dose.

In conclusion, the bioavailability of flavanols in soluble cocoa products is moderate, these
compounds are extensively metabolized, mainly by the microbiota, and remain in the body of cocoa
consumers for a long time, which favors the possible bioactivity of these compounds.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/7/1441/s1,
Figure S1: Representative high-performance liquid chromatography-diode array (HPLC-DAD) chromatograms
of phenolic compounds of a conventional soluble cocoa (CC) (upper panel, a) and a flavanol-rich soluble cocoa
(CC-PP) (lower panel, b) registered at 280 nm; Table S1: Retention times and λmax of the compounds identified
by high-performance liquid chromatography-diode array (HPLC-DAD) and the masses of each of the flavonoid
identified determined by LC-ESI-QToF-MS.
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Abstract: Flavan-3-ols are claimed to be responsible for the cardioprotective effects of cocoa. Alkalized
cocoa powder (ALC), commonly used for many non-confectionary products, including beverages,
provides less (+)-catechin, (−)-epicatechin, and procyanidins and more (−)-catechin than nonalkalized
cocoa powder (NALC). This may affect the plasma appearance of monomeric flavan-3-ol stereoisomers
after consumption of NALC vs. ALC. Within a randomized, crossover trial, 12 healthy nonsmokers
ingested a milk-based cocoa beverage providing either NALC or ALC. Blood was collected before and
within 6 h postconsumption. (+)-Catechin, (−)-catechin, and epicatechin were analyzed in plasma by
HPLC as sum of free and glucuronidated metabolites. Pharmacokinetic parameters were obtained by
a one-compartment model with nonlinear regression methods. For epicatechin in plasma, total area
under the curve within 6 h postconsumption (AUC0–6h) and incremental AUC0–6h were additionally
calculated by using the linear trapezoidal method. After consumption of NALC and ALC, (+)-catechin
and (−)-catechin were mostly not detectable in plasma, in contrast to epicatechin. For epicatechin,
total AUC0–6h was different between both treatments, but not incremental AUC0–6h. Most kinetic
parameters were similar for both treatments, but they varied strongly between individuals. Thus,
epicatechin is the main monomeric flavan-3-ol in plasma after cocoa consumption. Whether NALC
should be preferred against ALC due to its higher (−)-epicatechin content remains unclear with regard
to the results on incremental AUC0–6h. Future studies should investigate epicatechin metabolites in
plasma for a period up to 24 h in a larger sample size, taking into account genetic polymorphisms in
epicatechin metabolism and should consider all metabolites to understand inter-individual differences
after cocoa intake.

Keywords: cocoa; flavan-3-ol stereoisomers; (−)-epicatechin; (+)-catechin; (−)-catechin; plasma
appearance; chiral separation; pharmacokinetics; one-compartment model
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1. Introduction

Epidemiological studies have shown that cocoa consumption lowers cardiometabolic risk [1]. This
may be explained by a reduction in blood pressure [2–6] and serum lipids [2,7,8] and by an increase in
insulin sensitivity [2,7], which could be observed in several meta-analyses of randomized controlled
trials (RCTs). The beneficial effects of cocoa consumption on cardiometabolic biomarkers have been
ascribed to flavan-3-ols [9,10]. In this respect, monomeric flavan-3-ols (catechin, epicatechin) are of
particular interest due to their relatively high bioavailability from cocoa compared with oligomeric
flavan-3-ols [11,12], which occurred in plasma only in traces (procyanidin B2) [11,12] or were even not
detectable (procyanidin B5) [13].

Cocoa powder which is used for non-confectionary products, e.g., beverages, is usually alkalized to
improve solubility and sensory properties. However, by alkalization, flavan-3-ols are largely destroyed,
thereby reducing total flavan-3-ol content up to 80%, depending on the extent of alkalization [14–16].
Moreover, alkalization of cocoa powder induces an epimerization of (−)-epicatechin to (−)-catechin,
an atypical stereoisomer that is also generated by roasting of cocoa beans. Consequently, alkalized
cocoa powder (ALC) provides less flavan-3-ols and a lower ratio of (−)-epicatechin to (−)-catechin
than nonalkalized cocoa powder (NALC) [17]. (+)-Epicatechin, also an atypical stereoisomer in
processed cocoa, derives from epimerization of (+)-catechin. However, in contrast to (−)-catechin,
which accounted on average for 89% of total catechin in chocolate, the amount of (+)-epicatechin was
comparably low (5% of total epicatechin content) [18,19]. (+)-Epicatechin was detectable in a single
alkalized cocoa powder by Ritter et al. [20], but not in the powders analyzed by Kofink et al. [17].

In rats, in situ perfusion of a solution of either pure (+)-catechin or pure (−)-catechin revealed
a 3-fold lower intestinal absorption as well as 7-fold lower plasma concentrations of (−)-catechin
compared with (+)-catechin metabolites [18]. In a self-experiment of a healthy volunteer of our
group, the intake of a mixture of 103.5 mg (+)-catechin and 121.5 mg (−)-catechin (ratio 0.85) in milk
revealed a plasma ratio of (+)-catechin to (−)-catechin metabolites to a value of 4.05. Furthermore, after
consumption of a commercially available cocoa powder (46 g, dissolved in milk) providing 3.6 mg
(+)-catechin and 16.6 mg (−)-catechin (ratio 0.22), the plasma ratio of (+)-catechin to (−)-catechin
reached 0.8. These observations suggest a 5-fold lower bioavailability of (−)-catechin compared with
(+)-catechin [20].

It is known from experimental studies that the presence of other cocoa flavan-3-ols like
(−)-epicatechin or procyanidins can modulate the plasma appearance of individual flavan-3-ol
stereoisomers, probably due to different affinity to metabolic enzymes or due to interactions with
transport mechanisms [21,22]. Since the flavan-3-ol composition varies strongly between ALC and
NALC, carefully guided human intervention studies are mandatory to monitor the plasma appearance
of biologically active flavan-3-ols after consumption of cocoa products and, thus, to evaluate their
potential to support cardiovascular health.

The aim of our intervention study was, thus, to follow the plasma appearance of (−)-catechin
(primary aim) and of further stereoisomers, that is, (+)-catechin and (−)-epicatechin (secondary aim),
after consumption of cocoa-rich beverages prepared with NALC and ALC and to compare plasma
appearance of these compounds by means of pharmacokinetic parameters.

2. Materials and Methods

2.1. Study Design and Intervention

This pilot study was conducted as double-blind RCT with crossover design at the Institute of
Nutritional and Food Sciences, Nutritional Physiology, University of Bonn. The study was performed
according to the guidelines of the Declaration of Helsinki 2004, and the protocol was approved by
the ethics committee of the University of Bonn (project-ID: 309/08). The study was registered in the
German Clinical Trials Register (trial-ID: DRKS00017550) and was part of an interdisciplinary PhD
program. Written informed consent was obtained from all participants.
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The participants were recruited between 09.01.2010 and 08.02.2010 and were randomly assigned
to groups A and B by permuted block randomization (block size of four, ratio 2:2; sequence determined
by drawing lots by an uninvolved person). Both groups ingested cocoa beverages, prepared from
either NALC or ALC, after at least 12 h overnight fast on two different occasions in different order.
Both treatments were separated by at least one week washout. The cocoa beverages were prepared by
an uninvolved person and were provided in a covered cup with a drinking straw to ensure blinding of
researcher and participants. If the subjects noted that their cups were empty, a researcher removed
the lids, filled the cups with a little water, and asked the participants to drink the remaining volume
to ensure complete cocoa consumption. An allocation list revealing the order of both treatments
(NALC, ALC) to groups A and B was sealed in an envelope, which was opened after finishing the
statistical analysis.

On each study day, venous blood samples were collected before and 0.5, 1.0, 1.5, 2.0, 3.0, and 6.0 h
after consumption of the cocoa beverages. After the 3 h blood sampling, the participants received a
standardized meal (two rolls, each topped with 12 g butter and 40 g Gouda cheese, 48% fat in dry
matter). Water was allowed to drink ad libitum.

The participants were instructed to abstain from flavonoid-rich foods (e.g., cocoa-containing foods
and beverages, green tea, black tea, fruits, and juices; handout) 24 h before each treatment.

2.2. Participants

Twelve healthy subjects were included in the present study. They were eligible if they were
between 18 and 50 years old and nonsmoker. Exclusion criteria comprised any known diseases (milk
allergy, lactose intolerance, hepatic, renal and gastrointestinal diseases, metabolic and eating disorders),
pregnancy, lactation, drug abuse, regular supplementation of vitamin C, vitamin E, and phytochemicals
(e.g., tea or red wine extract), and participation in another trial 30 days before or throughout this study.
Inclusion and exclusion criteria were checked by questionnaire.

2.3. Cocoa Beverages

NALC (pH 5.4–6.0) and ALC (pH 7.4–7.8) were produced following industrial standards by
Schwartauer Werke, Kakao Verarbeitung Berlin, Berlin, Germany. The composition of NALC and
ALC is shown in Table 1. According to manufacturer, both cocoa powders provided equal amounts
of protein, fat, and carbohydrates per 100 g, and thus an equal amount of energy. As expected,
the flavan-3-ol contents of ALC and NALC differed both in quantities and quality, as analyzed in our
lab [20,23]. NALC contained higher amounts of flavan-3-ols compared with ALC, that is, 1.33 times
more total catechin (sum of (+)-catechin and (−)-catechin), 5 times more epicatechin, and about 7 and
14 times higher amounts of procyanidin B2 and procyanidin C1, respectively. NALC provided a lower
ratio of (−)-catechin to (−)-epicatechin (0.32) compared with ALC (1.26). This was expected as the
ratio of (−)-catechin to (−)-epicatechin is usually <1 in nonalkalized and >1 in alkalized cocoa [24].
(+)-Epicatechin was not detectable in both cocoa powders. Hence, (−)-epicatechin was quantitatively
the dominating flavan-3-ol monomer in NALC and (−)-catechin in ALC, respectively. Moreover, own
analysis on methylxanthines, which was conducted according to the official methods of the German
Federal Health Office [25], revealed that NALC provided more theobromine than ALC and less caffeine.

The dose of cocoa powder used for cocoa treatment was adjusted to individual body weight (BW).
On the basis of our earlier pilot bioavailability studies [20], we decided to provide for both treatments
equal amounts of total catechin (i.e., sum of (+)-catechin and (−)-catechin; 0.240 mg/kg BW) to allow
reliable evaluation of their absorption kinetics; consequently, we used 0.6 g ALC and 0.8 g NALC
per kg BW, respectively. Both cocoa powders were dissolved in heated, skimmed milk (6 mL/kg BW).
All cocoa beverages were sweetened with sucrose (80 g/L) to improve taste. The total intake of energy,
macronutrients, flavan-3-ols, and methylxanthines from the cocoa beverages for a subject weighing
67.7 kg is shown in Table 2.
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Table 1. Composition of the cocoa powders.

Per 100 g Nonalkalized Cocoa Powder Per 100 g Alkalized Cocoa Powder

Energy (kJ) 1 1045 1045

Macronutrients 1

Protein (g) 23.5 23.5
Fat (g) 10.0 10.0

Carbohydrates (g) 14.0 14.0

Flavan-3-ols 2

Catechin
(+)-Catechin (mg) 3 1
(−)-Catechin (mg) 37 29

Epicatechin
(+)-Epicatechin (mg) n.d. n.d.
(−)-Epicatechin (mg) 115 23

Oligomers (procyanidins)
Procyanidin B2 (mg) 54 7
Procyanidin C1 (mg) 29 2

Methylxanthines 2

Theobromine (mg) 3125 2326
Caffeine (mg) 97 111

1 According to manufacturer. 2 According to own analyses. Own data represent mean values, which were based on
measurements in duplicate. n.d.: not detectable.

Table 2. Mean intake of energy, macronutrients, flavan-3-ols, and methylxanthines from beverages
prepared with nonalkalized or alkalized cocoa powder in milk 1.

Mean Intake from the Beverage Prepared
with Nonalkalized Cocoa Powder

Mean Intake from the Beverage
Prepared with Alkalized Cocoa Powder

Energy (kJ) 2 1398 1418

Macronutrients 2

Protein (g) 22 25
Fat (g) 12 14

Carbohydrates (g) 58 60

Flavan-3-ols 3

Catechin
(+)-Catechin (mg) 1.2 0.5
(−)-Catechin (mg) 15.0 15.7

Epicatechin
(+)-Epicatechin (mg) n.d. n.d.
(−)-Epicatechin (mg) 46.7 12.5

Procyanidins
Procyanidin B2 (mg) 21.9 3.8
Procyanidin C1 (mg) 11.8 1.1

Methylxanthines 3

Theobromine (mg) 1269 1261
Caffeine (mg) 39 111
1 Considering a mean body weight (BW) of 67.7 kg. The intake of the milk-based beverages was adapted to
individual BW (6 mL/kg BW) and the use of 0.6 g nonalkalized cocoa and 0.8 g alkalized cocoa per kg BW, respectively.
2 Considering the intake from milk, sugar (EBISpro), and cocoa (manufacturer). 3 According to own analyses. Own
data represent mean values, which were based on measurements in duplicate. n.d.: not detectable.

2.4. Blood Sampling and Treatment of Plasma Samples

Venous blood samples were collected into tubes coated with EDTA (S-Monovette, Sarstedt,
Nümbrecht, Germany) and were placed on ice immediately. Thereafter, the blood samples were
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centrifuged (3000× g, 20 min, 4 ◦C), and the plasma was stabilized with a solution of ascorbic acid and
EDTA, as described previously [26]. All samples were stored at −80 ◦C for two days until (+)-catechin,
(−)-catechin, and epicatechin were analyzed.

2.5. (+)-Catechin, (−)-Catechin, and Epicatechin in Plasma

When analyzing the concentration of monomeric flavan-3-ols in plasma, chiral separation was
performed to differentiate between (+)-catechin and (−)-catechin. Since both cocoa powders provided
only (−)-epicatechin and no detectable amounts of (+)-epicatechin (Table 1), only (−)-epicatechin
was expected to occur in plasma after cocoa treatment. Therefore, we decided to abstain from chiral
separation in case of epicatechin.

After thawing the plasma samples, each sample (500 μL) was incubated with 6250 units of
β-glucuronidase type VII-A, EC 232-606-8 from Escherichia coli (Sigma-Aldrich, Steinheim, Germany)
at 37 ◦C for 45 min. Thereafter, a solid-phase extraction was performed according to the procedure
described previously [20]. Chiral HPLC with coulometric electrode array detection was used to
determine the concentration of (+)-catechin and (−)-catechin according to the protocol of Ritter et
al. [20], and HPLC with coulometric electrode array detection was also used to quantify the concentration
of epicatechin according to the method of Zimmermann et al. [27]. The concentration of each flavan-3-ol
in plasma was determined as sum of free, unmetabolized flavan-3-ol and glucuronidated metabolites.
The limit of detection (LOD) of (+)-catechin and (−)-catechin was 23.43 nmol/L and 20.33 nmol/L,
respectively. The coefficient of variation (CV) was 0.97% for (+)-catechin and 1.54% for (−)-catechin,
respectively [28]. For epicatechin, the LOD was 8.27 nmol/L [27] and the CV 5.1%. For the calculation
of pharmacokinetic data, concentrations below the LOD were set at the half value of corresponding
detection limit to reduce bias. In addition to pharmacokinetic data which were calculated on the basis
of a one-compartment model described below, the area under the curve (AUC) was determined for
each subject as total AUC (tAUC0–6h) and incremental AUC (iAUC0–6h) by using the linear trapezoidal
method based on measurements taken over 6 h.

2.6. Pharmacokinetic Data

The dependency of the concentration of the flavan-3-ol on time in plasma was fitted for each
subject by using a one-compartment model with first-order absorption and elimination. For this,
the following equation was applied [29]:

c(t) =
D70× k1× k2x2

Cl× (k1− k2)
exp(−k2× (t + tsh) − exp(−k1× (t + tsh))),

where c(t) is the flavan-3-ol plasma concentration (μmol/L) at time t, D70 the dose of the flavan-3-ol
that would be ingested by a person weighing 70 kg with NALC ((+)-catechin: 4 μmol ≈ 1.3 mg;
(−)-catechin: 54 μmol ≈ 15.5 mg; epicatechin: 166 μmol ≈ 48.3 mg) and ALC ((+)-catechin: 2 μmol ≈
0.6 mg; (−)-catechin: 56 μmol ≈ 16.2 mg; epicatechin: 44 μmol ≈ 12.88 mg), k1 the absorption rate (per
hour), k2 the elimination rate (per hour), and t the time (h) recorded after complete ingestion of the
cocoa drink. We included a time shift (tsh, h) in our model to consider the individual period necessary
for complete ingestion of the cocoa beverages. The clearance (Cl) is defined as the product Vhyp/Fabs ×
k2, where Vhyp/Fabs denotes the hypothetical distribution volume over absolute bioavailability.

The fitting by nonlinear regression was performed with IBM SPSS for Windows, version 19.0
(IBM Corp., Armonk, NY, USA). We used the bootstrap option with 1000 bootstrap samples in order
to calculate unbiased estimates of the standard deviations [30] of the parameters on plasma kinetics.
We used the logarithms of k1, k2, and Cl as parameters to avoid negative estimates of k1, k2, and Cl.
Further kinetic parameters were computed based on k1, k2, and Cl: maximum plasma concentration
Cmax (μmol/L), the time to reach Cmax after cocoa intake (tmax, h), absorption half-life time t1/2a (h),
elimination half-life time t1/2e (h), tAUC (μmol/L × h), Vhyp/Fabs (l), and the clearance (l/h).
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In order to account for the heterogeneity of the variances within the bootstrap samples for each
parameter and the variances between the subjects, weighted means and variances of the parameters
were determined. The weights for each parameter were chosen as τi = (σi

2 + Δ2)−1, where the
within variances σi

2 were obtained by the bootstrap estimates, and the between variance Δ2 by the
DerSimonian and Laird procedure [31], commonly used in meta-analyses.

To characterize the plasma kinetics of the flavan-3-ol stereoisomers for NALC and ALC,
logarithmized parameters k1, k2, Vhyp/Fabs, t1/2a, t1/2e, tAUC, Cmax, and Cl were used, leading to
geometric means. For tmax, arithmetic means were calculated. The variation between individuals was
indicated by 95% reference intervals (95% RI). To compare the plasma kinetics of the flavan-3-ols for
NALC and ALC, the ratios (k1, k2, Vhyp/Fabs, t1/2a, t1/2e, tAUC, Cmax) and the difference (tmax) of the
parameters were calculated.

2.7. Anthropometric Data and Dietary Intake

On each study day, body height and weight were determined in fasting state by using a calibrated
digital weighing and measuring station (seca 764, Hamburg, Germany; accuracy 0.1 kg for weight and
0.1 cm for height, respectively). On the day before each treatment, food consumption was documented
by the participants in a standardized 24 h dietary record. The intake of energy, macronutrients,
and dietary fiber was calculated by using the software EBISpro for Windows, version 8.0 (Erhardt,
University of Hohenheim, Stuttgart, Germany), and the intake of flavonoids by using the USDA
Flavonoid Database, release 3 [32].

2.8. Statistics

Statistical evaluation was performed by using IBM SPSS for Windows, version 19.0 (IBM Corp.,
Armonk, NY, USA). For details on pharmacokinetic data, see Section 2.6. Data on BW, nutritional
intake before each treatment, tAUC0–6h, iAUC0–6h, and the time needed for the ingestion of each cocoa
beverage were checked for normal distribution by Kolmogorov–Smirnov test. If normality could be
assumed, data were compared by paired t-tests. Otherwise, data were log-transformed and checked
again for normal distribution. If normal distribution could not be achieved, data were compared by
Wilcoxon signed-rank test. Correlations between metric variables without normal distribution were
investigated by Spearman’s rank correlation test. Metric data are presented as means± standard error of
the mean (SEM) if not indicated otherwise. Nominal data are given as absolute or relative frequencies.

3. Results

This trial was performed with 12 obviously healthy participants (6 women and 6 men; age
26.9 ± 4.1 years, mean±SD) with a body mass index (BMI) between 18.6 and 26.4 kg/m2 (22.7 ± 2.6 kg/m2;
mean ± SD). All of them completed the study. On average, both treatments were performed in intervals
of 15 days. Considering a BW between 48.8 and 86.6 kg (67.5 ± 11.3 kg; mean ± SD) and a beverage
consumption of 6 mL/kg BW, the volume of the ingested beverages ranged from 293 to 520 mL
(405 ± 68 mL; mean ± SD). The time that was needed for complete consumption of the beverages
prepared with either NALC (median 27 min, interquartile range 19–33 min) or ALC (median 34 min,
interquartile range 29–42 min) was not different between both treatments (p = 0.168) and did not
correlate with the corresponding amount of cocoa powder ingested (both p-values > 0.05).

Before ingestion of NALC and ALC, BW (67.7 ± 3.3 kg vs. 67.5 ± 3.3 kg) was not different, and the
intake of energy (2154 ± 189 kcal vs. 2453 ± 189 kcal), protein (90 ± 7 g vs. 103 ± 11 g), fat (101 ± 11 g
vs. 122 ± 16 g), carbohydrates (217 ± 27 g vs. 235 ± 28 g), dietary fiber (10 ± 2 g vs. 12 ± 2 g), and
flavonoids (1.1 ± 0.6 g vs. 0.6 ± 0.2 g) on the previous day was comparable (all p-values > 0.05).

In fasting plasma obtained before cocoa treatment, (+)-catechin and (−)-catechin were not
detectable in any sample (data not shown) and the concentration of epicatechin was below or near to
the LOD in most subjects. After cocoa treatment, (+)-catechin was only detectable in 5 out of 144 plasma
samples. Three of them were obtained after consumption of NALC, and two samples after ingestion of
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ALC. (−)-Catechin was found in 13 out of 144 plasma samples, mostly after ingestion of ALC (n = 10)
and only in a few samples after ingestion of NALC (n = 3) (data not shown). Thus, pharmacokinetic
parameters were not calculated for (+)-catechin and (−)-catechin.

In contrast to catechin enantiomers, the concentration of epicatechin was quantifiable in all plasma
samples after intervention and increased in all subjects after ingestion of both NALC (Figure 1a–m)
and ALC (Figure 2a–m). Each subfigure (a–m) presents the measured concentrations and the predicted
concentration time curves for a single participant. For most subjects, the individual concentration
time curves of epicatechin in plasma which were obtained by the model indicate a good prediction for
epicatechin concentration in plasma after ingestion of NALC and ALC, respectively. In single cases,
the prediction was not good, indicated by the high sum of squares of residuals (NALC9, ALC4) and the
fact that the model predicts a plasma rise of only 75% (NALC1), 50% (ALC3) and <50% (ALC8, ALC12)
of the maximum measured concentration. For NALC5 and ALC12, the measured concentrations do
not provide a clear curve shape due to the relatively high baseline values. The increase, determined by
k1, as well as the decline of the concentration–time curves, determined by k2, differed strongly between
individuals. Large individual variations were also observed for t1/2a, which depends on k1, for t1/2e,

which depends on k2, and for tmax, which is determined by k1 and k2. Strong inter-individual variations
also occurred for Cmax and for Cl due to the differences in Vhyp/Fabs and k2 (Table 3). The model predicts
that epicatechin is almost completely eliminated from plasma by 10 h after cocoa consumption in all
subjects except for one (ALC5) (Figures 1 and 2).

Table 3. Plasma kinetics of epicatechin in individual subjects after ingestion of a beverage prepared
with nonalkalized and alkalized cocoa.

k1 (h−1) k2 (h−1)
Cmax

(μmol/L)
tmax (h) t1/2a (h) t1/2e (h)

tAUC
(μmol/L × h)

Vhyp/Fabs
(l)

Cl (l/h)

NALC1 1.85 0.40 0.71 1.07 0.37 1.74 2.71 154 61
NALC2 0.67 0.68 0.90 1.50 1.03 1.03 3.61 68 46
NALC3 0.64 0.64 0.14 1.60 1.08 1.08 0.59 438 280
NALC4 0.72 0.72 0.18 1.39 0.96 0.96 0.66 348 250
NALC5 0.42 0.42 0.07 1.28 1.64 1.64 0.45 880 371
NALC6 0.60 0.60 0.54 1.73 1.16 1.16 2.45 113 68
NALC7 0.81 0.49 0.17 1.44 0.86 1.41 0.74 454 224
NALC8 1.58 0.24 1.37 1.08 0.44 2.85 7.93 86 21
NALC9 1.04 1.04 2.79 1.00 0.67 0.67 7.29 22 23
NALC10 0.84 0.59 0.26 1.38 0.83 1.18 1.02 279 164
NALC11 1.40 0.38 0.82 1.29 0.50 1.82 3.52 124 47
NALC12 1.13 1.12 0.78 0.89 0.61 0.62 1.88 79 89

ALC1 0.54 0.54 0.06 1.66 1.29 1.29 0.29 283 152
ALC2 1.60 0.38 0.04 1.15 0.43 1.81 0.17 700 268
ALC3 0.52 0.52 0.25 2.04 1.32 1.32 1.27 67 35
ALC4 1.26 1.26 3.28 0.82 0.55 0.55 7.05 5 6
ALC5 1.78 0.06 0.06 1.90 0.39 11.99 1.14 673 39
ALC6 45.62 0.31 0.14 0.10 0.02 2.27 0.49 297 91
ALC7 0.90 0.90 0.11 0.93 0.77 0.77 0.34 147 132
ALC8 1.19 1.20 0.08 0.78 0.58 0.58 0.19 194 232
ALC9 0.33 0.33 0.85 1.47 2.10 2.10 6.97 19 6

ALC10 6.62 0.12 0.29 0.61 0.10 5.64 2.53 143 18
ALC11 0.83 0.34 0.03 1.75 0.84 2.03 0.15 881 300
ALC12 0.48 0.8 0.04 1.83 1.43 1.43 0.24 383 185

Data present maximum-likelihood estimates which were gained by nonlinear regression from our pharmacokinetic
model. ALC: alkalized cocoa; tAUC: total area under the curve; Cmax: maximum plasma concentration; Cl: clearance;
k1: absorption rate; k2: elimination rate; NALC: nonalkalized cocoa; t1/2a: absorption half-life time; t1/2e: elimination
half-life time; tmax: time to reach maximum plasma concentration; Vhyp /Fabs: hypothetical distribution volume over
absolute bioavailability.
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Figure 1. Individual epicatechin concentration time curves obtained after consumption of a beverage
prepared with nonalkalized cocoa. Each panel (a–m) represents one participant. The dots represent the
measured values. The curves reflect the predicted concentrations in plasma within 10 h after ingestion
of nonalkalized cocoa, based on the one-compartment model. NALC, nonalkalized cocoa; SSQ, sum of
squares of residuals. Note the different scaling of the y-axes.

For the comparison of both treatments (beverages prepared from NALC vs. ALC), ALC6 was
excluded from our analysis as the implausible values for k1 (45.6/h; reflected by the rapid increase
of the curve in Figure 2f), tmax (0.10 h), and t1/2a (0.02 h) (Table 3) would considerably confound the
mean values for ALC. As shown in Table 4, mean maximum plasma epicatechin concentration after
ingestion of NALC was 0.39 (95% RI: 0.24, 0.65) μmol/L (Cmax) and reached after 1.13 (95% RI: 0.74, 1.53)
h (tmax). After ingestion of ALC, mean Cmax was only 0.11 (95% RI: 0.05, 0.27) μmol/L and obtained
after 0.95 (95% RI: 0.36, 1.54) h (tmax). As expected, the mean values of Cmax and tAUC were 3.51 (95%
RI: 0.95, 12.98) and 2.82 (95% RI: 0.59, 13.55) times higher for NALC than for ALC, respectively. K1, k2,
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t1/2a, Vhyp/Fabs, and Cl were comparable between NALC and ALC, except for t1/2e (Table 4). For tmax,
arithmetic means were also comparable, considering a difference between NALC and ALC values of
0.64 and the 95% RI (−0.67, 1.96).

Figure 2. Individual epicatechin concentration time curves obtained after consumption of a beverage
prepared with alkalized cocoa. Each panel (a–m) represents one participant. The dots represent the
measured values. The curves reflect the predicted concentrations in plasma within 10 h after ingestion
of alkalized cocoa, based on the one-compartment model. ALC, alkalized cocoa; SSQ, sum of squares
of residuals. Note the different scaling of the y-axes.
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Table 4. Plasma kinetics of epicatechin after consumption of a beverage prepared with nonalkalized
and alkalized cocoa—results from the pharmacokinetic model.

NALC (n = 12) ALC (n = 11) NALC/ALC (n = 11)

k1 (h−1) 0.86 (0.66, 1.13) 0.95 (0.54, 1.68) 0.91 (0.42, 1.97)
k2 (h−1) 0.63 (0.49, 0.80) 0.34 (0.22, 0.52) 1.85 (1.04, 3.38)
t1/2a (h) 0.81 (0.61, 1.05) 0.73 (0.41, 1.28) 0.76 (0.35, 1.65)
t1/2e (h) 1.10 (0.87, 1.41) 2.04 (1.33, 3.15) 0.37 (0.21, 0.67)
tmax (h) 1.13 (0.74, 1.53) 0.95 (0.36, 1.54) n.d.

Cmax (μmol/L) 0.39 (0.24, 0.65) 0.11 (0.05, 0.27) 3.51 (0.95, 12.98)
tAUC (μmol/L × h) 1.61 (1.00, 2.58) 0.57 (0.19, 1.70) 2.82 (0.59, 13.55)

Vhyp/Fabs (l) 192 (120, 308) 211 (101, 442) 0.91 (0.32, 2.56)
Cl (l/h) 103 (64, 166) 78 (26, 231) 1.33 (0.28, 6.38)

Data are weighted geometric means, except for tmax , which is given as weighted arithmetic means and 95%
reference intervals in parentheses. ALC: alkalized cocoa; tAUC: total area under the curve; Cmax: maximum plasma
concentration; Cl: clearance; k1: absorption rate; k2: elimination rate; NALC: nonalkalized cocoa; NALC/ALC: ratio
after treatment with NALC compared with treatment with ALC; n.d.: not determined; t1/2a: absorption half-life
time; t1/2e: elimination half-life time; tmax: time to reach maximum concentration; Vhyp /Fabs: hypothetical distribution
volume over absolute bioavailability.

The tAUC0–6h for epicatechin in plasma obtained by the trapezoidal rule was higher after
consumption of NALC compared with ALC (2.23 ± 0.54 vs. 1.14 ± 0.52 μmol/L × h; p = 0.045, based
on the comparison of logarithmized values), whereas iAUC0–6h was not different after treatment
with NALC vs. ALC (1.75 ± 0.46 vs. 0.81 ± 0.45 μmol/L × h; p = 0.096, based on the comparison of
logarithmized values).

4. Discussion

To the best of our knowledge, this is the first comparative human study evaluating the plasma
appearance of catechin and epicatechin stereoisomers after consumption of NALC and ALC as milk
drink ingredients representing common food items. Repeated plasma analyses enabled a reliable
calculation of pharmacokinetic parameters based on a one-compartment model. The data confirmed our
working hypothesis that (−)-catechin from cocoa powders appears only in relatively low concentrations
in plasma compared with other flavan-3-ol stereoisomers if considering also the amounts ingested.

Before cocoa consumption, (+)-catechin and (−)-catechin were not detectable in fasting plasma
and the concentration of epicatechin was mostly below or near to the LOD. This corresponds to our
expectations with regard to the low flavonoid intake on the pre-study day and demonstrates good
compliance of our participants with dietary restrictions. As BW remained stable throughout the study,
changes in nutrition status which might affect pharmacokinetic parameters can be excluded.

After cocoa consumption, (+)-catechin was only detectable in 3% and (−)-catechin in 7% out of
144 plasma samples, respectively. At the first glance, this was surprising as another RCT observed an
increase in catechin metabolites in plasma (no chiral separation) after ingestion of 3.05 mg catechin
from cocoa up to concentrations of 0.49 μmol/L, as determined by HPLC with CoulArray detection [11].
However, in contrast to Steinberg et al. [11], sulfated metabolites were not assessed in our study, which
might have underestimated the plasma appearance of both (+)-catechin and (−)-catechin.

In the meantime, the first signs on stereochemical differences in the absorption and plasma
appearance of (+)-catechin and (−)-catechin, obtained from a study with rats [18] and a self-experiment
of Ritter et al. [28], were confirmed by an RCT with healthy volunteers. In this study, the concentration
of (−)-catechin metabolites in plasma 2 and 4 h postconsumption as well as their excretion in 24 h
urine was lower after ingestion of pure (−)-catechin (1.5 mg/kg BW) compared with those metabolites
obtained in plasma and urine after ingestion of equal amounts of either pure (+)-catechin or pure
(−)-epicatechin, respectively. Moreover, a stereoisomeric interconversion of flavan-3-ols in vivo was
not observed [33]. Thus, the lack of (−)-catechin in 90% of our plasma samples after cocoa consumption
might be explained by the relatively low bioavailability of (−)-catechin, whereas the lack of (+)-catechin
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metabolites in more than 98% of our plasma samples may result from the comparably low intake of
(+)-catechin from both NALC and ALC (Table 2).

(−)-Catechin was found in 10 plasma samples after ingestion ALC, but only in 5 samples after
ingestion of NALC, despite the intake of similar amounts of (−)-catechin from NALC (0.222 mg/kg
BW) and ALC (0.232 mg/kg BW; Table 2). Combined ingestion of (+)-catechin with equal doses
of (−)-epicatechin (about 50 mg/kg BW) reduced bioavailability of (+)-catechin in rats [21]. If the
higher intake of (−)-epicatechin relative to (−)-catechin from NALC vs. ALC (ratio 3.1 vs. 0.8) could
have reduced the absorption of (−)-catechin, is questionable. For low doses, as those used in our
study, absorption by a carrier-mediated transport protein as previously suggested for high doses of
(+)-catechin and (−)-epicatechin in pig brush border [34] is rather unlikely. Moreover, transferability of
the results from rats and in vitro studies to humans as well as from (+)-catechin to (−)-catechin remains
questionable. If the higher intake of procyanidins from NALC might affect the absorption of catechin
in our study, as suggested from a study with Caco-2 cells [22], is not clear as the procyanidins’ content
was not the only difference between NALC and ALC.

Our results on plasma appearance of epicatechin after cocoa consumption are quite different
to those of (+)-catechin and (−)-catechin. In contrast to catechin enantiomers, the concentration of
epicatechin in all plasma samples obtained after ingestion of NALC and ALC was above the LOD,
although lower amounts of (−)-epicatechin were ingested from ALC compared with (−)-catechin
(Table 2). It has to be kept in mind that the LOD of epicatechin was lower (8.27 nmol/L [27]) compared
with (+)-catechin (23.43 nmol/L) and (−)-catechin (20.33 nmol/L) [28]. In the study of Steinberg et al.
which provided 12.2 mg monomeric flavan-3-ols from cocoa with a ratio of epicatechin to catechin of
3:1, the concentration of epicatechin metabolites in plasma was 10 times higher than those of catechin
(4.11 vs. 0.4 μmol/L) [11]. Thus, our results clearly suggest that (−)-epicatechin is the major flavan-3-ol
stereoisomer in plasma after cocoa treatment due to higher bioavailability compared with (−)-catechin
and due to its higher abundance in cocoa than (+)-catechin.

By using a one-compartment model, absorption and excretion rates of (−)-epicatechin as well
as Vhyp/Fabs could be estimated, which allows to calculate the plasma concentration time course of
(−)-epicatechin and to characterize the plasma kinetics by a range of pharmacokinetic parameters.
Interestingly, bioavailability of (−)-epicatechin as suggested by Cmax and tAUC obtained by the model
(Table 4) roughly corresponds to the ratio of epicatechin (3.75) ingested by NALC vs. ALC. However,
with regard to the AUCs determined by using the trapezoidal rule, the results on bioavailability are less
clear as significantly higher values were only detectable for tAUC0–6h, but not for iAUC0–6h. In single
cases, postprandial concentrations of (−)-epicatechin in plasma were not higher than in fasting state,
which may explain the lack of significant differences in iAUC0–6h. However, inter-individual variability
in epicatechin response was high, and the sample size relatively small, which makes it difficult to detect
significant differences in iAUC0–6h between both treatments. On the basis of our results, 94 subjects
per group (188 in total) would be needed according to the formula of Ott [35] to detect a statistically
significant difference in iAUC0–6h of ≥0.930 ± 2.563 μmol/L × h (mean ± SD) between both treatments,
presuming a power of 80%, an α of 0.05, and a β of 0.20. Hence, our study was underpowered with
regard to iAUC0–6h. Shorter intervals for determining iAUC0–6h by the trapezoidal rule would have
reduced the error. When planning our study, sample size calculation was not possible as expectations
on the difference (as mean ± SD) between both treatments were not available for any flavan-3-ol
monomer. Nevertheless, in contrast to rats, where bioavailability of (−)-epicatechin was lower when
given together with an equal dose (17.2 mmol/kg BW) of (+)-catechin [21], a lower bioavailability of
(−)-epicatechin from ALC compared with NALC due to competitive effects between the absorption of
catechin enantiomers and (−)-epicatechin can be nearly ruled out due to their low plasma appearance.
Moreover, it is rather unlikely that the different amounts of procyanidins ingested by NALC compared
with ALC (Table 2) increased the absorption of (−)-epicatechin, as suggested from a study with Caco-2
cells, as the ratio for Cmax (3.5) and tAUC (2.8) between the treatment with NALC and ALC in our
model roughly corresponds to the higher intake of (−)-epicatechin intake from NALC than from ALC
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(Table 4). In the meantime, Caco-2 cells are no longer considered as a good model to study epicatechin
absorption as the profile of (−)-epicatechin metabolites from Caco-2 cells and human enterocytes
in vivo is different and determines the efflux of (−)-epicatechin metabolites back into the apical side
of Caco-2 cells and to the gut lumen, respectively [36]. An RCT with healthy volunteers has recently
shown that methylxanthines (1.48 mg theobromine and 0.15 mg caffeine per kg BW) enhance the
absorption of (−)-epicatechin [37]. As our subjects ingested similar amounts of methylxanthines from
NALC (18.55 mg theobromine, 0.58 mg caffeine) and ALC (18.42 mg theobromine, 0.88 mg caffeine)
per kg BW, an impact of methylxanthines on the plasma appearance of (−)-epicatechin in our study
is unlikely.

The results on Vhyp/Fabs were in the same range for NALC and ALC (Table 4). A mean value
about 200 L for Vhyp/Fabs exceeds fluid compartments such as total plasma volume and total body
water. After an oral ingestion of 60 mg pure [2-14C]-(−)-epicatechin in healthy men, only 20% of
total radioactivity detected in 24 h urine was due to structurally related epicatechin metabolites
(glucuronidated, sulfated, and methylated metabolites), and about half of this radioactivity refers to
glucuronidated (−)-epicatechin [38]. Hence, even when sulfated and methylated metabolites were not
considered, which leads to an overestimation of Vhyp/Fabs, the percentage of ingested (−)-epicatechin
that reaches systemic circulation seems to be rather low.

In contrast to our hypothesis, k1, k2, t1/2a, tmax, Vhyp/Fabs, and Cl were comparable after consumption
of the beverages which had been prepared with NALC or ALC, except for t1/2e (Table 4), suggesting
that the kind of cocoa beverage which differs largely in the flavan-3-ol composition (Table 2) does
not affect the velocity of absorption and metabolism of (−)-epicatechin. This is reasonable as Cmax

was comparable after treatment with NALC and ALC, if we consider the 3.7 times larger amount
of (−)-epicatechin ingested. It is important to mention that the flavan-3-ol composition was not the
only factor which differed between both treatments; the intake of macronutrients was also different
by using different amounts of cocoa (Table 2). In an RCT with crossover design, co-ingestion of
flavanol-rich cocoa together with sugar (0.75 and 17.5 kJ/kg BW; referring to amounts about 35 and
70 g) or carbohydrate-rich foods (0.75 and 17.5 kJ/kg BW; leading to a carbohydrate intake up to
70 g) increased the AUC of epicatechin in plasma of healthy subjects. This effect was dependent on
carbohydrate intake and could not be observed by co-ingestion of foods rich in protein or fat [39].
However, in our study, confounding effects on plasma kinetics of (−)-epicatechin by the use of different
amounts of NALC and ALC are unlikely as the difference in the intake of carbohydrates between both
cocoa beverages was quite low (58 g vs. 60 g) (Table 2).

The distinct kinetic curve shapes (Figures 1 and 2) after both treatments reflect strong
inter-individual differences in the plasma appearance of epicatechin (Table 3). Such variations
were also reported to occur after ingestion of pure (−)-epicatechin [33]. Genetic polymorphisms
are known to exist for sulfotransferases, but also for UDP-glucuronosyltransferases [40]. Thus,
the individual variability in the extent and velocity of conjugation of (−)-epicatechin might contribute
to the strong variations in absorption, metabolism, and excretion between our subjects.

A strength of our study is the chiral separation between catechin enantiomers and the use of a
nonlinear model which, however, was not applicable to describe the plasma appearance of (+)-catechin
and (−)-catechin due to the lack of detectable amounts of catechin metabolites in most samples.
However, this model provides a good prediction on plasma kinetics of (−)-epicatechin in most subjects.
Moreover, weighing individual values by considering both between and within variances has shown
to be a valuable tool to compare the plasma kinetics of (−)-epicatechin after consumption of different
cocoa beverages. With regard to the strong inter-individual variations and the fact that most kinetic
parameters depend on each other, weighted geometric means, as calculated in our study, are more
suitable than unweighted arithmetic means, which were provided in other studies investigating the
plasma kinetics of (−)-epicatechin metabolites from cocoa [41–43].

As we did not consider sulfated flavan-3-ol metabolites, the plasma appearance of flavan-3-ol
stereoisomers was underestimated, which is a clear limitation of our study. Moreover, the use of
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different amounts of cocoa powder to ensure an equal intake of total catechin (i.e., sum of (+)-catechin
and (−)-catechin) from both treatments might introduce another confounding factor by the intake of
different amounts of macronutrients. However, as stated above, this was rather unlikely in our study
as the differences between both treatments were negligible (Table 2). The time required for complete
ingestion of the cocoa beverages was not different between both treatments, maybe due to the strong
inter-individual variability. However, the time required was considered by implication of tsh in our
pharmacokinetic model. The strong inter-individual variability cannot be explained by the ingested
amount of cocoa powder as it did not correlate with the time needed for complete consumption of each
cocoa drink. Inter-individual differences in appetite sensations (e.g., hunger, satiety, fullness) might
have affected time for ingestion of both beverages, but, of course, this remains speculative as appetite
sensations were not assessed. Even if the model mostly provided good predictions, we observed for
single values a discrepancy between predicted and measured concentrations in plasma (e.g., NALC1,
NALC9, ALC 3, ALC8). As our model was based on seven plasma samples that were obtained within
6 h, single values with atypically high measured concentrations did not strongly affect the shape of the
curve and therefore, these measured values are distant from the predicted values. The collection of
blood samples was restricted to 6 h as a return to baseline value was observed in previous studies within
6 h after consumption of cocoa-containing beverages [42,44]. As the measured plasma concentrations
did not return to baseline value in all participants within 6 h, we extended the predicted concentration
time curves for epicatechin in plasma up to 10 h. If possible, the plasma concentrations should be
determined in shorter intervals within the first 6 h and thereafter in larger intervals up to 24 h to
completely assess all structurally related epicatechin metabolites [38,45].

5. Conclusions

In conclusion, (−)-epicatechin is the main monomeric flavan-3-ol stereoisomer in plasma after bolus
ingestion of a beverage prepared from either NALC or ALC, although ALC provided lower amounts
of (−)-epicatechin than of (−)-catechin. Plasma appearance of both (+)-catechin and (−)-catechin is
much lower than that of epicatechin, which suggests low bioavailability of both catechin enantiomers
from both NALC and ALC. Whether NALC should be preferred against ALC due to its higher
(−)-epicatechin content remains unclear considering the results on iAUC0–6h. Future studies addressing
similar questions should provide equal amounts of cocoa in an equal time frame to a larger sample
size. They should investigate all epicatechin metabolites (i.e., glucuronidated and sulfated ones,
ideally in nonmethylated and methylated form) as well as genetic polymorphisms of (−)-epicatechin
metabolizing enzymes. Better predictions may be achieved by collecting more blood samples within
24 h after cocoa consumption and by considering the individual dose of epicatechin ingested in the
model. The role of single factors on plasma appearance of flavan-3-ol monomers, such as the ratio of
catechin to epicatechin and the impact of procyandins from cocoa, should be elucidated by matching
the treatments.
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Abstract: In recent years, the consumption of chocolate and, in particular, dark chocolate has
been “rehabilitated” due to its high content of cocoa antioxidant polyphenols. Although it is
recognized that regular exercise improves energy metabolism and muscle performance, excessive
or unaccustomed exercise may induce cell damage and impair muscle function by triggering
oxidative stress and tissue inflammation. The aim of this review was to revise the available
data from literature on the effects of cocoa polyphenols on exercise-associated tissue damage and
impairment of exercise performance. To this aim, PubMed and Web of Science databases were
searched with the following keywords: “intervention studies”, “cocoa polyphenols”, “exercise
training”, “inflammation”, “oxidative stress”, and “exercise performance”. We selected thirteen
randomized clinical trials on cocoa ingestion that involved a total of 200 well-trained athletes.
The retrieved data indicate that acute, sub-chronic, and chronic cocoa polyphenol intake may reduce
exercise-induced oxidative stress but not inflammation, while mixed results are observed in terms of
exercise performance and recovery. The interpretation of available results on the anti-oxidative and
anti-inflammatory activities of cocoa polyphenols remains questionable, likely due to the variety of
physiological networks involved. Further experimental studies are mandatory to clarify the role of
cocoa polyphenol supplementation in exercise-mediated inflammation.

Keywords: athlete; cocoa; chocolate; exercise performance; oxidative stress; performance; physical
exercise; polyphenol; skeletal muscle; inflammation

1. Introduction

Skeletal muscle exerts a dominant role in postural control, the protection of internal organs,
locomotion, and other physiological functions requiring energy-mediated mechanical activity based
on muscle fiber contraction [1]. Since skeletal muscle is the largest organ in the body [2] and acts as a
thermal machine, skeletal muscle energy consumption plays a key role in the regulation of whole-body
energy homeostasis [1]. However, recently, skeletal muscle has been proposed as a potential “endocrine
organ” that is able to orchestrate the release of an array of muscle-derived signaling molecules or
myokines, including interleukin(IL)-6, IL-7, IL-8, IL-10, IL-15, and IL-1 receptor antagonists, irisin,
and myostatin [3]. The tightly regulated release of such myokines is involved in many exercise-induced
metabolic adaptations, such as those related to glycemic control and lipid homeostasis [4], as well as in
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the regulation of muscle fiber composition and contractility [5]. Furthermore, the increases in muscle
mass and vascularization appear to be regulated by myokines [5]

From a pathogenic point of view, it is well known that physical inactivity predisposes individuals
to developing a variety of chronic diseases [6], while the practice of regular physical exercise exerts
a range of beneficial effects on body health [7]. Regular exercise is indeed recognized to improve
whole-body energy metabolism and to make muscles stronger and more resistant to fatigue [8].
However, this relationship can be described by an inverted U-shaped dose–response curve (exercise
hormesis theory [9]), as follows: when the stressor (the exercise bout) is absent, no adaptation occurs.
Positive, healthful adaptation starts when the dose of exercise is within a specific intensity and duration
range and is followed by a rest period [10]. However, if exercise bouts are too heavy or extended,
as in athletes involved in prolonged and intensive exercise activities [11], or are not followed by
rest periods, muscle fiber damage and inflammation may occur, requiring exogenous intervention
to re-establish normal muscle functionality [10] or to delay the onset of fatigue through substances
acting on the central nervous system (CNS) [12]. Mechanical and metabolic stress accompanying
excessive exercise may result in damage to the integrity of myofibers and may cause non-permanent
reductions in contractile function [13]. At the same time, muscle injury triggers a complex tissue
inflammatory reaction featured by the release of pro-inflammatory myokines and stress hormones with
the final aim of repairing damaged muscle and orchestrating regenerative and adaptive processes [14].
Under these conditions, the activation of resident endothelial cells and the recruitment of inflammatory
leukocytes, including neutrophils and macrophages, occurs, leading to cumulative production of
pro-inflammatory and anti-inflammatory cytokines that, together with myokines, actively contribute
to the removal of necrotic tissue and cellular debris [10]. Once necrotic tissue is removed, satellite cells
proliferate to regenerate muscle tissue [15]. By this multi-step process, exercise-induced inflammation
supports cellular remodeling, promotes hypertrophic adaptations, and restores tissue homeostasis and
contractile function [16].

Besides muscle glycogen breakdown and increased levels of calcium, catecholamines, growth
hormone, and cortisol [17], cytokine expression and release during exercise is mediated by the
overproduction of reactive oxygen species (ROS) [18]. Exercise may indeed increase oxygen
consumption (VO2) up to 20 times above resting values [18]. In the mitochondria of muscle cells,
this translates to 200-fold greater oxygen utilization and the subsequent production of a large amount
of ROS [18]. ROS generated through this route may lead to oxidative damage to the mitochondria
and muscle contractile proteins, with subsequent direct induction of muscle damage and fatigue after
exercise [10]. Furthermore, ROS also orchestrate the activation of redox-sensitive signal pathways that
control cytokine production and muscle adaptation, such as those involved in the activation of nuclear
factor(NF)-κB, Nuclear Factor of Activated T-cells (NFAT), Nuclear factor erythroid 2-related factor(Nrf2)
and heat shock proteins (HSPs), and Peroxisome Proliferator-Activated Receptor-gamma Coactivator
(PGC)-1α [17]. In particular, the expression of most immune-related genes requires activation of the
pleiotropic, redox-sensitive NF-κB and its binding to specific consensus sequences to activate gene
transcription [19]. Among these genes, there are many myokines including IL-1, IL-8, IL-6, chemotactic
factors (such as the monocyte chemotactic protein (MCP)-1, many endothelial leukocytes, adhesion
molecules (including the vascular cell adhesion molecule (VCAM)-1), and the pro-inflammatory
prostaglandin producing enzyme cyclooxygenase (COX)-2 [20]. In this way, NF-κB promotes the release
of pro-inflammatory mediators, including chemokines, cytokines, acute phase proteins, and adhesion
molecules, to facilitate the regenerative response in damaged skeletal muscle [21]. Furthermore, several
studies have clearly indicated that muscle ROS and NF-κB also activate other important cell signaling
pathways, leading to skeletal muscle adaptations to exercise such as mitochondrial biogenesis [22,23]
and endogenous antioxidant defense [24].

However, due to overwhelming ROS production and the overcoming of antioxidant tissue
defense during periods of intensified physical training, chronically activated NF-κB and the following
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dysregulated production of inflammatory myokines may lead to skeletal muscle atrophy and
soreness [20].

Prolonged, high-intensity, strenuous or unaccustomed bouts of exercise have been experimentally
associated with increases in contractile-induced damage and inflammation reactions in skeletal
muscle [25]. For example, dysregulation in the inflammatory system has been observed in athletes
undergoing intense periods of physical training, as highlighted by excessive delayed-onset muscle
soreness, muscle stiffness, a reduction in muscle strength, increased creatine kinase (CK) activity,
and impaired immune function [25]. Under these conditions, the functional performance of
skeletal muscle has been shown to be reduced for at least 24–96 h [26], with serious health and
economic implications for professional athletes and related clubs and societies [27]. Therefore, while
exercise-induced inflammation is necessary for muscle repair and adaptation, the uncontrolled
proliferation of inflammatory cells and oxidants can exacerbate muscle damage and impair
muscle function.

The growing evidence on exercise-induced oxidative damage and impairment of athlete
performance has spurred intense research on the evaluation of muscle protection by antioxidant
supplementation in exercising individuals [25]. Although many studies have shown potential
therapeutic effects by antioxidant supplementation [28–30], results from several others remain
inconsistent. For example, supplementation with vitamin C and N-acetylcysteine was found to
increase oxidative stress and cell damage following eccentric exercise [31]. Similarly, in a recent study
by Bailey et.al, a combination of vitamins C and E was shown to increase markers of oxidative stress
and inflammation [32]. Since low amounts of free radicals may act as cellular signals to enhance
antioxidant defenses, rather than being deleterious, as occurs at higher concentrations, it has been
suggested that high antioxidant supplementation may attenuate some of the exercise-induced cellular
signals that stimulate adaptations in skeletal muscle [18]. This has been proven to be true upon oral
supplementation with vitamins C and E [22,33] after an endurance trial and after high intensity exercise.

Based on these findings, dietary recommendations in exercising individuals should emphasize
the consumption of a well-balanced diet and/or natural antioxidant-rich foods such as cocoa and
chocolate, rather than taking antioxidant supplements. This “nutraceutical strategy” has been
increasingly proposed as a potential suitable tool for preventing or reducing oxidative stress and related
inflammation during intensive physical training. In particular, besides being a high energy-dense
foods, cocoa and cocoa products including chocolate are a rich source of antioxidant polyphenols that
have proven to possess health-promoting effects through their antioxidant, anti-inflammatory and
metabolic properties [34].

The overall goal of the current review was therefore to examine the effects of cocoa polyphenols
and on different redox-related outcome parameters, including oxidative and inflammatory biomarkers,
and muscle performance and recovery.

2. Polyphenol Antioxidant Profile in Cocoa and Chocolate

Chocolate and cocoa are foodstuffs derived from the beans of the Theobromacacao tree [35].
After harvesting, cacao pods are processed to form a liquid paste known as “cocoa liquor”, the cocoa
component is richer in healthful bioactives [35]. The healthiest types of chocolate are indeed those
containing higher amounts of cocoa liquor, namely dark chocolate, and, to a lesser extent, milk
chocolate [36]. Most of the health effects of cocoa-rich chocolate are due to the high content of
nutritional polyphenols in cocoa liquor [37]. In the last thirty years, polyphenols have attracted much
interest owing to their antioxidant capacity (free radical scavenging and metal chelating ability) and
their possible beneficial implications in human health, such as in the treatment and prevention of cancer
and cardiovascular disease [38]. Hence, cocoa has the health effects generally ascribed to polyphenol
consumption [34].

Cocoa seeds contain many bioactive compounds including high levels of polyphenols (12–18%
of dry weight) as well as fatty acids, vitamins, minerals, fiber, and several methylxanthine alkaloids
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(4% of dry weight), which are psychoactive dopaminergic substances such as caffeine, theobromine,
theophylline, phenylethylamine, and paraxanthine (Figure 1).

 

Figure 1. Main bioactive compounds of cocoa and chocolate.

From a bromatological point of view, the most abundant polyphenolic classes in cocoa and
chocolate are:

(a) the monomeric flavan-3-ols or catechins (up to 29–38% of total cocoa polyphenols) including
catechin, gallocatechin, and epigallocatechin (Figure 1). In particular, epicatechin may represent up to
35% of total polyphenols in both cocoa powder and chocolate [39];

(b) the proanthocyanidins (up to 58–65% of total cocoa polyphenols), which are polymers of
epicatechin and catechin and include mainly dimeric and trimeric molecules [39];

(c) the anthocyanins (up to 4% of total cocoa polyphenols), which include
cyanidin-3α-L-arabinoside and cyanidin-3 β-galactoside as the most represented compounds [39].

Finally, some other phenolic compounds can be found at very low concentrations including
phenolic acids, caffeoyl-conjugates, and stilbenes [39]. Notably, the proportions of these compounds
depend on the cultivar, origin, agricultural practices, and postharvest practices and processing.
In particular, the phenolic content and profile of cocoa-derived products change considerably during
the manufacturing process, especially during fermentation and alkalization [40].

The metabolic fate of phenolic compounds after ingestion is a critical aspect in determining the
health effects of such compounds and the mechanisms through which they exert their biological
activities. While oligomers larger than trimers are unlikely to be absorbed, dimers have been reported
in human plasma after cocoa ingestion [41]. Catechin and epicatechin are well absorbed in the
small intestine. They are transiently detectable in plasma as glucuronide-conjugated metabolites and
sulfate groups with a maximum plasma concentration at around 2 h and a return to baseline values
within 24 h (in general, in 6–8 h) of the consumption of a flavonoid-rich chocolate meal (such as dark
chocolate, dose range 40–100 g) [42–44]. Recently, a fine metabolomic assessment on human plasma
and urine samples collected at 2 and 6 h after the consumption of flavan-3-ol-enriched dark chocolate
highlighted the presence of discriminant epicatechin derivatives in the urine, thus confirming the
high bioavailability of cocoa flavanols [45]. Also, in athletes, the assessment of the plasma epicatechin
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concentration is often used as a biomarker of chocolate intake to correlate the effects of chocolate on
metabolic endpoints to the effective polyphenol absorption [46]. However, to the best of our knowledge,
no study has specifically addressed the metabolism and pharmacokinetics of chocolate polyphenols in
athletes following physical exercise.

3. Literature Search Strategy

Two electronic databases were consulted: PubMed and Web of Science. Key terms that were
included and combined were “intervention studies”, “cocoa polyphenols”, “exercise training”,
“inflammation”, “oxidative stress”, and “exercise performance”. The final search was carried out
on 24 April 2019. The search strategies were combined, and duplicates were removed by Endnote
X7 (Clarivate Analytics, previously Thomson Reuters, Philadelphia, PA, US) and manually. Studies
in this section needed to fulfill the following inclusion criteria: (i) research conducted with human
participants and (ii) original data from randomized clinical trials (RCTs) on cocoa ingestion with an
acute or long-term exercise intervention. The exclusion criteria were (i) studies written in languages
other than English, (ii) animal or in vitro studies, (iii) congress or workshop publications, (iv) studies in
which no exercise was performed, (v) studies in which no supplementation was given, and (vi) studies
in which mixed supplements were given. No limits were used concerning the year of publication.
The inclusion or exclusion of articles was determined by applying the above criteria on the title
and abstract as a first screening and on full texts as a second screening. Case studies and reviews
were excluded, although the respective references were consulted and integrated into this revision if
responding to the above-mentioned criteria.

4. Effects of Cocoa Polyphenols on Exercise-Induced Oxidative Stress, Inflammation,
and Recovery

Thirteen intervention studies with parallel or crossover design met all inclusion criteria and were
included in the analysis. Overall, they involved a total of 200 participants, mostly well-trained athletes,
and examined the effects of cocoa polyphenol intake on exercise-induced changes in plasma markers
of inflammation, oxidative stress, and performance.

Eight studies administered polyphenols in the form of solid chocolate [46–52], while five studies
examined the effects of cocoa polyphenols in a liquid formulation [53–57]. The number of polyphenols
tested was rather varied, ranging from 36 to 1000 mg, administered in an acute (2 h before exercise),
sub-chronic (for 2 weeks before exercise), and chronic (up to three months before exercise) fashion.
No study involved female athletes, and tested sports and exercise disciplines were mostly cycling,
football, and running. The results are compared and summarized in Table 1 for acute studies, and Table 2
for sub-chronic and chronic studies.

The selected studies examined the effects of cocoa polyphenol supplementation on the
exercise-mediated deregulation of oxidative redox status by evaluating markers of oxidative damage
(including malondialdehyde [MDA], 4-hydroxynonenal [4HNE], F2-isoprostane, and thiobarbituric
acid reactive substances [TBARS], and protein carbonylation) and antioxidant protection (glutathione
and total antioxidant status—TAS) [46–48,50,52–55,57,58]. Three studies analyzed the effects of the
acute administration of cocoa polyphenols on exercise-induced oxidative stress (Table 1). In particular,
Davison et al. observed that the consumption of a single low amount (248 mg) of cocoa flavanols
as solid dark chocolate 2 h before exercise was able to enhance pre-exercise antioxidant status and,
correspondently, tended to reduce the post-exercise plasma F2-isoprostane content as compared with
a control condition, thus suggesting an improvement in antioxidant defense for athletes following
the consumption of dark chocolate enriched in polyphenols [58]. Similarly, Wiswedel et al. observed
that a single low intake (186 mg) of cocoa flavanols did not increase the total antioxidant capacity but
was able to prevent increases in F2-isoprostane and MDA induced by 30 min of cycling [57]. On the
other hand, Decroix at al. evaluated the consumption of a single but higher dose (900 mg) of cocoa
flavanols in the form of a beverage given 30 min before exercise. Again, the total antioxidant capacity
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was significantly increased by cocoa but without a clear effect in terms of MDA [54]. Furthermore,
Davidson et al. [58] and Decroix et al. [54] also evaluated the effect of polyphenol ingestion on a classical
marker of inflammation, IL-6, and specifically evaluated whether cocoa supplementation affects
exercise performance and recovery. Both authors independently observed that cocoa flavanols had no
effects on IL-6 plasma levels or on exercise performance and recovery. In agreement with Davidson [58]
and Decroix [54], Stellingwerff et al. [51] and Peschek et al. [56] did not find any improvement in
physical performance following the acute administration of low or medium concentrations of cocoa
polyphenols following downhill running [56] or cycling [51] (Table 1).

Seven studies instead examined the effects of sub-chronic administration (from 5 days up to
2 weeks) of cocoa flavanols before or during exercise (Table 2). Allgrove et al. [47], Patel et al. [49],
and Singh et al. [50] evaluated the effects of low amounts of cocoa polyphenols (about 200 mg/day) on
cycling-mediated oxidative stress and inflammation. After two weeks of supplementation plus a double
dose of cocoa polyphenols on the testing day, 2 h before cycling exercise for 1.5 h, Allgrove et al. [47] found
a significant increase in the total antioxidant activity capacity but no effects on exercise performance or
on the plasma levels of several pro-inflammatory myokines, including IL-6, IL-1RA, and IL-10, were
evident. However, under similar experimental conditions (in terms of polyphenol concentration and
loading time), Patel et al. observed an improvement in muscle physical performance as indicated by a
lower oxygen demand during analogous moderate intensity exercise [49]. Finally, Singh evaluated
the effects of a polyphenol loading time of 7 days on trained and untrained cyclists [50]. However, he
failed to show improvements in the total antioxidant status in both sub-types of athletes [50]. Slightly
different were the effects shown for sub-chronic cocoa polyphenol supplementations in well-trained
football players. Under these conditions, both Fraga et al. [48] and Gonzalez-Garrido et al. [55]
showed significant improvements in antioxidant defense and, interestingly, in exercise performance
following low and high polyphenol administration, respectively [48,55]. However, these positive
results are not supported by the recent findings of de Carvalho et al. in rugby players [53]. Here,
the sub-chronic administration of cocoa polyphenols neither improved oxidative stress markers and
plasma CK levels, nor enhanced athletic performance [53]. Only two studies have examined the
effects of the very long chronic administration (three months) of cocoa polyphenols on oxidative
stress and inflammation markers in football players [46] and cyclists [52] (Table 2). Both studies
concordantly observed improvements in different oxidative stress markers including the hydrogen
peroxide breakdown activity level, reduced glutathione, and protein carbonyls [46,52]. However,
discordant effects were observed for exercise performance outcomes
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5. Discussion

In this review, we examined the effects of cocoa polyphenol intake on exercise-mediated oxidative
stress and inflammation, performance, and recovery.

Examining thirteen studies, we observed that acute, sub-chronic, and chronic cocoa polyphenol
intakes reduce exercise-induced oxidative stress but not inflammatory markers, while the effects on
exercise performance and recovery remain controversial.

Both acute and long-term exercise are now widely recognized as potential pro-oxidative and
pro-inflammatory promoters [25]. Although the generation of ROS represents a physiological process
in most human metabolic reactions, when ROS production and related endogenous antioxidant abilities
are imbalanced, a maladaptive biological response may occur, leading to both oxidative stress and
inflammation [59]. In muscle cells, aerobic energy production generates a significant amount of ROS,
which can increase by up to 10–20-fold during physical exercise [60]. Although moderate levels of
ROS may serve as signaling molecules that mediate muscle repair and adaptation, protein turn-over,
mitochondrial biogenesis, and the upregulation of antioxidant enzyme levels [9], increasing evidence
suggests that high and unbalanced ROS levels are able to deregulate the redox state and induce a
high rate of pro-inflammatory myokine release in muscles, which may lead to contractile muscle
dysfunction, accelerated muscle fatigue, longer recovery time, and reduced exercise performance [61].

Therefore, although inflammation provoked by physical activity is directly related to the intensity
of the effort, if the exercise bout is excessive in terms of intensity and/or duration, the human body
may need some kind of external “aid” to activate the recovery process. A list of forbidden substances
is issued and continuously updated by the anti-doping agency [62,63], leaving many possibilities open
for the introduction and use of non-doping supplements. A number of substances of vegetal origin
have been proposed as potential tools to delay fatigue onset during physical activity and/or to promote
the recovery process.

Chocolate and cocoa polyphenols are among these substances. Different from other proposed
food supplements, chocolate, and in particular dark chocolate, has been postulated to possess a dual
function: it might act as an ergogenic support due to its characteristic richness in saturated fat and
sugar, but being also rich in methylxanthines (including theobromine, and caffeine), it might directly
act as a stimulant on the CNS [38]. Furthermore, due to its richness in antioxidant polyphenols, it might
impact exercise-mediated redox deregulation and inflammation. Evidence on the effect of chocolate
on brain functions has been reported, especially in terms of delayed perception of fatigue [12]. Some
positive evidence exists on the influence of the consumption of a chocolate milk beverage between
three bouts of intense exercise in cycling [64] and after endurance sport in general [65]. Subsequent
research failed to demonstrate the effectiveness of chocolate milk in comparison with raw milk plus
honey in reducing delayed muscle soreness [66], making evidence of the utility of chocolate in exercise
recovery weak. In these studies, however, the chocolate polyphenol content was very low or absent
and/or not specifically addressed, thus introducing a bias in the interpretation of results.

The data reviewed here are clearly indicative of a dual effect by cocoa polyphenols. On the one
hand, in a rather homogeneous fashion, they collectively highlight the ability of cocoa polyphenols to
exert antioxidant effects, as indicated by reduced accumulation of lipid and protein oxidation products
and by the strengthening of the athlete antioxidant capacities. On the other hand, the data do not
show a clear improvement in post-exercise pro-inflammatory status, and the evidence is rather faint
regarding the effect of cocoa polyphenols on exercise performance and post-exercise recovery.

Therefore, although the protective effects of polyphenol supplementation have been largely
documented in humans as well as in animal and in vitro studies [67], the available data reported here
show contradictory results and, in agreement with other revisions [68–70], do not sustain a clear benefit
of cocoa polyphenol supplementation in ameliorating the inflammatory changes induced by exercise.

Notably, most studies are not directly comparable because they used low-flavanol cocoa or milk
chocolate as controls, with different contents of not only flavanols but also other potential bioactives
including methylxanthines. Moreover, potential interactions between methylxanthines and cocoa

81



Nutrients 2019, 11, 1471

polyphenols have been found, resulting in synergistic/additive effects and increased bioavailability of
flavanols when co-ingested with methylxanthines [71]. It seems, therefore, appropriate to match the
test and control treatments for methylxanthine content to separate the effects of cocoa polyphenols.
This aspect may in part contribute to some inconsistencies in studies’ results. However, among
the selected papers, Stellingwerff et al., even observing an increase in theobromine and epicatechin
plasma level after dark chocolate consumption, did not find improvement in exercise performance [51],
this uggesting the necessity of further investigations.

Many other factors may contribute to explaining these disappointing results. First of all, previous
positive results mainly come from studies investigating polyphenol activity in pathological conditions
(in particular cardiovascular disease and cancer) where the redox status is highly unbalanced and the
addition of dietary antioxidants may effectively favor the restoration of the right equilibrium [72,73].
On the other hand, finely tuned ROS production during exercise is essential to promote the expression
of several proteins that are crucial for exercise-induced adaptation, and the use of antioxidants in
supra-physiological doses may be detrimental and/or alter the oxidative stress response in terms
of pro-inflammatory gene induction. Thus, antioxidant supplementation might produce adverse
consequences by decreasing the ROS concentration beyond the required homeostatic level. Finally,
the additional effects of exogenous supplemental antioxidants on different types of exercise are
difficult to predict, because exercise itself is a positive stimulus that generally drives the antioxidant
capacity. Exercise itself is a strong masking agent that is able to obscure any possible effects of a single
substance [9].

It is also important to consider different biological responses related to the type of exercise and,
also, that antioxidants might be effective during specific periods of training and that the requirements
may vary according to different seasonal needs [74]. For all of these reasons, a personalized plan that
considers all of the specific requirements of athletes during the different phases of training would
represent the best option to improve global performance, since the training process is highly variable
and dependent on a wide range of factors [74]. All of these management aspects should be taken
into consideration when planning future experimental studies to ascertain the protective role of cocoa
polyphenols in professional and amateur athletes.

Finally, between-studies comparisons are sometimes difficult because of the often-limited sample
size, as well as the different populations, types of training and physical activity levels, and background
diets of the participants that may influence the effects of chocolate supplementation and exercise.
In general, selected studies recruited no more than 10–15 subjects, with the exception of only three
studies [46–48] that recruited 20 or more subjects. A small sample size reduces the power of the study
and increases the margin of error, rendering the study meaningless. Relatively more homogeneous
conditions were observed under acute cocoa administration. Here, the most recurrent kind of physical
exercise was cycling but practiced for different times ranging from 2.5 h [51,58] to 30 min [54,57].

Levels of serum polyphenol concentrations, as an index of adherence to the protocol, were evaluated
in all acute studies [51,54,57,58], except in the study of Peschek [56]. Data on cocoa polyphenols
availability suggest a more frequent increase in epicatechin levels [51,54,58] with respect to catechin [57].
On the other hand, under sub-chronic and chronic cocoa administration, the assessed physical activities
were more diversified including football [46,48,55] and rugby [53] besides cycling [47,49,50,52].
Moreover, levels of serum polyphenol concentrations were evaluated in only two studies with
discordant results since, under the same sport activity, i.e., the football, Fraga et al. did not find any
increase in the plasma levels of epicatechin and catechin [48], while Caravetta et al. did find a clear
increase in the epicatechin levels [46]. However, independent of the increase in the plasma levels of
cocoa polyphenols, both studies observed a clear improvement in the oxidative stress status.

It is conceivable that the effects of cocoa flavonoids, as well as of other food supplements, may
be more evident as the severity and temporal extension of inflammation increases, which mostly
results from exhausting low-intensity aerobic exercise. So, the standardization of physical activity
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intervention, sample size, and administered supplement should be carefully addressed in further
studies concerning cocoa flavonoid usage in professional and amateur sport.

Few studies have tried to deepen the understanding of the mechanisms of polyphenol activity by
examining the activation of pro-inflammatory transcriptional factors through muscle biopsies before
and after antioxidant supplementation and training [75,76]. Nieman et al. obtained disappointing
results regarding muscle NF-κB activation, which was shown to be unaffected by exercise and following
quercetin supplementation [11]. Such mechanistic exploration should be reproduced and confirmed.
Finally, only four studies [47,54,55,58] evaluated the plasma levels of pro-inflammatory markers,
including IL-6, IL-1, TNF-α, IL-1 RA, and CRP. It is possible that the tested inflammatory biomarkers
are not sensitive or specific enough to be modulated through the cocoa-mediated nutraceutical
approaches. The array of myokines tested should be broadened in the search for potential more
sensitive and specific biomarkers.

In conclusion, the evidence supporting the effects of the consumption of cacao or dark chocolate
on exercise performance and/or exercise-mediated inflammation remains weak.

At present, there is no evidence supporting the use of cacao or dark chocolate as an ergogenic
aid. Evidence on the antioxidative and anti-inflammatory effects of cocoa polyphenols in athletes
remains weak due to the variety of physiological networks involved. Further experimental studies are
necessary in order to clarify the interaction of exercise training and cocoa antioxidant supplementation
and the beneficial effects of cocoa polyphenols in exercise-mediated inflammation.
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Abstract: Randomized controlled trials indicate that flavanol-rich cocoa intake may improve
postprandial glucose and lipid metabolism in patients with type 2 diabetes (T2D), based on studies
with meals that impose a strong metabolic load. Hence, the aim of the present study was to investigate
whether flavanol-rich cocoa powder ingested as part of a diabetic-suitable meal may beneficially
affect glucose, lipid metabolism, and blood pressure (BP) in patients with T2D. Twelve adults with
T2D, overweight/obesity, and hypertension ingested capsules with 2.5 g of flavanol-rich cocoa or
microcrystalline cellulose with a diabetic-suitable breakfast in a randomized, placebo-controlled,
double-blind crossover study. BP was measured and blood samples were taken before, 2 and 4 h
after breakfast and capsule intake. Cocoa treatment did not affect glucose, insulin, homeostasis
model assessment for insulin resistance (HOMA-IR), triglycerides, total cholesterol, low density
lipoprotein-cholesterol, high density lipoprotein-cholesterol, and BP. For glucose, insulin and
HOMA-IR, only effects by time were observed after both treatments. Thus, 2.5 g of flavanol-rich
cocoa powder ingested as part of a diabetic-suitable meal does not seem to affect postprandial
glucose and lipid metabolism and BP in stably-treated diabetics. Nevertheless, future studies with
close-meshed investigations are desirable, providing realistic amounts of cocoa together with realistic
meals rich in carbohydrates to subjects with T2D or metabolic syndrome, which do not afford
pharmacological treatment.

Keywords: type 2 diabetes; flavanol-rich cocoa; postprandial; meal; glucose metabolism; lipids;
blood pressure

1. Introduction

The prevalence of type 2 diabetes (T2D) is increasing globally [1]. In patients with T2D,
postprandial hyperglycemia has shown to raise the incidence of cardiovascular disease (CVD)
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and all-cause mortality [2,3]. Postprandial hyperglycemia is often accompanied by postprandial
hypertriglyceridemia, which acts as a further risk factor for CVD. Dietary modifications to lower
postprandial glucose and triglyceride values are recommended [4]. Thus, functional food and food
ingredients which may improve metabolic and vascular biomarkers could be favorable for patients
with T2D [5].

Regular consumption of flavanol-rich cocoa may be beneficial for patients with T2D. Cocoa
flavanols have shown to enhance insulin secretion, improve insulin sensitivity in peripheral tissues,
lower lipids [6] and increase nitric oxide availability [7]. A decrease in insulin resistance [8],
triglycerides [8], low density lipoprotein-cholesterol (LDL-cholesterol) [9], and blood pressure
(BP) [8], as well as an increase in insulin sensitivity and high density lipoprotein-cholesterol
(HDL-cholesterol) [8] could be observed in meta-analyses of randomized controlled trials (RCTs)
after regular cocoa treatment. These effects were even more substantial in morbid subjects than in
healthy ones without any comorbidities [8].

In patients with T2D, the postprandial effect of flavanol-rich cocoa on cardiometabolic parameters
has only been investigated in a small number of RCTs to date. Most participants received oral
hypoglycemic drugs [10,11] as well as lipid- and BP-lowering drugs [11] to ensure stable metabolic
and BP control. HDL-cholesterol and endothelial function were improved after 4 h when the fast-food
breakfast was ingested together with a flavanol-rich cocoa drink and not with a flavanol-poor placebo
drink [11]. Acute hyperglycemia-induced endothelial dysfunction was reduced in individuals with
T2D after consumption of flavanol-rich chocolate compared to chocolate low in flavanols [10]. However,
a 75-g pure glucose load as provided by Mellor et al. [10] is given as an oral glucose tolerance test
and used for diagnostic purposes [12,13]. The fast-food breakfast used by Basu et al. [11] provided
766 kcal, with fat as 59% of total energy. However, meals rich in isolated carbohydrates, saturated fat,
and cholesterol and low in dietary fiber are not recommended in T2D [14]. Moreover, 20 g of cocoa
powder (about eight tablespoons) for the preparation of a cocoa-rich drink is an unrealistic amount
and such a drink is not a typical component of a high-fat-fast-food meal.

Thus, the aim of this study was to investigate whether a usual serving size of flavanol-rich cocoa
powder, ingested together with a diabetic-suitable meal, may improve postprandial changes in glucose
and lipid metabolism as well as BP.

2. Materials and Methods

2.1. Study Design and Intervention

This randomized, placebo-controlled, double-blind crossover study was performed between July
and October 2017 in a medical practice (Praxis Anrath, Willich, Germany) according to the Declaration
of Helsinki. The study was approved by the ethics committees of the University of Bonn (project
identification code: 051/17; date of approval: 22 February 2017) and the Medical Association of North
Rhine (project identification code: 2017138; date of approval: 30 May 2017). The trial was registered at
German Clinical Trial Register (DRKS-ID: DRKS00012561) on 6 June 2017. Written informed consent
was obtained from all participants for inclusion before they participated in the study.

Participants were consecutively recruited and allocated to two different groups by permuted
block randomization (block size of four, sequence generated by drawing lots by an uninvolved person).
After an overnight fast, both groups ingested five A- and B-capsules, respectively, in different order
together with a diabetic-suitable breakfast. Each capsule was filled with 0.5 g ACTICOA™ cocoa
powder (Barry Callebaut, Zurich, Switzerland, lot no. 100-F017906-AC-796) or pure microcrystalline
cellulose (J. Rettenmaier and Söhne, Rosenberg, Germany) by KP Productions (Koblenz, Germany;
certified to ISO 9001/2008, FSSC 22000, and HACCP). Hence, five cocoa-containing capsules provided
2.5 g of cocoa in total, corresponding to one tablespoon and one serving size as recommended by the
manufacturer. Both interventions were separated by at least two weeks washout (14–17 days in 75% of
all participants; min-max 14–52 days). For both treatments, opaque green capsules of hydroxypropyl
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methylcellulose were used as they disintegrate and dissolve quickly and completely in the upper
gastrointestinal tract [15]. A- and B-capsules were opened after statistical analysis had been finished.
Thus, participants as well as researchers were blinded to treatment. The breakfast with A-capsules
was ingested at 8.48 ± 0.03 a.m. and the breakfast with B-capsules at 8.47 ± 0.03 a.m. (means ± SEMs),
respectively. The breakfast was standardized and consisted of one rye bread roll, 4 g margarine and a
homemade avocado spread prepared from 60 g avocado, 1 g lemon juice, and 7 g honey. In case of
beneficial effects due to the intake of the cocoa powder, it could be used as valuable ingredient for the
avocado spread. The energy and nutrient content of this breakfast is listed in Table 1.

Table 1. Energy and nutrient content of the breakfast suitable for diabetes.

Ingredients Energy (kcal) Protein (g) Fat (g) Carbo-Hydrates (g) Dietary Fiber (g)

Rye bread roll, 60 g 1 167 6.3 1.0 31.0 3.4
Margarine, 4 g 2 28 0.0 3.0 0.0 –
Avocado, 60 g 83 0.9 8.0 2.0 2.5
Lemon juice, 1 g 0 0.0 0.0 0.0 –
Honey, 7 g 3 21 0.0 – 5.0 –
Vanilla flavor, one drop – – – – –
∑ 299 7.2 12.0 38.0 5.9

Data were calculated by using the nutrition software Prodi (Nutri-Science, Freiburg, Germany). 1 Bakery Stinges,
Brüggen, Germany; 2 Bellasan®, Walter Rau Food Factories, Hilter, Germany; 3 Goldland®, Dr. Krieger’s,
Magdeburg, Germany.

On both study days, body weight and height, waist and hip circumference as well as body fat mass
(FM) were determined in fasting state. Venous blood samples were collected and BP was measured
before as well as 2 and 4 h after completing the breakfast and capsules’ intake. All measurements
were done by a single trained investigator. The subjects were instructed to maintain their diet on
the day before each study day, but to abstain from cocoa products, red wine, green/black tea and
fruit/vegetables including juices/nectars. Furthermore, they were advised to take their drugs on both
experimental days at the same time as usual to exclude potential confounding effects.

2.2. Participants

Twelve patients, aged at least 18 years, suffering from T2D according to the criteria of the
World Health Organization (WHO)/International Diabetes Federation (IDF) [16] for at least one year,
with dietary or pharmacological treatment, good glucose control (i.e., HbA1c 6.5–7.5%, taking into
account individual therapy goals), overweight/obesity (body mass index (BMI) ≥ 25.0 kg/m2 [17])
and hypertension (based on the criteria of the European Society of Hypertension/the European
Society of Cardiology (ESH/ESC) [18]) were included in the study provided that metabolic control,
as ensured by pharmacological treatment, was stable. Insulin therapy, gastrointestinal diseases
associated with malabsorption, history of cardiovascular events, pregnancy/lactation, smoking in
the last three months, excessive consumption of chocolate (> 100 g/day), red wine (> one glass/day),
cocoa drink, green or black tea (> one cup/day), regular use of vitamin preparations or flavanol-rich
food supplements (e.g., red wine extract) and drug consumption were exclusion criteria. Eligibility
was checked by questionnaire.

2.3. Cocoa Powder

ACTICOA™ cocoa powder was used for cocoa treatment, a functional food in which 80% of the
natural flavanol content of raw cocoa is preserved due to gentle cocoa processing. According to the
product specification, 2.5 g ACTICOA™ cocoa provided 0.6 g protein, 0.4 g fat, and 0.6 g carbohydrates,
thus providing 9 kcal (38 kJ) of energy, 52.5 mg theobromine, and 5.0 mg caffeine. The average flavanol
content (sum of mono- to decamers) was 8.3% according to the manufacturer (Barry Callebaut). Further
details on mono- and oligomeric flavanols were obtained from our own analysis using ultra-high
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performance liquid chromatography according to the method of Damm et al. [19]. Results on flavanol
composition are shown in Table 2.

Table 2. Flavanol composition of the cocoa.

Flavanols Content per 2.5 g Cocoa Powder

Flavanols, degree of polymerization (per NP-HPLC)
Monomers (mg) 49.7
Dimers (mg) 13.9
Trimers (mg) 5.5
Tetramers (mg) 4.7
Pentamers (mg) 3.1

Individual flavanols (per RP-HPLC)
Epicatechin (mg) 40.4
Catechin (mg) 13.6
A-Dimers (mg) 4.3
Procyanidin B2 (mg) 12.3
Procyanidin B5 (mg) 1.3
Procyanidin C1 (mg) 3.1
Trimers 1 (mg) 4.1
Trimers 1 (mg) 4.4
Procyanidin D (mg) 4.1

1 Trimeric procyanidins not further specified. NP-HPLC: normal-phase high-pressure liquid chromatography;
RP-HPLC: reversed-phase high-pressure liquid chromatography.

2.4. Blood Pressure Investigation

BP was measured after a 5 min rest in a seated position in a quiet room as recommended by the
ESH/ESC guidelines [18]. For each investigation, three measurements were performed by using a
fully automatic BP monitor (OMRON M 500, OMRON Healthcare Europe, Mannheim, Germany) at
1–2 min intervals. The first reading was always discarded as it has been shown to be higher than
subsequent readings [20]. A mean value of the second and third reading was calculated and used for
statistical analysis.

2.5. Blood Sampling

Venous blood was collected into Vacutainer® tubes (Becton Dickinson, Heidelberg, Germany) with
sodium fluoride and sodium heparin (for plasma glucose analysis) and in tubes without anticoagulant
(for analysis of insulin, triglycerides, total-, LDL- and HDL-cholesterol in serum). All samples were
kept in an insulated polystyrene box at room temperature. After collection of the 4-h blood sample, all
samples (the fasting one and those obtained 2 and 4 h after the meal) were transported to Niederrhein,
University of Applied Sciences, Mönchengladbach, Germany. The whole blood was centrifuged (4 ◦C,
3000× g, 20 min) within 0.5–4.75 h after blood sampling. Glucose, insulin and lipids have shown to
remain stable in whole blood up to 24 h at room temperature in Vacutainer® tubes that were also used
in our study [21]. Plasma and serum samples were aliquoted and frozen at –80 ◦C. After completion
of the study, they were transported on dry ice to the Institute of Clinical Chemistry and Clinical
Pharmacology at the University Hospital Bonn, Germany, for analysis.

2.6. Laboratory Investigations

Glucose, triglycerides, as well as total-, LDL-, and HDL cholesterol were determined by cobas c
701/702 and insulin by cobas e 801 (both Roche/Hitachi, Mannheim, Germany) by means of test kits as
described previously [22]. Glucose and insulin were used to calculate homeostasis model assessment
for insulin resistance (HOMA-IR) [23].
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2.7. Anthropometric Investigations

Body weight and height were determined on a calibrated digital column scale (seca 910, Hamburg,
Germany; accuracy 0.1 kg and 0.1 cm, respectively) to calculate BMI. Waist circumference was measured
at the belly button and hip circumference at the maximal circumference (accuracy 0.1 cm) twice with
a non-extensible tape. The mean values of both were used to calculate the waist-to-hip ratio (WHR)
to determine the body fat distribution according to WHO [24]. FM was determined according to the
guidelines of the European Society for Clinical Nutrition and Metabolism (ESPEN) [25]. Resistance
and reactance were measured at 800 μA and 50 kHz with the BIA 2000-1 device (Data Input, Pöcking,
Germany) as described by Kirch et al. [26]. FM was calculated by using the equation of Kyle et al. [27].

2.8. Food Intake

Before each study day, food intake, including beverages, was documented in a standardized
one-day dietary record. The intake of energy and selected nutrients was determined by Prodi 6.4.0.1
software (Nutri-Science, Freiburg, Germany).

2.9. Statistical Analysis

Statistical analysis was performed by using IBM-SPSS Statistics, version 23 (IBM Crop., Armonk,
NY, USA). Metric data were investigated for normal distribution with the Kolmogorov-Smirnov test.
Variables without normal distribution were logarithmized. If normal distribution could be assumed,
data which were only investigated in fasting state on each study day were compared with each other
by using the t-test for paired samples. The influence of treatment and time on glucose and lipid
metabolism as well as on BP was tested by using repeated-measures ANOVA. In case of significant
effects by time, post-hoc tests were carried out. If the variances were homogeneous, Tukey’s test was
used. Otherwise, Dunnett’s T3 test was performed. If repeated-measures ANOVA was not applicable
due to the lack of normality, changes before and after each treatment were investigated by using
Friedman’s test. In case of significant changes, a post-hoc test (two-factorial analysis of variances
according to ranks) was done, followed by Wilcoxon signed rank test to compare data of the same
points of time between both treatments. p-values < 0.05 were considered statistically significant.

Baseline characteristics of the participants are presented as means ± SDs (metric data) and as
frequencies (nominal/ordinal data). Pre- and postintervention data are shown as means ± SEMs and
medians (interquartile ranges), respectively.

3. Results

All 12 participants (nine men, three women) completed the study and were included in the
statistical analysis. On average, the patients were 68.0 ± 9.0 years old and had been suffering from
diabetes for 8.9 ± 5.2 years. Almost two-third of the participants were treated with oral antidiabetic
agents, one third with lipid-lowering drugs and all of them with antihypertensiva, mostly providing
different active pharmaceutical ingredients (Table 3). Pharmacological treatment did not change
during the study. Nutrition status (body weight, BMI, waist circumference, WHR, and FM) was not
significantly different between the two study days (Table 4). Furthermore, no significant differences in
the intake of energy, nutrients (protein, fat, carbohydrates, dietary fiber, cholesterol, iron, vitamin C)
were found on the days before each investigation (Table 4).

Effects by treatment on glucose metabolism (glucose, insulin, HOMA-IR), lipid metabolism
(triglycerides, total cholesterol, LDL-cholesterol, HDL-cholesterol) and on BP could not be observed
(Table 5). No interactions between treatment and time occurred. Temporal changes were found for
glucose after 2 and 4 h compared to fasting values, irrespective whether the breakfast was ingested
together with the capsules providing cocoa (p = 0.007) or not (p = 0.003). Effects by time could be
detected for insulin and HOMA-IR (p ≤ 0.001). Insulin and HOMA-IR increased 2 h after both
treatments compared to pre-consumption values (insulin: p = 0.032 for cocoa treatment; p = 0.031 for

93



Nutrients 2019, 11, 417

placebo treatment according to Dunnett’s T3 test; HOMA-IR: p < 0.001 for cocoa treatment; p = 0.002
for placebo treatment according to Tukey’s test). Afterwards, HOMA-IR decreased significantly (cocoa
treatment: p = 0.002; placebo treatment: p = 0.001; Tukey’s test). Repeated-measures ANOVA revealed
effects by time on LDL-cholesterol (p = 0.048), LDL/HDL-cholesterol ratio (p = 0.004) and on systolic
BP (p = 0.002), whereas no differences between time points could be detected with Tukey’s test.

Unintended effects by the ingestion of cocoa-containing or cocoa-free capsules together with the
meals were not reported.

Table 3. Demographic and clinical data.

Participants
(n = 12)

Demographic data
Men/women (n/n) 3/9
Age (years) 68.0 ± 8.7
Diabetes duration (years) 8.9 ± 5.2

Comorbidities (n)
Hypertension 12
Hyperlipidemia 7
Coronary heart disease 3
Vascular diseases 1

Antihyperglycemic drugs (n) 7
Glimepiride (sulfonylurea) 4
Gliptine (dipeptidyl peptidase-4 inhibitor) 4
Metformin (biguanide) 7
Repaglinide (meglitinide analogue) 1

Antihypertensive drugs (n) 12
Lisinopril (ACE inhibitor) 1
Ramipril (ACE inhibitor) 5
Candesartan (AT1 receptor antagonist) 2
Olmesartan (AT1 receptor antagonist) 2
Valsartan (AT1 receptor antagonist) 1
Amlodipine (calcium channel blocker) 6
Lercanidipine (calcium channel blocker) 1
Bisoprolol (beta-receptor blocker) 3
Carvedilol (beta-receptor blocker) 1
Metoprolol (beta-receptor blocker) 1
Nebivolol (beta-receptor blocker) 2
Hydrochlorothiazide (diuretic) 6
Moxonidine (imidazoline-receptor agonist) 2

Lipid-lowering drugs (n) 4
Atorvastatin (statin) 1
Simvastatin (statin) 1
Ezetimibe (NPC1L1 inhibitor) 3

Data are means ± SDs, unless otherwise specified. Results on medication according to individual medication
list. The sum of active pharmacological ingredients from antiglycemic, antihypertensive and lipid-lowering
drugs exceeded the number of participants as most patients received a combination of different pharmacological
ingredients. ACE inhibitor, angiotensin converting enzyme inhibitor; AT1 receptor antagonist, angiotensin II type 1
receptor antagonist; NPC1L1 inhibitor, Niemann-Pick C1-like 1 protein inhibitor.

94



Nutrients 2019, 11, 417

T
a

b
le

4
.

N
ut

ri
ti

on
st

at
us

in
fa

st
in

g
st

at
e

an
d

nu
tr

it
io

na
li

nt
ak

e
on

th
e

pr
ev

io
us

da
y

be
fo

re
ea

ch
tr

ea
tm

en
t.

B
e

fo
re

C
o

co
a

T
re

a
tm

e
n

t
(n

=
1

2
)

B
e

fo
re

P
la

ce
b

o
T

re
a

tm
e

n
t

(n
=

1
2

)
p

N
ut

ri
ti

on
st

at
us

Bo
dy

w
ei

gh
t(

kg
)

97
.4
±

3.
3

98
.1
±

3.
0

0.
16

9
BM

I(
kg

/m
2 )

33
.5
±

0.
9

33
.7
±

0.
9

0.
17

4
BM

Ic
la

ss
ifi

ca
ti

on
1

(n
)

O
ve

rw
ei

gh
t

2
2

–
O

be
si

ty
10

10
–

Fa
tm

as
s

(%
bo

dy
w

ei
gh

t)
36

.3
±

1.
6

36
.5
±

1.
6

0.
57

1
W

ai
st

ci
rc

um
fe

re
nc

e
(c

m
)

11
2.

1
±

2.
0

11
3.

0
±

2.
0

0.
08

9
W

ai
st

-t
o-

hi
p

ra
ti

o
1.

0
±

0.
0

1.
0
±

0.
0

0.
55

5
N

ut
ri

ti
on

al
in

ta
ke

En
er

gy
(k

ca
l)

14
79

±
14

9
16

75
±

20
8

0.
35

4
Pr

ot
ei

n
(g

)2
71

.8
±

9.
6

80
.5
±

15
.2

0.
63

3
Fa

t(
g)

79
.5
±

9.
4

81
.4
±

11
.7

0.
86

5
C

ar
bo

hy
dr

at
es

(g
)

10
0.

6
±

11
.7

14
2.

7
±

17
.2

0.
05

8
D

ie
ta

ry
fib

er
(g

)
10

.4
±

1.
4

12
.2
±

1.
0

0.
36

5
C

ho
le

st
er

ol
(m

g)
2

39
0.

9
±

87
.5

40
6.

2
±

10
9.

6
0.

92
2

Ir
on

(m
g)

7.
7
±

1.
0

8.
6
±

1.
3

0.
58

2
V

it
am

in
C

(m
g)

43
.4
±

10
.5

44
.1
±

5.
1

0.
93

4

p-
va

lu
es

ac
co

rd
in

g
to

t-
te

st
fo

r
pa

ir
ed

sa
m

pl
es

.1
A

cc
or

di
ng

to
th

e
bo

dy
m

as
s

in
de

x
cl

as
si

fic
at

io
n

of
th

e
W

or
ld

H
ea

lth
O

rg
an

iz
at

io
n

(W
H

O
)(

20
04

).
2

Lo
ga

ri
th

m
iz

ed
va

lu
es

w
er

e
us

ed
fo

r
pa

ir
ed

t-
te

st
.D

at
a

ar
e

m
ea

ns
±

SE
M

s
un

le
ss

in
di

ca
te

d
ot

he
rw

is
e.

BM
I,

bo
dy

m
as

s
in

de
x.

95



Nutrients 2019, 11, 417

T
a

b
le

5
.

R
es

ul
ts

on
gl

uc
os

e
an

d
lip

id
m

et
ab

ol
is

m
an

d
on

bl
oo

d
pr

es
su

re
.

C
o

co
a

T
re

a
tm

e
n

t
(n

=
1
2
)

P
la

ce
b

o
T

re
a
tm

e
n

t
(n

=
1
2
)

R
e
p

e
a
te

d
-M

e
a
su

re
s

A
N

O
V

A
F

ri
e
d

m
a
n

T
e
st

0
h

2
h

4
h

0
h

2
h

4
h

T
R

T
im

e
T

im
e

x
T

R

G
lu

co
se

m
et

ab
ol

is
m

G
lu

co
se

(m
m

ol
/L

)
7.

3
(6

.1
,8

.3
)ab

8.
7

(6
.9

,9
.8

)a
6.

2
(5

.0
,6

.6
)b

7.
5

(6
.8

,8
.4

)ab
9.

1
(7

.6
,1

0.
6)

a
6.

5
(5

.5
,7

.4
)b

—
—

—
0.

00
9

1

In
su

lin
(m

U
/L

)
14

.2
±

1.
8

a
42

.1
±

7.
2

b
22

.7
±

4.
3

ab
16

.5
±

1.
8

a
40

.5
±

6.
1

b
19

.8
±

3.
4

ab
0.

89
1

<0
.0

01
2

0.
64

4
—

H
O

M
A

-I
R

(m
m

ol
/L

)3
4.

6
±

0.
6

a
16

.7
±

3.
6

b
6.

5
±

1.
5

a
5.

4
±

0.
6

a
16

.8
±

3.
1

b
5.

9
±

1.
2

a
0.

76
2

<0
.0

01
4

0.
46

3
—

Li
pi

d
st

at
us

Tr
ig

ly
ce

ri
de

s
(m

m
ol

/L
)

1.
93

±
0.

22
2.

03
±

0.
19

1.
93

±
0.

19
1.

75
±

0.
17

1.
96

±
0.

21
2.

03
±

0.
23

0.
84

6
0.

18
4

0.
28

0
—

To
ta

lc
ho

le
st

er
ol

(m
m

ol
/L

)
5.

01
±

0.
25

5.
00

±
0.

25
5.

02
±

0.
25

5.
05

±
0.

23
4.

99
±

0.
25

5.
11

±
0.

25
0.

90
4

0.
18

2
0.

34
6

—
LD

L-
ch

ol
es

te
ro

l(
m

m
ol

/L
)

2.
98

±
0.

20
a

2.
97

±
0.

20
a

3.
01

±
0.

20
a

3.
07

±
0.

20
a

3.
00

±
0.

20
a

3.
08

±
0.

21
a

0.
82

5
0.

04
8

4
0.

37
2

—
H

D
L-

ch
ol

es
te

ro
l(

m
m

ol
/L

)
1.

20
±

0.
07

1.
19

±
0.

07
1.

19
±

0.
07

1.
22

±
0.

08
1.

18
±

0.
08

1.
20

±
0.

08
0.

92
4

0.
15

7
0.

47
3

—
LD

L-
ch

ol
/H

D
L

ch
ol

ra
ti

o
2.

55
±

0.
19

a
2.

56
±

0.
19

a
2.

59
±

0.
20

a
2.

59
±

0.
18

a
2.

60
±

0.
18

a
2.

64
±

0.
19

a
0.

85
8

0.
00

4
4

0.
89

1
—

Bl
oo

d
pr

es
su

re
Sy

st
ol

ic
(m

m
H

g)
14

5.
2
±

5.
4

a
13

9.
4
±

5.
4

a
13

8.
3
±

4.
7

a
15

3.
0
±

3.
8

a
13

9.
8
±

4.
7

a
13

9.
8
±

4.
3

a
0.

59
1

0.
00

2
4

0.
33

3
—

D
ia

st
ol

ic
(m

m
H

g)
78

.0
±

2.
7

75
.2
±

3.
4

77
.8
±

2.
8

82
.0
±

2.
1

77
.9
±

3.
9

78
.8
±

2.
5

0.
50

3
0.

08
9

0.
60

0
—

1
In

ca
se

of
si

gn
ifi

ca
nt

ch
an

ge
s,

a
po

st
-h

oc
te

st
(t

w
o-

fa
ct

or
ia

la
na

ly
si

s
of

va
ri

an
ce

s
ac

co
rd

in
g

to
ra

nk
s)

w
as

do
ne

.2
In

ca
se

of
si

gn
ifi

ca
nt

ef
fe

ct
s

by
tim

e
an

d
m

is
si

ng
va

ri
an

ce
ho

m
og

en
ei

ty
,

D
un

ne
tt

’s
T

3
te

st
w

as
pe

rf
or

m
ed

.3
Lo

ga
ri

th
m

iz
ed

va
lu

es
w

er
e

us
ed

fo
r

re
pe

at
ed

-m
ea

su
re

s
A

N
O

VA
.4

If
ef

fe
ct

s
by

ti
m

e
w

er
e

si
gn

ifi
ca

nt
an

d
va

ri
an

ce
ho

m
og

en
ei

ty
w

as
gi

ve
n,

Tu
ke

y
te

st
w

as
pe

rf
or

m
ed

.V
al

ue
s

w
it

hi
n

th
e

sa
m

e
tr

ea
tm

en
tw

it
h

d
if

fe
re

nt
su

pe
rs

cr
ip

tl
et

te
rs

d
if

fe
r

si
gn

ifi
ca

nt
ly

(p
≤

0.
05

).
Pl

as
m

a
gl

uc
os

e
at

2
h

an
d

at
4

h
w

as
no

ts
ig

ni
fic

an
tl

y
d

if
fe

re
nt

be
tw

ee
n

co
co

a
an

d
pl

ac
eb

o
tr

ea
tm

en
t(

W
ilc

ox
on

si
gn

ed
ra

nk
te

st
).

D
at

a
ar

e
m

ea
ns

±
SE

M
s

an
d

m
ed

ia
ns

(i
nt

er
qu

ar
ti

le
ra

ng
es

),
re

sp
ec

ti
ve

ly
.C

ho
l,

ch
ol

es
te

ro
l;

H
D

L
-c

ho
le

st
er

ol
,h

ig
h

de
ns

it
y

lip
op

ro
te

in
-c

ho
le

st
er

ol
;H

O
M

A
-I

R
,h

om
eo

st
as

is
m

od
el

as
se

ss
m

en
tf

or
in

su
lin

re
si

st
an

ce
;L

D
L-

ch
ol

es
te

ro
l,

lo
w

de
ns

it
y

lip
op

ro
te

in
-c

ho
le

st
er

ol
;T

R
,t

re
at

m
en

t.

96



Nutrients 2019, 11, 417

4. Discussion

To the best of our knowledge, this is the first study investigating the postprandial effect of a
usual serving-size of a flavanol-rich cocoa powder, provided in addition to a diabetic-suitable meal,
on glucose and lipid metabolism and on BP in hypertensive type 2 diabetics with stable metabolism.
Contrary to our hypothesis, glucose and lipid metabolism and BP were not influenced by the additional
intake of 2.5 g cocoa (Table 5). Only a significant decrease in plasma glucose was observed 4 h vs. 2 h
after both treatments. Since the values at 2 h and at 4 h were not significantly different between cocoa
and placebo treatment, these changes in plasma glucose might simply reflect the glycemic response
induced by the breakfast.

Our results on plasma glucose are similar to those of Mellor et al. [10] and Basu et al. [11]. Both
provided a flavanol-rich chocolate 60 min before a glucose challenge (75 g pure glucose) [10] or a
flavanol-rich cocoa drink together with a high-fat fast food meal (providing 50 g of carbohydrates,
predominantly as starch) [11], and who did not observe any effects either. They also investigated
patients who suffered from T2D as well as from overweight or obesity (n = 18 [11], n = 10 [10]).
The patients were similar regarding age and pharmacological treatment (some using oral antidiabetic
agents [10,11] as well as lipid- and BP-lowering drugs [11]) to the participants in our study. For cocoa
treatment, 13.5 g ACTICOA™ chocolate [10] and a cocoa drink prepared from 20 g cocoa powder [11]
were used, respectively. Both studies provided 40 mg epicatechin, which is claimed to be responsible
for the vasoprotective effects of cocoa [28], and which in our study was also ingested by 2.5 g cocoa
(Table 2). Since the amount of epicatechin in cocoa correlates strongly with the sum of catechin,
epicatechin, procyanidins B2, B5, C1, and D (R2 = 0.993) [29], the intake of cocoa flavanols in our
study and in those of Basu et al. and Mellor et al. were probably comparable. Cocoa flavanols have
shown to inhibit digestive enzymes (e.g., α-amylase, α-glucosidase), sodium/glucose cotransporter 1
(SGLT1), dipeptidyl peptidase-IV, and to stimulate incretin secretion (glucagon-like peptide 1, GLP-1;
glucose-dependent insulinotropic polypeptide, GIP), which may reduce glycemic response. However,
these mechanisms were only investigated in vitro and in animal studies, always using much higher
concentrations of flavanols and larger amounts of cocoa than in our study [30].

Regarding insulin and HOMA-IR, we observed only changes by time, but not by treatment. Our
result on insulin agrees with the findings of Mellor et al. [10], whereas Basu et al. [11] detected a
significant effect of cocoa treatment, leading to higher insulin concentrations and HOMA-IR values at
4 h after cocoa compared to the placebo drink. Cocoa flavanols have been shown to enhance insulin
signaling (IRS-1, IRS-2, PI3K-Akt-signaling pathway, AMP kinase) and the translocation of GLUT-4
in vitro and in animals [30]. However, as the dose of epicatechin (40 mg) ingested from cocoa in our
study and in those of Basu et al. [11] and Mellor et al. [10] was comparable, ingredients of cocoa other
than flavanols may be relevant for changes in insulin secretion and resistance. Brand-Miller et al. [31]
observed a higher postprandial insulin secretion in healthy subjects after ingestion of chocolate, cakes,
breakfast cereals, ice cream, flavored milk and pudding if these were enriched with cocoa powder.
The results of Brand-Miller et al. and Basu et al. may be explained by specific insulinogenic amino
acids [11,31]. Their intake might have been much higher in the study of Basu et al. [11] than in our
study and in the study of Mellor et al. [10], considering that higher amounts of protein from cocoa
(Basu et al.: 2.7 g [11]) were ingested than in our study (0.5 g) (no data available from Mellor et al. [10]).
Stearic acid, a fatty acid in cocoa butter, is discussed to stimulate specifically insulin secretion [31]. We
provided less cocoa powder (2.5 g) than Basu et al. (20 g) with a lower fat content (16% of dry mass,
corresponding to 0.4 g fat compared to Basu et al. [11] (23.5% fat of dry mass, corresponding to 4.7 g;
no data on fat content in chocolate available from Mellor et al. [10]). This may further explain the lack
of changes in insulin concentration and HOMA-IR by cocoa treatment in our study.

Cocoa treatment affected neither triglycerides nor total, LDL- and HDL-cholesterol in our study.
At first glance, this is astonishing as cocoa flavanols may activate catabolic pathways (e.g., β-oxidation)
and inhibit anabolic ones (e.g., acetyl CoA carboxylase, HMG-CoA-reductase) in concentrations
that can be reached via diet by stimulating 5’-AMP-activated protein kinase [32]. However, the
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5’-AMP-activated protein kinase is diminished by insulin through the Akt signaling pathway [33].
Consequently, the insulin response induced by our breakfast might have overwhelmed the effect of
cocoa flavanols on 5’-AMP-activated protein kinase. This possibly explains the lack of changes in
serum lipids in our study.

Our findings on triglycerides, total and LDL-cholesterol agree with findings of Basu et al. [11],
except for HDL-cholesterol which increased after 4 h vs. 1 h if the cocoa drink was ingested with the
fast food meal. Since high doses of pure theobromine (850 mg/d) increased HDL-cholesterol in healthy
subjects [34], theobromine may be responsible for the increase in HDL-cholesterol, as observed by
Basu et al. [11] after cocoa consumption provided 220 mg of theobromine. In our study, the theobromine
intake from cocoa (52.5 mg) was possibly too low to induce any beneficial changes in HDL-cholesterol,
which may explain the lack of a treatment effect on HDL-cholesterol in our study.

BP and flow-mediated dilation (FMD) could be improved after regular cocoa consumption
according to a meta-analysis of RCTs [35]. An increase in FMD was even observed after acute cocoa
intake [35]. Hence, a decrease in BP by a cocoa-enriched meal was expected due to an increased
arterial elasticity, but was not detectable in our study. However, the increase in FMD after acute cocoa
intake was not accompanied by changes in BP in healthy subjects [36] and in subjects with T2D [10,11].
Consequently, FMD seems to be more a sensitive vascular parameter with a stronger response to cocoa
intake compared to BP.

Most of our patients were pharmacologically treated for diabetes, lipometabolic disorders, and
hypertension (Table 3) as were those of Basu et al. [11] and Mellor et al. [10]. As the cellular and
molecular mode of action of cocoa flavanols is partly similar to those of pharmaceuticals, such
as metformin and ACE inhibitors (e.g., improving insulin release, secretion and sensitivity in fat,
liver tissue, and in muscles [32,37] by increasing the translocation of the GLUT-4 transporter [32],
inhibition of the angiotensin converting enzyme [38]), almost no significant effects by cocoa
treatment could be achieved. While similar studies on postprandial effects of cocoa with
pharmacologically-untreated subjects with T2D would be interesting, these have not become available
to date. Gutiérrez-Salmeán et al. have shown that pure (–)-epicatechin (1 mg/kg body weight)
ingested within a ready-to-drink oral nutritional supplement rich in carbohydrates (63% of total
energy) lowers postprandial glycemic and lipemic response in healthy subjects after 2 and 4 h
compared to epicatechin-free treatment, in overweight/obese subjects (n = 8) even more so than
in normal-weight subjects (n = 12) [39]. In another trial, also performed with overweight/obese
subjects, cocoa extract (1.4 g, providing 153 mg of epicatechin), in addition to a meal rich in fat and
low in carbohydrates (53% and 38% of total energy, respectively) did not change postprandial glucose
and lipid metabolism or blood pressure compared to a meal without cocoa extract [40]. In both studies,
none of the participants suffered from diabetes and hypertension and did not use glucose, lipid, and BP
lowering drugs [39,40]. Thus, in overweight/obese subjects with metabolic disturbances and without
pharmacological treatments, postprandial metabolism may be improved by flavanol-rich cocoa as part
of a meal rich in low-molecular carbohydrates.

We investigated postprandial changes after 2 and 4 h for the following reasons. First, epicatechin
usually achieves maximum concentration in plasma 2 h after cocoa consumption [28]. Second,
cardiometabolic effects were observed 2 h [10,11] and 4 h [11] after cocoa ingestion together with
a metabolic challenge in type 2 diabetics. Third, beneficial effects in glucose and lipid metabolism
were found in obese/overweight subjects 2 and 4 h after a meal if this meal was ingested with pure
(–)-epicatechin [39]. However, taking also into account the different plasma kinetics of glucose and
insulin in subjects with and without T2D after an oral glucose challenge [41], postprandial changes
in glucose metabolism should be investigated in a close-meshed procedure, i.e., every 30–60 min for
2–3 h, to precisely assess the glycemic response in patients with T2D.

The strengths of our RCT include the double-blind, placebo-controlled crossover study design.
Moreover, nutritional status and dietary intake were investigated before each treatment. Therefore,
confounding effects of lifestyle changes that might have affected our outcome variables are unlikely.
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The collection of only two blood samples after a meal makes it difficult to assess the postprandial
changes in glucose metabolism as precisely as necessary to detect possible differences. This is the
major limitation of our study. However, it remains speculative whether this is the reason why we did
not detect significant effects by cocoa. As sample size estimation was not possible due to the lack of
data, our study might have been underpowered. A larger sample size would allow an adjustment to
factors that might be relevant for the response to cocoa. Nevertheless, the results of the present study
may be used to calculate the sample size for future studies.

In conclusion, administration of 2.5 g of flavanol-rich cocoa powder together with a
diabetic-suitable breakfast does not seem to modulate glucose and lipid metabolism or BP in patients
suffering from T2D and hypertension. Nevertheless, future studies are desirable. These should include
close-meshed investigations to exactly assess the glycemic and lipemic response in subjects with
T2D or metabolic syndrome, but without pharmacological treatment. Moreover, realistic amounts of
cocoa should be provided with realistic meals rich in carbohydrates. Additionally, further vascular
parameters, such as FMD, should be considered.
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Abstract: Regular cocoa consumption has been shown to improve blood pressure (BP), insulin
sensitivity, and lipid levels in patients with type 2 diabetes (T2D), using up to 100 g of chocolate
or 54 g of cocoa. These effects, attributed to cocoa flavanols, would be beneficial for patients with
T2D if they could be achieved by a usual serving size of flavanol-rich cocoa. Forty-two hypertensive
patients with T2D (stable pharmacological treatment, with good adjustment for glucose metabolism,
lipids, and BP) ingested capsules with 2.5 g/day of a flavanol-rich cocoa or cocoa-free capsules for
12 weeks in a double-blinded, randomized, placebo-controlled study with parallel group design.
Participants had to maintain diet, lifestyle, and medication. Before and after intervention, fasting
blood samples were collected; BP and nutritional status were investigated. Cocoa treatment did not
affect BP, nor glucose metabolism (glucose, HbA1c, insulin, HOMA-IR) and lipids (triglycerides, total
cholesterol, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol). Body weight,
fat mass, and nutrient supply remained unchanged. Changes in the placebo group did not occur.
Regular intake of a usual serving size of flavanol-rich cocoa does not improve cardiometabolic
parameters in stably treated patients with T2D and hypertension. As the medication modulates partly
the same targets as cocoa flavanols, future studies should focus on the preventive effect of cocoa
against diabetes and other cardiometabolic diseases in individuals with preexisting abnormalities
that do not require any pharmacological treatment.

Keywords: type 2 diabetes; flavanol-rich cocoa; blood pressure; glucose metabolism; lipid status

1. Introduction

Type 2 diabetes (T2D) is accompanied by an increased cardiovascular risk, partly due to
comorbidities such as dyslipidemia and hypertension [1,2]. Incidence as well as the progression
of these chronic diseases are strongly affected by diet. These findings explain the current interest in
functional food and food ingredients which may improve cardiometabolic health [3].
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Randomized controlled trials (RCTs) suggest that patients with T2D may benefit from regular cocoa
consumption [4–9]. Vascular elasticity increased in patients with T2D after cocoa intake (54 g/day) [4] and in
hypertensive subjects with impaired glucose tolerance (IGT) after ingestion of dark chocolate (100 g/day) [5].
In two RCTs, blood pressure (BP) was reduced after intake of 100 g [5] and 25 g [9] flavanol-rich chocolate,
respectively. In another study providing cocoa (40 g/day), biomarkers of endothelial inflammation
decreased [7]. Single parameters of glucose metabolism like HbA1c [4,9], fasting blood glucose (FBG) [9],
and insulin resistance and sensitivity [5] were improved after cocoa consumption. Favorable changes
in serum lipids were also found: a decrease in low-density lipoprotein cholesterol (LDL-C) [4,5,8] and
an increase in high-density lipoprotein cholesterol (HDL-C) [6–8] after regular intake of cocoa (20 g [8],
54 g [4]) and chocolate (45 g [6], 100 g [5]), respectively. However, these studies provided up to 100 g
chocolate and 54 g cocoa daily, which cannot be recommended to patients with T2D due to the high energy
content [10].

Cocoa products which provide ≥ 200 mg flavanols with a degree of polymerization (DP) of
1–10 per daily portion (2.5 g cocoa; 10 g chocolate) were approved by the European Food Safety
Authority (EFSA) health claim that “cocoa flavanols (CF) help maintain the elasticity of blood vessels,
which contributes to normal blood flow” [11]. Endothelial dysfunction promotes cardiovascular
disorders such as atherosclerosis and hypertension in T2D [12]. Therefore, cocoa, which provides
≥ 200 mg flavanols per daily portion and little energy due to the lack of sugar and fat, may be
advantageous for patients suffering from T2D.

Thus, the present study should investigate whether regular ingestion of 2.5 g/day of such an
unsweetened, strongly defatted, and flavanol-rich cocoa powder might improve BP (the primary
outcome measure) as well as glucose and lipid metabolism (the secondary outcome parameters) in
stably treated subjects with T2D.

2. Materials and Methods

2.1. Study Design

This double-blinded, randomized, placebo-controlled trial with parallel group design was performed
between September 2016 and April 2017 in a specialized medical office for diabetology (diabetes PRAXIS
Rathausallee, Duisburg, Germany). The study was conducted according to the guidelines of the Declaration
of Helsinki and the protocol was approved by the ethics committees of the University of Bonn (project
identification code 037/16, date of approval 10 February 2016) and of the Medical Association of North
Rhine (project identification code 2016143, date of approval 25 May 2016). The study was registered in the
German Clinical Trials Register (DRKS-ID: DRKS00011007) on 24 August 2016. Written informed consent
for inclusion was obtained from all subjects before enrollment.

Participants were consecutively recruited (August 2016–January 2017) and allocated to groups A
and B (ratio 1:1) by permuted block randomization (block size of 4, sequence generated by drawing
lots by an uninvolved person). They received five A- or B-capsules daily for 12 weeks. Each provided
0.5 g ACTICOA™ cocoa powder (Barry Callebaut, Zurich, Switzerland; lot no. 100-F017906-AC-796) or
pure microcrystalline cellulose (J. Rettenmaier and Söhne, Rosenberg, Germany), respectively. For both
treatments, nontransparent capsules of hydroxypropyl methylcellulose with identical appearance were
chosen which disintegrate and dissolve quickly and completely in the upper gastrointestinal tract [13].
KPProductions (Koblenz, Germany) filled both types of capsules. The document revealing the allocation
of A- and B-capsules to cocoa and placebo treatment was sealed in an envelope which was opened
after statistical analysis had been finished. Thus, participants and researchers were blinded to treatment.
Before and after treatment, participants were examined, and blood samples were drawn after ≥ 10 h
overnight fasting. The capsules were noted in the subjects’ medication plan and were recommended to
be taken in the morning (three capsules) and in the evening (two capsules) along with the prescribed
long-term medication (e.g., metformin) to ensure regular ingestion. Subjects were advised not to take the
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capsules with milk. Furthermore, they were instructed to maintain diet and lifestyle during intervention,
but to abstain from any other cocoa products and to limit the intake of further flavanol-rich foods.

2.2. Participants

Forty-two patients with T2D (based on the criteria of the World Health Organization
(WHO) and the International Diabetes Federation (IDF) [14], diabetes duration ≥ one year) and
hypertension (according to the European Society of Hypertension/the European Society of Cardiology
(ESH/ESC) [15]), under dietetic and/or pharmacological treatment and with good glycemic control
(HbA1c 48–58 mmol/mol with consideration of individual therapeutic aims) were included in the study.
Exclusion criteria comprised treatment with insulin, any changes in chronic medication in the previous
three months, history of cardiovascular events, malabsorption disorders, smoking, pregnancy or
lactation, present/former alcohol or drug abuse, supplementation of vitamins/antioxidants, and daily
consumption of excessive amounts of other flavanol-rich foods (> one glass of red wine, one cup of
green/black tea or 100 g chocolate). Eligibility was checked by questionnaire.

2.3. Cocoa Powder

According to manufacturer, 2.5 g ACTICOA™ cocoa provided 0.6 g protein, 0.4 g fat, and 0.6 g
carbohydrates, thus delivering 38 kJ (9 kcal). The average flavanol content was 207.5 mg (8.3%) (DP 1–10).
Own analysis using ultra high-performance liquid chromatography provided quantitative data on mono-
and oligomeric flavanols according to their DP as well as data on individual flavanols [16] (Table 1).

Table 1. Nutritional and flavanol composition of the cocoa.

Ingredients Content Per Daily Portion (2.5 g)

Manufacturer Analysis

Energy (kJ/kcal) 38/9

Macronutrients
Protein (g) 0.6
Fat (g) 0.4
Carbohydrates (g) 0.6

Micronutrients
Sodium (mg) 0.5
Potassium (mg) 37.5
Calcium (mg) 11.4
Iron (mg) 1.1
Phosphorus (mg) 18.1
Magnesium (mg) 11.4

Methylxanthines
Caffeine (mg) 5.0
Theobromine (mg) 52.5

Flavanols, degree of polymerization 1–10 (mg) 207.5

Laboratory Analysis a

Flavanols, degree of polymerization (per NP-HPLC)
Monomers (mg) 49.7
Dimers (mg) 13.9
Trimers (mg) 5.5
Tetramers (mg) 4.7
Pentamers (mg) 3.1
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Table 1. Cont.

Ingredients Content Per Daily Portion (2.5 g)

Individual flavanols (per RP-HPLC)
Epicatechin (mg) 40.4
Catechin (mg) 13.6
A-Dimers (mg) 4.3
Procyanidin B2 (mg) 12.3
Procyanidin B5 (mg) 1.3
Procyanidin C1 (mg) 3.1
Trimers b (mg) 4.1
Trimers b (mg) 4.4
Procyanidin D (mg) 4.1

a Performed at the Department of Nutrition and Food Sciences, University of Bonn. b Trimeric procyanidins not
further specified. NP-HPLC: normal phase HPLC; RP-HPLC: reversed phase HPLC.

2.4. Blood Pressure Investigation

BP was determined with a full-automatic BP monitor (OMRON Healthcare Europe,
Mannheim, Germany) by a single trained investigator according to the ESH/ESC guidelines [15].
Two measurements were performed at 1- to 2-min intervals; a third measurement was done if the first
two values in systolic blood pressure (SBP) differed by ≥ 5 mm Hg. The first measurement was always
discarded. The second value was used for statistical analysis. If a third measurement was required,
the mean value of the second and third measurement was considered.

2.5. Laboratory Investigations

Venous blood was collected between 7:30 and 9:00 into tubes with fluoride and citrate or tubes
without anticoagulant. Fresh blood samples were analyzed by the Medical Care Center, Dr. Stein and
Colleagues Laboratory Medicine, Mönchengladbach, Germany, which is accredited according to
DIN EN ISO 15189. Glucose was determined in plasma. Total cholesterol (total-C), LDL-C, HDL-C,
triglycerides, insulin, and creatinine were determined in serum. Glucose, lipids and creatinine were
analyzed photometrically by Cobas® c 701/702 and insulin by ECLIA with Cobas® e 801 (both from
Roche/Hitachi, Mannheim, Germany) using test kits for glucose (GLUC3; coefficient of variation (CV,
< 1.3%), total-C (CHOL2; CV < 1.6%), LDL-C (LDLC3; CV < 2.0%), HDL-C (HDLC4; CV < 1.6%),
triglycerides (TRIGL; CV < 2.0%), creatinine (CREJ2; CV < 2.2%) and insulin (Elecsys; CV < 2.0%).
Glucose and insulin were used to calculate HOMA-IR [17]. HbA1c (CV < 2.0%) was analyzed in
capillary blood with the Alere Afinion® AS100 Analyzer (Cologne, Germany) immediately.

2.6. Anthropometric Investigations

Body weight (BW), height, and waist and hip circumference as well as fat mass (FM) were
investigated by a single trained examiner. Weight and height were used to calculate body mass
index (BMI). Waist-to-hip ratio was determined to characterize body fat distribution according to
the WHO [18]. FM was examined by bioelectric impedance analysis corresponding to the European
Society for Clinical Nutrition and Metabolism (ESPEN) guidelines [19] Resistance and reactance were
determined with BIA 2000-1 (Data Input, Pöcking, Germany) as described by Kirch et al. [20]. FM was
computed by using the equation of Kyle et al. [21].

2.7. Food Intake

Before each visit, participants documented their consumption of food and beverages in
standardized 3-day estimated food records (2 weekdays, 1 weekend day). The intake of energy
and selected nutrients was calculated by using Prodi® 6.4.0.1 (Nutri-Science, Freiburg, Germany) and
the intake of epicatechin by using the United States Department of Agriculture (USDA) Database for
the Flavonoid Content of Selected Foods (release 3.1 [22]).

106



Nutrients 2018, 10, 1435

2.8. Compliance

Subjects documented their capsules’ intake in a diary and returned all remaining capsules.
The compliance was calculated as ratio of ingested capsules to the number which should have been
ingested. On average, an intake of ≥ 4 capsules per day qualified to be included in per-protocol
analysis (compliance rate ≥ 80%).

2.9. Sample Size Calculation

The sample size calculation was based on the estimated changes in SBP by cocoa treatment.
According to a former meta-regression analysis of our group, a mean decrease of 4.3 mm Hg was
expected after daily ingestion of 40 mg epicatechin with 2.5 g cocoa compared to placebo. Based on
this value, we considered a mean decrease of 2 mm Hg as statistically significant [23] and clinically
relevant [24]. To detect a decrease in SBP of ≥ 2 mm Hg, 16 participants per group were needed
presuming a power of 75%, an alpha of 0.05, and a standard deviation of 2.8 mm Hg. The latter
was calculated by weighing the variances of four studies which account for 81% of total weight in
meta-analysis [25]. Assuming a dropout rate of 25%, 21 subjects were included in each group.

2.10. Statistical Analysis

Metric data were investigated for normal distribution by using the Kolmogorov–Smirnov test
and were logarithmized if necessary. When normal distribution could be assumed, data were
compared with each other by applying the t-test for paired and unpaired samples, respectively.
Otherwise, Mann–Whitney U- or Wilcoxon test were used. Nominal data were compared by using χ2

test or Fisher’s exact test. Differences indicated by p-values < 0.05 were considered to be statistically
significant. Metric data are presented as means and standard error of the means (SEMs) and as
medians and quartiles, respectively, and nominal data are given as frequencies. Statistical analysis was
performed by using IBM-SPSS Statistics, version 23.0 (IBM Corp., Armonk, NY, USA).

3. Results

All 42 participants finished the study. As shown in Figure 1, one subject of each group was excluded
due to changes in chronic medication (levothyroxine, cortisone) which might have affected our outcome
markers, changes in BW of ≥ 5% and due to a compliance < 80%. Moreover, one participant of the cocoa
group was excluded due to not being in fasted state at the second visit. Thus, 35 subjects were included in
per-protocol analysis. BP values of three subjects were excluded from statistical evaluation because they
had taken their antihypertensives not equally before both investigations.

Figure 1. Flow of participants throughout the trial.
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The participants (18 men, 17 women) were 64.2 ± 1.5 years old and had suffered from T2D for
6.9 ± 0.8 years. Details on demographic and clinical characteristics are shown in Table 2. There were
no significant differences between the groups at baseline with regard to gender, age, body height and
weight, BMI, and diabetes duration.

There were no changes in BW and FM. Waist circumference (103.6 ± 4.8 cm vs. 102.3 ± 4.6 cm,
p = 0.047) and waist-to-hip ratio (0.97 ± 0.02 vs. 0.96 ± 0.02, p = 0.011) decreased significantly in the
cocoa group (Table 3). The intake of energy, nutrients and epicatechin from food remained unchanged
throughout intervention (Table 3). The median compliance with capsules intake (%) was 99.0 (97.6; 100.0)
in the cocoa group and 100.0 (98.0; 100.0) in the placebo group. Unintended effects were not reported.

As shown in Table 4, no significant differences in BP, glucose metabolism (FBG, insulin, HbA1c,
HOMA-IR) and lipid status (total-C, LDL-C, HDL-C, triglycerides) could be detected between the
groups at baseline. Changes in these parameters after both treatments did not occur (Table 4).
Results on primary and secondary outcome markers of intention-to-treat analysis (n = 42) were
not different from those of per-protocol analysis (n = 35).

Table 2. Demographic and clinical data.

Cocoa group (n = 17) Placebo group (n = 18) p Baseline

Sex (n; %)
Female 10 (58.8) 7 (38.9) ns a

Male 7 (41.2) 11 (61.1) ns a

Age (years) 65.6 ± 2.6 62.8 ± 1.6 ns c

Diabetes duration (years) 6.7 ± 1.4 7.2 ± 1.0 ns c

Antihyperglycemic drugs (n)
Metformin 11 14 ns b

DPP4 inhibitors 5 3 ns b

SGLT2 inhibitors 2 2 ns b

Antihypertensive drugs (n)
Beta-receptor blockers 7 7 ns a

AT1 receptor blockers 3 10 0.020 a

ACE inhibitors 8 9 ns a

Calcium-channel blockers 6 8 ns a

Diuretics 9 10 ns a

Lipid-lowering drugs (n)
HMG-CoA reductase
inhibitors 6 11 ns a

Fibrates 1 0 ns b

Data: means ± standard error of the means (SEMs) or frequencies; a χ2 test, b Fisher’s exact test, c t-test for unpaired
samples. ACE: angiotensin-converting enzyme; AT: angiotensin; DPP4: dipeptidyl peptidase-4; HMG-CoA:
3-hydroxy-3-methylglutaryl-coenzyme A; ns: not significant; SGLT2: sodium-dependent glucose cotransporter 2.
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Table 3. Data on nutrition status and on daily nutritional intake.

Cocoa group (n = 17) Placebo group (n = 18)
p Baseline

Baseline Week 12 p Baseline Week 12 p

Nutrition status
Body weight (kg) 89.9 ± 7.0 89.4 ± 7.0 ns c 91.3 ± 4.6 91.3 ± 4.6 ns c ns a

BMI (kg/m2) # 30.2 (26.5; 34.7) 29.8 (26.3; 34.8) ns c 29.3 (26.0; 33.8) 29.5 (26.0; 33.4) ns c ns a

Waist circumference
(cm) 103.6 ± 4.8 102.3 ± 4.6 0.047 c 103.4 ± 2.9 103.5 ± 2.9 ns c ns a

Waist-to-hip ratio 0.97 ± 0.02 0.96 ± 0.02 0.011 c 0.99 ± 0.02 0.99 ± 0.02 ns c ns a

Fat mass (kg) 34.7 ± 3.8 34.2 ± 3.7 ns c 33.5 ± 3.0 33.5 ± 3.1 ns c ns a

Fat mass (% BW) 37.7 ± 1.8 37.4 ± 1.8 ns c 36.0 ± 1.9 36.0 ± 2.0 ns c ns a

Nutritional intake §

Energy (kcal) 2132 ± 227 2074 ± 153 ns c 1859 ± 128 2021 ± 149 ns c ns a

Protein (g) 91 ± 11 85 ± 8 ns c 84 ± 6 89 ± 7 ns c ns a

Protein (g/kg BW) 0.8 (0.7; 1.6) 0.9 (0.7; 1.2) ns d 0.9 (0.8; 1.0) 1.1 (0.7; 1.3) ns d ns b

Fat (g) 98 ± 13 91 ± 8 ns c 81 ± 6 89 ± 9 ns c ns a

SFAs (g) # 35 (22; 44) 36 (20; 45) ns c 31 (22; 37) 30 (25; 45) ns c ns a

MUFAs (g) 33 ± 5 29 ± 3 ns c 28 ± 3 31 ± 4 ns c ns a

PUFAs (g) # 14 (8; 24) 15 (11; 32) ns c 14 (11; 21) 13 (9; 24) ns c ns a

Cholesterol (mg) 415 (300; 507) 401 (254; 588) ns d 389 (197; 455) 343 (254; 485) ns d ns b

Carbohydrates (g) # 180 (122; 271) 198 (161; 239) ns c 169 (123; 206) 179 (143; 218) ns c ns a

Dietary fiber (g) 22 ± 2 24 ± 2 ns c 20 ± 2 22 ± 2 ns c ns a

Saccharose (g) 31 (22; 56) 34 (29; 52) ns d 27 (19; 43) 33 (24; 28) ns d ns b

Alcohol (g) 0.5 (0.0; 8.2) 0.6 (0.0; 4.3) ns d 0.2 (0.0; 7.7) 0.5 (0.1; 11.6) ns d ns b

Sodium (mg) $ 3140 ± 489 2944 ± 342 ns c 3203 ± 328 3270 ± 363 ns c ns a

Sodium chloride (g) $ 7 ± 1 7 ± 1 ns c 7 ± 1 7 ± 1 ns c ns a

Epicatechin (mg) 1.1 (0.3; 9.3) 4.8 (0.7; 9.4) ns d 4.9 (0.8; 6.5) 4.5 (0.8; 6.4) ns d ns b

Data: Means ± standard error of the means (SEMs) or medians (25th-percentile; 75th-percentile); a t-test for unpaired
samples, b Mann–Whitney U test, c t-test for paired samples, d Wilcoxon test; # logarithmized data used for statistical
tests, § based on 3-day food records performed before each investigation $ salt to taste not considered. BW: body weight;
MUFA: monounsaturated fatty acids; ns: not significant; PUFA: polyunsaturated fatty acids; SFA: saturated fatty acids.

Table 4. Data on blood pressure and on laboratory investigation.

Cocoa group (n = 17) Placebo group (n = 18)
P Baseline

Baseline Week 12 p Baseline Week 12 p

Blood pressure
Systolic (mmHg) $ 139.1 ± 3.2 138.5 ± 3.7 ns c 141.6 ± 4.2 140.4 ± 4.1 ns c ns a

Diastolic (mmHg) $ 78.1 ± 2.9 78.2 ± 2.4 ns c 79.1 ± 1.8 78.2 ± 2.6 ns c ns a

Glucose metabolism
Fasting blood glucose (mmol/l) 7.6 ± 0.3 7.5 ± 0.2 ns c 7.6 ± 0.3 7.8 ± 0.2 ns c ns a

HbA1c (mmol/mol) 46.5 (43.2; 49.7) 46.5(41.0; 50.8) ns d 47.5(44.3; 55.2) 48.6(43.2; 53.0) ns d ns b

Insulin (pmol/l) 99.6 ± 11.0 83.1 ± 9.0 ns c 89.6 ± 10.1 91.8 ± 7.7 ns c ns a

HOMA-IR 4.7 ± 0.5 3.8 ± 0.4 ns c 4.4 ± 0.6 4.5 ± 0.4 ns c ns a

Lipid status
Total cholesterol (mmol/l) 5.0 ± 0.2 4.9 ± 0.2 ns c 4.7 ± 0.2 4.6 ± 0.2 ns c ns a

LDL-cholesterol (mmol/l) 3.0 ± 0.2 2.9 ± 0.2 ns c 2.8 ± 0.2 2.9 ± 0.2 ns c ns a

HDL-cholesterol (mmol/l) # 1.3(1.2; 1.5) 1.4(1.2; 1.8) ns c 1.3(1.1; 1.4) 1.2(1.2; 1.4) ns c ns a

LDL/HDL cholesterol ratio 2.3 ± 0.2 2.1 ± 0.2 ns c 2.3 ± 0.2 2.3 ± 0.2 ns c ns a

Triglycerides (mmol/l) # 1.3(0.9; 1.9) 1.4(0.9; 1.8) ns c 1.8(1.3; 2.3) 1.5(1.1; 2.0) ns c ns a

Creatinine (μmol/l) 61.0 ± 3.8 61.0 ± 3.8 ns c 61.0 ± 3.1 61.0 ± 3.1 ns c ns a

Data: Means ± standard error of the means (SEMs) or medians (25th-percentile; 75th-percentile); a t-test for
unpaired samples, b Mann–Whitney U test, c t-test for paired samples, d Wilcoxon test; # logarithmized data used for
statistical tests, $ data refer to n = 15 (cocoa group) and n = 17 (placebo group). ns: not significant. HDL: high-density
lipoprotein; LDL: low-density lipoprotein.

4. Discussion

To the best of our knowledge, this was the first RCT which investigated the cardiometabolic effects
of a usual serving size (2.5 g/day, corresponding to one tablespoon) of a flavanol-rich, unsweetened and
strongly defatted cocoa for 12 weeks in hypertensive patients with T2D and stable adjustment for BP,
glucose and lipid metabolism. Contrary to our hypothesis, BP, glucose, and lipid metabolism were not
affected by regular consumption of 2.5 g cocoa (Table 4). Diet and nutrition status remained unchanged
except for a decrease in waist circumference in the cocoa group (Table 3). However, the mean change
of 1.35 cm was within the inter-measurer error of 1.56 cm [26].
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Contrary to our study, two studies with a similar panel of participants showed a reduction in BP
after regular ingestion of flavanol-rich cocoa products [5,9]. However, studies which found a decrease
in SBP and DBP [5] or an increase in flow-mediated dilatation (FMD) [4,5] after cocoa consumption
provided about 3–4 times higher amounts of epicatechin daily (203 mg [4], 111 mg [5]) compared to
40 mg in our study (not specified in [9]). In RCTs without changes in SBP and DBP, the epicatechin
intake by cocoa was in a similar range (46 mg [7], 17 mg [6]) as in our study (Table 1). This can also be
assumed for flavanol intake as the amount of epicatechin in cocoa products correlates strongly with
the sum of catechin, epicatechin, procyanidins B2, B5, C1 and D (R2 = 0.993) [27]. Grassi et al. [28] have
shown that CF dose-dependently improve BP and further vascular parameters like FMD and arterial
stiffness even in amounts providing 17 mg epicatechin daily, but they investigated healthy subjects
without cardiovascular risk factors and any medication. Potential confounders on BP such as changes
in BW [9], body composition [5,9], or diet can be excluded in our study, but not in studies which
found a reduction in BP [5,9]. Moreover, the studies of Grassi et al. [5] and Rostami et al. [9] were not
double-blinded, in contrast to our study and those of Mellor et al. [6], and failed to demonstrate any
effect on BP. Thus, an impact on BP due to different expectations of the participants with regard to
treatment [29] can be ruled out in our study due to placebo-controlled study design.

In contrast to our study, two RCTs found an improvement in single parameters of glucose
metabolism after regular cocoa consumption [5,9]. However, Grassi et al. [5] investigated subjects with
IGT and observed changes in HOMA-IR and in markers of insulin sensitivity only after an oral glucose
tolerance test, but not in the fasting state. In participants with T2D, changes in FBG [4,6,7], insulin [6,9],
and HbA1c [4,6,9] were not significant except for the decrease in FBG observed by Rostami et al. [9].

We did not find any changes in serum lipids after cocoa consumption as observed in other RCTs.
However, our subjects initially had a good lipid status (triglycerides 1.7 ± 0.1 mmol/l; total-C 4.8 ±
1.1 mmol/l; LDL-C 2.9 ± 0.6 mmol/l; HDL-C 1.3 ± 0.1 mmol/l; means ± SEM) compared to those of
Parsaeyan et al. [9] (triglycerides 2.6 ± 0.1 mmol/l; total-C 6.3 ± 0.2 mmol/l; LDL-C 3.5 ± 0.1 mmol/l;
HDL-C 0.9 ± 0.1 mmol/l) and Grassi et al. [5] (total-C 5.5 ± 0.7 mmol/l; LDL-C 3.4 ± 0.5 mmol/l) whose
status was able to be improved by cocoa. In contrast to our subjects, their participants did not receive
lipid-lowering drugs [5]. Trials which did not detect changes in triglycerides nor in total-C and LDL-C
investigated subjects with an adequate lipid status who were partly pharmacologically treated [6,7,9].
Results in HDL-C were different between the studies [4–9], but HDL-C is affected by lifestyle (e.g., physical
exercise, changes in weight, and diet [30]) which was not sufficiently controlled in most RCTs.

Our participants were adequately treated for diabetes, hypertension, and dyslipidemia, often by
using pharmacological polytherapy (Table 2). The action of some of these pharmacological agents
(e.g., metformin, angiotensin-converting enzyme inhibitors, statins) is partly based on the same
mechanisms that are modulated by CFs [31,32]. CFs may lower carbohydrate absorption, protect
β-cell function, enhance insulin secretion, and may improve insulin sensitivity through upregulation
of glucose transporters and key elements of the insulin signaling pathway [10]. Further mechanisms
include lowering cholesterol absorption and synthesis, increasing nitric oxide availability, reducing
endothelin-1 and inhibiting angiotensin-converting enzyme (ACE) [33].

Studies which investigated only subjects with T2D without medical treatment [8] or subjects
with IGT [5,8] were able to detect a decrease in BP, HOMA-IR [5], total-C, and LDL-C [5,8].
Thus, pharmacological treatment, as simultaneously used by all of our participants, might have
maximally affected the insulin signaling cascade and nitric oxide availability. This could have
exhausted the potential effects of CFs. Parsaeyan et al. [8] included patients suffering from T2D
and increased lipids (total-C ≥ 6.22 mmol/l; triglycerides ≥ 2.26 mmol/l), but without dietary or
pharmacological treatment of hyperlipidemia. Hence, the potential for metabolic improvement by
flavanol-rich cocoa products seems to be higher in individuals with some degree of dysfunction such
as IGT, in insufficiently adjusted patients with T2D and in the postprandial state. Since cardiometabolic
parameters did not change after cocoa treatment in pharmacologically well-treated subjects, except for
an increase in HDL-C [6,7], effects by CF may occur in participants without pharmacological therapy.
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BP was the primary outcome marker of our study, and daily consumption of 2.5 g of a highly
flavanol-rich cocoa for 12 weeks did not affect BP in stably-treated patients suffering from T2D and
hypertension. For secondary outcome markers, which did not show any effects by cocoa treatment,
the study might have been underpowered.

Strengths of our RCT are the double-blinded, placebo-controlled design and the excellent compliance
with treatment, probably due to encapsulation of cocoa. Adherence to dietary restrictions was controlled
by investigations on nutrition status and on nutritional intake. Therefore, confounding effects by changes
in lifestyle, which might have affected our outcome variables, are unlikely even if physical activity was not
assessed. A limitation of our study is the lack of biomarkers for flavanol exposure such as γ-valerolactones
which have shown to be the predominating metabolites of monomeric [34,35] and oligomeric [34] CFs
in human plasma and in urine in the fasting state. Vascular parameters addressing endothelial function
would have been interesting, but investigation was not feasible.

5. Conclusions

In conclusion, daily intake of 2.5 g of flavanol-rich, unsweetened and strongly defatted cocoa
powder does not affect BP, glucose and lipid metabolism in stably-treated patients with T2D and
hypertension in a fasting state. This may be due to pharmaceutical polytherapy which partly modulates
the same molecular targets as CFs. Future studies should focus on the preventive effect of such a cocoa
against diabetes and further cardiometabolic diseases in individuals with preexisting abnormalities
that do not require any pharmacological treatment. This may be interesting for the fasting state as well
as for the postprandial state which is associated with metabolic stress.
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Abstract: The interest in cacao flavanols is still growing, as bioactive compounds with potential
benefits in the prevention of chronic diseases associated with inflammation, oxidative stress and
metabolic disorders. Several analytical methodologies support that the flavanols in cacao-derived
products can be absorbed, have bioactive properties, and thus can be responsible for their beneficial
effects on human health. However, it must be considered that their biological actions and underlying
molecular mechanisms will depend on the concentrations achieved in their target tissues. Based
on the antioxidant properties of cacao flavanols, this review focuses on recent advances in research
regarding their potential to improve metabolic syndrome risk factors. Additionally, it has included
other secondary plant metabolites that have been investigated for their protective effects against
metabolic syndrome. Studies using laboratory animals or human subjects represent strong available
evidence for biological effects of cacao flavanols. Nevertheless, in vitro studies are also included to
provide an overview of these phytochemical mechanisms of action. Further studies are needed to
determine if the main cacao flavanols or their metabolites are responsible for the observed health
benefits and which are their precise molecular mechanisms.

Keywords: cocoa; bioactive compounds; flavanols bioavailability; anti-inflammatory properties;
metabolic syndrome; oxidative stress

1. Introduction

The three main cultivars of cacao beans are: Criollo, Forastero and Trinitario. However, with
the aim of increasing production and resistance to pests, new varieties have been created from the
three original cultivars. Forastero is the most widespread (mainly in Africa) and used around the
world, due to its high adaptability and resistance to pests. Criollo is native from Mexico, Central and
South America. It is considered the most ancient cultivar and is appreciated for its high quality, flavor
and aroma. However, its production represents only 5% of the world cacao beans production, due to
its low resistance to pests. Trinitario is a hybrid between the Criollo and Forastero trees that combines
good-quality flavor and aroma with pest and disease resistance [1,2].

The cacao bean is a fruit widely recognized as one of the main sources of phenolic compounds
with the highest flavanols content of all foods on a per weight basis [3]. The content and profile of
bioactive compounds of the cocoa depends on a number of factors such as type and quality of the crop,
place of culture, type of process (fermentation, drying and roasting), such that in 6 samples of cocoa
liquor around the world, the highest to least quantity of the following components: (-)-epicatechin is
presented in samples from Ghana, followed by Mexico and Venezuela; (+)-catechin from Sao Tome
and Ghana; caffeic acid derivatives from Venezuela, Ecuador and Ghana; (-)-gallocatechin (GC) from
Ecuador, Madagascar and Mexico, without presence in the rest of the samples; (-) - epigallocatechin
(EGC) from Madagascar, Ecuador and Sao Tome without the presence of these compounds in Mexico

Nutrients 2019, 11, 751; doi:10.3390/nu11040751 www.mdpi.com/journal/nutrients115
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and Venezuela; caffeine from Ecuador, Venezuela and Mexico; and theobromine from Sao Tome, Ghana
and Madagascar [4]. About 13 flavanols have been detected and quantified, mainly (-)–epicatechin
(0.12–2.83 mg/g), (+)–catechin (0.040-0.090 mg/g), epigallocatechin, epigallocatechin-3-gallate and
procyanidins B1(0.035 mg/g), B2 with three different isomers (0.13–0.97 mg/g), B3, B4 with 2 isomers, C1
and D; 7 flavones—luteolin orientin, isoorientin, apigenin, vitexin, ixovitexin; 4 flavanones—naringenin,
prunin, hesperidin, eriodyctyol; 4 flavonols—quercetin (0.21–3.25 μg/g), quercetin 3-o-arabinoside
(2.1–3.2 μg/g), isoquercitrin (4–4.3 μg/g), and hyperoside; 4 anthocyanidins—cyanidin, and 3 different
glycosylated cyanidins; and finally, 8 fenolic acids—vanillic acid, syringic acid, chlorogenic acid, phlorectic
acid, coumaric acid, caffeic acid, ferulic acid and phenilacetic acid [3].

Epidemiological and clinical studies show and confirm that regular intake of cocoa powder
and/or dark chocolate (50%–70% cacao) is related to a decrease in systolic blood pressure (SBP) (−3.2 to
−5.88 mmHg) and diastolic blood pressure (DBP) (−2.0 to −3.30 mmHg), as well as to an improvement
of the vascular endothelial function (measured as a function of endothelium vasodilatation and
an increase in the production of nitric oxide) in groups with some type of cardiovascular disease
or with multiple risk factors [5–7]. Cocoa flavanols reduce the blood pressure by increasing the
availability of nitric oxide (increasing the nitric oxide synthase activity and reducing the oxidative
stress), consequently vasodilatation increases and finally blood pressure is reduced; or, by inhibition
of angiotensin-converting enzyme, interrupting the chain of reactions of angiotensinogen that by the
action of renin produces angiotensin I which in turn by action of angiotensin converting enzyme (ACE)
is transformed into angiotensin II and finally increases blood pressure [8].

Metabolic syndrome (MS) is a heterogeneous group of correlated metabolic disorders that occur
together and raise the risk for diabetes type II (DM2) and cardiovascular diseases with high rates
of morbi-mortality [9–11]. To diagnose MS, the International Diabetes Federation (IDF) considers
the presence of abdominal obesity (defined as waist circumference with ethnicity specific values) as
the main risk factor, plus two additional symptoms: i) high blood pressure (SBP: ≥10 mmHg; DBP:
≥85 mmHg or a specific treatment for hypertension arterial (HTA)); ii) high plasmatic triglycerides
(≥150 mg/dL or a treatment specific for this disorder); iii) low HDL-cholesterol (M: <40 mg/dL;
W: <50 mg/dL); iv) impaired fasting glycemia (≥100 mg/dL) or diabetes mellitus type 2 (DM2)
diagnosis [12].

Several clinical and epidemiological studies have demonstrated that the intake of flavonoids found
in vegetables, fruits and oilseeds reduce the risk of developing several types of non-communicable
chronic diseases derived from metabolic disorders [13,14].

Among the vast group of flavonoids found in nature, flavanols are a sub-group of particular
interest since it has shown multiple protective effects against diseases associated with metabolic and
oxidative stress [15].

2. Cacao Flavanols

More than 200 chemical compounds have been identified in cacao beans, and most of them
are stored in the vacuoles of the so-called “polyphenolic cells” [7]. The polyphenol content makes
up about 12%–18% of the whole bean’s dry weight. Approximately 60% of the total polyphenols
content in non-fermented cacao beans corresponds to monomeric (catechin and epicatechin) and
oligomeric flavanols. The main monomeric flavanol is (−)-epicatechin (with up to 35% of polyphenol
content), followed by (+)-catechin and procyanidin B2 (epicatechin-(4β-8)-epicatechin) [16]. Flavanols
are secondary metabolites that belong to a sub-class of a larger group of plant compounds known
as flavonoids. They share a general chemical structure that includes two rings (A and B) linked
through three carbons that form an oxygenated heterocyclic ring (C). As a particular feature, flavanols
have multiple hydroxyl groups on the A, B and C rings that have been associated with a decrease in
oxidative stress markers. As with all bioactive substances, flavanols and procyanidins mechanisms are
largely dependent on their bioavailability at their target tissue [17,18].
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3. Flavanol Bioavailability

Upon ingestion, flavanols bioavailability depends on their absorption, metabolism at the
gastrointestinal tract, tissue and cellular distribution, and tissue metabolism.

In vitro study showed that procyanidins are hydrolyzed into oligomers when passing through
the gastric lumen, due to the high acidity of the medium (pH 2) [19]. Given the above, it was
hypothesized that gastric de-polymerization of procyanidins favors their absorption by the small
intestine. However, in vivo studies in both animals and humans have shown that both monomeric and
oligomeric flavanols remain stable during gastric digestion [20–23]. While the gastric concentrations of
epicatechin and procyanidins B2, B5 (dimeric) and C1 (trimeric) did not significantly change over the
stomach transit period [19].

Depolymerization of procyanidins (composed mainly by epicatechin monomers) would have
resulted in an increase in the epicatechin gastric concentrations and a change in the ratios of oligomers
to epicathechin and catechin to epicatechin. However, neither hydrolysis of procyanidins nor change
in the aforementioned ratios were observed [20].

Once monomeric and oligomeric flavanols reach the small intestine, they can undergo a series of
biotransformations (mainly of phase II) that produce O-methylated, O-sulfated, and O-glucuronidated
metabolites, which can be absorbed into the blood stream. Procyanidins with a high degree of
polymerization cannot be absorbed in the small intestine, so they reach the colon to be used for
microbial catabolism, which leads to the formation of smaller phenolic compounds capable of reaching
the liver and then undergo phase II conjugation [24,25]. This has been demonstrated in previous
in vivo absorption kinetic studies, in which the presence of these metabolites was observed in the
plasma (in concentrations of macro to nanomoles) 30 to 60 minutes after the ingestion of cocoa-based
beverages [16,20,21]. The monomers epicatechin and catechin showed the highest absorption rates
(22%–55%), while dimeric and trimeric procyanidins were less absorbed (equal or less than 0.5%) [16].
Using liquid chromatography-mass spectrometry, total concentrations of (-)-epicatechin, (+)-catechin
and procyanidin B2 were quantified after 30 and 120 minutes after the intake of 0.375 g of cocoa/kg
of body weight in healthy subjects (average intake of 26.4 g of cocoa: 323 mg monomers; 256 mg
dimers). At both times, it was observed that the plasma epicatechin levels were higher than those of
procyanidin B2 (0.5 h: 2.61 ± 0.46 μmol/L as compared to 16 ± 5 nmol/L and 2 h: 5.92 ± 0.60 μmol/L
as compared to 41 ± 4 nmol/L, respectively) [26].

Table 1 shows the results of different studies on the bioavailability of pure flavanol compounds
(catechin, epicatechin and procyanidin B2). As observed, the maximum plasma concentration
is reached about 1 h after administration and is dose-dependent. Regarding (-)-epicatechin,
their methylated and non-methylated metabolites were produced almost in the same proportion.
On the other hand, catechin produces three more times non-methylated than methylated metabolites.
When catechin and epicatechin are given as a mix, their metabolite profile remains similar to
the one observed when both compounds are administered alone. After the oral administration
of (+)-catechin, (−)-epicatechin and a mixture of the two, it can be shown that (-)-epicatechin
is the flavanol with the highest absorption, even though (+)-catechin is also a monomer and its
plasma metabolites are similar to the ones produced by (-)-epicatechin (glucuronides, sulfates and
sulfoglucuronides) [27]. Similar results have been reported in bioavailability studies of epicatechin and
procyanidin B2, when administered individually. The absorption of epicatechin was evaluated after
oral administration of different doses of cocoa powder or the pure compound. Results showed that
bioavailability of (-)-epicatechin present in cocoa powder was absorbed as efficiently as (-)-epicatechin
administered alone [28].

A study in healthy volunteers analyzed the postprandial profile of (-)-epicatechin plasma metabolite
profiles after oral consumption of a cocoa beverage. Through the combination of different enzymatic
hydrolysis (arylsulfatase and β-glucuronidase) and the use of de novo chemically synthesized reference
standards, it was possible to identify and measure 8 circulating postprandial (-)-epicatechin metabolites.
As reported in previous studies, (-)-epicatechin-3′-β-D-glucuronide was the most abundant metabolite,
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followed by (-)-epicatechin-3′-sulfate and 3′-O-methyl-(−)-epicatechin-5/7-sulfate. It was also shown that
O-sulfonation is a key conjugating reaction in the metabolism of (−)-epicatechin in humans, since the
group of (−)-epicatechin sulfates resulted in being the most diverse [29].

After the intake of 100 g of dark chocolate (70% cacao), have been identified (-)-epicatechin
metabolites in human plasma and urine [30]. In this study were identified 10 (-)-epicatechin metabolites,
of which (-)-epicatechin-3′-β-D-glucuronide, (-)-epicatechin-3′-sulfate and 3′-O-methyl-(-)-epicatechin
5-sulfate were the major metabolites. Finally, (-)-epicatechin metabolite profile could be divided into
three groups (glucuronides, sulfates, and O-methyl sulfates) and their distribution might be modified
depending on the amount of (-)-epicatechin ingested, due to enzymatic activity [30].
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Given the above, Figure 1 shows that in both humans and rats a large proportion of
(-)-epicatechin (approximately 90%) is absorbed in different conjugated metabolites (glucuronides,
sulfates, methylates) that are produced in the intestinal mucous lining. Through portal circulation,
these compounds are transported to the liver where they undergo different biotransformation reactions
of phase I and II, which produce new O-sulfated, O-glucuronidated and O-methylated forms of
(-)-epicatechin. Afterwards, these new forms can be distributed among tissues or can be excreted
from the body via bile or urine. The fraction of polymeric procyanidins unabsorbed in the upper
gastrointestinal tract can reach the colon and become available for the local microbiota. Gut flora can
produce several low–molecular-weight metabolites that can then be efficiently absorbed [16,20,21,31].

Regarding the absorption of procyanidin B2, it has been reported that it is less efficiently and
less rapidly absorbed than epicatechin (5%–10% of the absorbed concentration of (-)-epicatechin), and,
therefore, its human and rat plasma concentration is lower (10–40 nM/L) [27,32].

Using liquid chromatography and mass spectrometry, studies of kinetic absorption in humans
and rats revealed that procyanidin B2 reachs a maximum plasma concentration at 30 to 60 min
after administration of the pure compound [27]. Another study showed that human plasma level of
procyanidin B2 reached the maximum at about 2 h after the consumption of a flavanol-rich cocoa [26].

Figure 1. Cocoa flavanols bioavailability. Depolymerization of cocoa procyanidins in the stomach is
negligible after ingestion of cacao-derived food products. Thus, most of them reach the small intestine
unchanged. Once in the upper intestine, the flavanol monomers and oligomers undergo extensive
metabolism (mainly phase II reactions: catechol-o-methytransferase (COMT), sulfotransferase (SULT)
and uridine 5 diphosphate glucuronilsyltransferase (UGT)) within the enterocyte (jejunum) that gives
rise to a range of O-methylated, O-glucuronidated, and O-sulfated flavanol derivatives. After absorption,
the conjugated metabolites are bound to albumin and transported to the liver via the portal vein. Inside the
hepatocytes, cocoa flavanols experience extended phase II biotransformations. The resulting metabolites can
take 3 different pathways: reach other tissues through systemic circulation or get back to the duodenum
through the bile (enterohepatic circulation) or be excreted in the urine. The fraction of the ingested cocoa
procyanidins that are not absorbed in the small intestine can be metabolized by colonic microflora (lower
part of the ileum and the cecum) into several phenolic acids (such as phenyl propionic acid, phenyl acetic
acid and benzoic acid derivatives). These compounds may further be metabolized in the liver and undergo
renal excretion, although some may enter other tissues.

However, a subsequent study showed that the maximal concentrations (Cmax) for total (14C)
in blood were not attained until 5 to 6 h after oral administration (10.5 and 21 mg/kg) in rats [23].
Therefore, it was suggested that much of the radioactivity was absorbed from the distal part of the small
intestine and/or the colon, whereas plasma concentrations of procyanidin B2 detected 30 min and 2 h
after oral administration corresponded to the absorption in the proximal part of the small intestine.
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Considering the low levels of procyanidin dimer B2 detected in human plasma and that little was
known about its colonic metabolism, the catabolism by human faecal microbiota of (-)-epicatechin and
procyanidin B2 was compared using an in vitro culture model. Results showed that from 10 phenolic
acid catabolites common to both substrates, solely five phenolic catabolites were unique to procyanidin
B2 [23]. Although full characterization and further investigation of these catabolites is needed, it has
been suggested that they might be of interest with regard to potential biological effects.

Another topic of discussion regarding procyanidin B2 absorption is its possible biotransformations
at the gastrointestinal tract. An in vitro study where human gastric conditions were simulated (gastric
juice (pH 2.0) at 37 ○C for up to 3.5), showed that oligomeric procyanidins (dimer to hexamer)
decompose essentially to epicatechin monomeric and dimeric units. It was also suggested that the
latter were the major components for absorption via the small intestine [19].

In a following study, the perfusion of isolated small intestine with cocoa procyanidin dimers B2
and B5 (50 mM) showed that both forms are transferred to the serosal side of enterocytes in a lesser
extent than the monomer subunits (<1%). Instead, it was observed that unconjugated (-)-epicatechin
was the most abundant bioavailable form of procyanidin B2 in plasma (95.8%). These observations
provide an explanation for the high ratio of epicatechin to catechin observed [26]. In addition, the latter
confirmed the presence of modest concentrations of procyanidin dimers (<1%) in human plasma after
the intake of a flavanol-rich cocoa beverage [26]. Small amounts of methylated B2 dimer have also
been detected in plasma (3.2%) after ex vivo perfusion of a rat small intestine [19].

Using an in situ rat small intestinal perfusion model it was shown that the presence of tetrameric
procyanidins enhanced the absorption of procyanidin B2. These results are consistent with the
findings, where elevated concentrations of procyanidin B2 was detected when fed in combination with
high-degree of polymerization (DP) oligomers (>DP8) [32,33].

This suggests that further studies are needed to fully understand the synergy between
procyanidins with different degrees of polymerization, particularly when considering that these
coexist naturally in foodstuffs.

Hepatic glucuronidation, sulfation and methylation of procyanidin B2 have also been assessed
using mice microsomal incubations. Unlike (-)-epicatechin, it has been shown that procyanidin
B2 remains mostly unmetabolized. Only a small percentage was converted to four minor
glucuronide products, although formation mechanisms have not yet been determined due to their low
concentrations. This confirms that most of the biotransformations experienced by procyanidin B2 take
place in the colon [22,23,34].

A wide range of phenolic acid microbial metabolites (high and low molecular weight) derived
from (-)-epicatechin and procyanidin B2 biotransformations have been detected in urine samples
collected after consumption of cocoa in humans and rats. It is noteworthy that the variations in the
urinary excretion profiles in humans and rats may be influenced by the differences in the ingested
dose of cocoa and to the different microbiota present in the intestine of each species [34].

After cocoa consumption, the major microbial metabolites found in human urine samples
were caffeic acid, ferulic acid, 3-hydroxyphenylacetic acid, vanillic acid, 3-hydroxybenzoic acid,
hippuric acid, 4-hydroxyhippuric acid, (-)-epicatechin and procyanidin B2. On the other hand,
the major metabolites in rat urine samples were 3,4-dihydroxyphenylpropionic acid, cumaric acid,
3-hydroxyphenylacetic acid, protocatechuic acid, vanillic acid and (-)-epicatechin [34].

There are few studies regarding the colonic metabolism of phenolic compounds, and even fewer
regarding oligomeric flavanols. However, it is now known that colonic microbiota has a large catalytic
potential for enzymatic degradation of flavonoids, which results in a huge array of new metabolites
with several biological and health-promoting properties [20,23,35,36].

4. Cacao Flavanols and Their Health Effects

After ingestion, flavanols can undergo significant modifications that result in several bioactive
molecules with beneficial effects in chronic diseases related to metabolic disorders and oxidative stress.
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The mechanisms that have been proposed to explain the biological actions of flavanols are based
on their capacity to act as antioxidants and to interact with signaling proteins, enzymes, DNA and
membranes. According to the concentrations achieved in their target tissues, their mechanisms have
been classified as direct (high concentration) or indirect (low concentration).

4.1. Direct Mechanisms

Until now, the most studied direct effects of cacao flavanols are related to their antioxidant capacity.
It is well documented that the latter depends on their aromatic rings with hydroxyl substituents,
which give flavanols an adequate configuration to act as electron donors (e−) and thus stabilize free
radicals [18].

On the other hand, the degree of polymerization, partition coefficient and number and distribution
of hydroxyl groups will influence the type of interactions that occur between flavanols and the cell
membrane. For example, flavanols can partition in the hydrophobic core of membranes or form
hydrogen bonds with the polar headgroups of membrane lipids [37].

Given the above, it has been proposed that flavanols may protect the integrity and function of the
cell membrane by modulating changes in its fluidity and permeability produced by molecules with
oxidation potential [37,38].

It is well known that when membrane fluidity decreases it is more prone to be oxidized.
Instead, when fluidity increases membrane lipids are less exposed to oxidation. The effects of
cocoa procyanidins on bilayer fluidity and susceptibility to oxidation have been studied using
predominantly Jurkat T cells and liposomes. Cocoa derived dimers showed to protect Jurkat T cells
from AMVN (2,2’-azobis (2,4-dimethylvaleronitrile)-mediated oxidation and to increase membrane
fluidity, measured by a decrease in 1,6-diphenyl-1,3,5-hexatriene (DPH) fluorescence polarization.
It was proposed that this effect could be mediated through complex interactions of dimers with
membrane proteins, rather than lipids [37].

This was confirmed when the interaction of flavanols and procyanidins (dimers to hexamers) with
liposomes (composed of phosphatidylcholine and phosphatidylserin) did not influence its membrane
fluidity or lipid lateral phase separation [39].

Membrane lipid oxidation induces the formation of pores that allow the leakage of certain
molecules. The increase in membrane permeability due to lipid oxidation has also been studied in
liposomes oxidized with AMVN or ferrous iron. An in vitro study showed that preincubation with
procyanidins significantly reduces the effect of ferrous iron on liposome permeability [37].

Taking into consideration flavanols’ interactions with cell membrane, lipid peroxidation has been
widely used to study flavanols’ effects against oxidative stress. Breaking initiation and propagation
reactions are considered as the most important antioxidant strategy of flavanols for inhibiting
or retarding lipid oxidation. During initiation, free radicals (generally HO● and ●O2

−) substract
a hydrogen (H) atom from membrane polyunsaturated fatty acids (PUFA) methylene groups [40].
The unpaired electron on the carbon is stabilized by a molecular rearrangement of the double bonds
to form a conjugated diene, which then combines with oxygen to form a peroxyl radical (LOO●).
The latter has the potential to extend the damage by reacting with other polyunsaturated fatty acids
to produce lipoperoxides (LOOH) that can subtract hydrogen atoms from another polyunsaturated
fatty acids (PUFA) (propagation reaction). This chain reaction generates irreversible structural and
functional damages in cell membranes [18,40].

Additionally, there has been a growing interest in the ability of flavanols to chelate redox-active
metals (iron and copper). In biological systems, oxidative stress breaks iron homeostasis and increases
its intracellular concentration, promoting free radical-producing reactions and increasing DNA
oxidative damage [41,42].

In the presence of hydrogen peroxide (H2O2), redox active metal ions such as Fe2+ or Cu+ that
are covalently bound to the nucleotide bases of DNA react with it to form highly reactive hydroxyl
radical (●OH). The latter abstracts a hydrogen atom from the deoxyribose sugar backbone, which in
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turn promotes the phosphodiester backbone cleavage and strand scission. Together, nucleotide bases
damage (oxidation) and strand breakage have been associated to genetic mutations, cancer and cell
death. Flavanols metal chelating properties reside in the presence of a catechol group (B ring) and
hydroxyl substituents, since they are centers of high affinity for metal ions. However, there have been
observed differences in the magnitude of their chelating activity depending on modifications in their
chemical structure [41,42].

Mechanisms underlying flavanols direct effects have been mainly assessed by in vitro studies.
However, in vivo studies (biological systems) have been useful for evaluating in vitro evidence.

The beneficial effect of (-)-epicatechin on lipid peroxidation was evaluated in ApoE knockout rats.
Administration of epicatechin (64 mg/kg body weight) during 20 weeks significantly reduced aortic
F2-isoprostanes, vascular superoxide and endothelin-1 production (p < 0.05 versus control ApoE(−/−)
mice) [43,44].

Considering that direct effects require the presence of high concentrations of flavanols, it is
thought that in living organisms these effects can be observed just in the gastrointestinal tract, since
their absorption has shown to be limited [18].

Cocoa polyphenols are expected to activate Nrf2, which induces the transcription of antioxidant
enzymes such as glutathione peroxidase, superoxide dismutase, and heme oxygenase 1, thus blocking
the production of reactive oxygen species (ROS) and nitric oxide synthase (NOS), and attenuating
oxidative stress, as well as a number of cellular kinases, including the mitogenactivated protein
kinases (MAPKs) [45,46]. In Zucker diabetic fatty (ZDF) rats, the ingestion of a cocoa-rich diet (10%)
for 9 weeks attenuated hyperglycemia, improved insulin sensitivity, and increased β-cell mass and
function. At molecular level, cocoa intake prevented β-cell apoptosis by increasing antiapoptotic
proteins (Bcl-xL) and decreasing proapoptotic proteins (Bax and caspase-3 activity) [47].

4.2. Indirect Mechanisms

A major limitation for the direct effects of flavanols in vivo conditions is their relatively low
bioavailability. Therefore, it has been suggested that in living organisms the main effects of flavanols
are mediated through modifications of enzymatic activities (induction or inhibition), receptors-ligand
binding, regulation of protein synthesis and activities, transcription factors binding to their specific
sites in DNA, among others (indirect mechanisms) [13,15,48]. In the particular case of the metabolic
syndrome, indirect mechanisms have been the most studied. Both in vivo and in vitro models have
been useful to link physiological mechanisms with health effects.

Figure 2 summarizes the main mechanisms underlying the effects of cocoa (-)-epicatechin and
procyanidin B2 on specific risk factors associated with the development of metabolic syndrome.
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Figure 2. Mechanisms underlying the effects of cocoa (-)-epicatechin and procyanidin B2 on some of
the major risk factors for developing metabolic syndrome. A and B mechanisms involved in flavanols
antioxidant and anti-inflammatory effects. 1 The presence of both hydrophobic and hydrophilic domains in
flavanol molecules allow them to be adsorbed on the polar head of membrane lipids and/or to interact with
the hydrophobic chains of lipids inside the bilayer in order to modify membrane fluidity and permeability.
2 When inserted into the lipid bilayer, flavanols are in close proximity to scavenge free oxygen radicals

(such as HO−) and lipid soluble radicals (L−, LOO−) derived from lipid peroxidation. 3 Scavenging free
radicals is considered as one of the most important antioxidant mechanisms of flavanols, due to their OH
groups (one-electron donation) and their aromatic structures (stabilization by resonance of the resultant
radicals). 4 A high dose of epicatechin can prevent upregulation of nicotinamide dinucleotide phosphate
NADPH oxidase subunits p47phox and p22phox, the increased enzyme complex activity and generation
of O2

−. 5 A decrease in cell reactive oxygen species (ROS) decreases the redox-sensitive release of the
LC8 inhibitory peptide, preventing IκBα phosphorylation and degradation and the release of the active
NF-κB complex. 6 Inside the nucleus, procyanidin B2 can mimic the guanine pairs in the κB DNA
sequence and establish hydrogen bonds similar to those that specifically interact with the arginine residues
of both p50 and RelA. This inhibits the interaction of NF-κB with κB sites in gene promoters and dependent
gene transcription. 7 3’-O-Methyl-(-)-epicatechin has shown to be an inhibitor of endothelial NADPH
oxidase by blocking the translocation and interaction of p47phox/p67phox/p40phox with gp91phox and
p22phox (transmembranal subunits). Thus, epicatechin improves bioavailability and bioactivity of NO in
the arterial vascular endothelium. 8 Epicatechin can also increase circulating NO pool via eNOS activation.
9 (-)-epicatechin has shown to down-regulate endothelial cell arginase expression and activity. This leads

to an increase in vascular L-arginine pool and substrate supply for the eNOS-catalyzed NO synthesis.
10 An adequate supply of L-arginine avoids eNOS uncoupling and formation of large quantities of O2

−,
which can scavenge NO to generate peroxynitrite or enhance the production of oxLDL. C. Mechanisms
involved in flavanols hypolipidemic and hypoglycemic effects. 11 (-)-epicatechin and related flavanol
oligomers may suppress triglyceride intestinal absorption by blocking the interaction between pancreatic
lipase and the surface of emulsified lipid droplets. 12 Monomeric and oligomeric flavanols can lower

plasma cholesterol concentrations by decreasing its solubility in intestinal micelles. 13 Cocoa flavanols could
ameliorate hyperglycaemia by promoting translocation of GLUT4 in insulin-sensitive tissues via activation of
AMPK signaling pathways. 14 Cocoa flavanols could also attenuate Non-alcoholic steatohepatitis (NASH)
by increasing intracellular trafficking of (Long Chain Fatty Acid (LCFA) via liver fatty acid binding protein
(LFABP) mRNA and protein expression. 15 In addition, cocoa flavanols may decrease fatty acid synthesis
by down-regulation of the Fasn gene and protein expression.
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4.2.1. Effects on Inflammation and Oxidation

Oxidative stress and inflammation are factors with great potential to exacerbate the progression of
the metabolic syndrome. Visceral fat accumulation (central obesity) is closely related to an increase in
ROS production and to the expression of inflammation-related genes (TNF-α, CRP, IL-6, IL-18, NF-κβ)
that increase the risk of developing non-communicable chronic diseases [49,50].

Together, the antioxidant capacity of flavanols and the inverse association of cocoa and chocolate
intake and the development of cardiovascular diseases have suggested that these compounds have
the potential to reduce oxidative stress and inflammatory processes. Cocoa polyphenols diffuse into
the cell and can inhibit MAPKs, thus blocking inflammatory transcription factors, such as NF-kB and
AP-1. Together these signals repress the expression of inflammatory genes of many proinflammatory
mediators, eg. TNF-α, IL-6, IL-8, IL-1, MCP-1, NO [45].

Studies in animal models have reported that supplementation of high-fat diets with cocoa
decreases the plasma concentrations of inflammatory mediators (such as IL-6 and the monocyte
chemoattractant protein-1 (MCP-1)), as well as the expression of genes encoding pro-inflammatory
molecules (IL-6, IL-12b and NOS 2) in white adipose tissue [51,52].

NADPH Oxidase and Endotheline 1

Given the importance of nitric oxide (NO) on the regulation of vascular homeostasis, the enzymes
and transcription factors involved in the decrease in NO synthesis and bioavailability have been
proposed as targets for the action of cacao flavanols. Such is the case of NADPH oxidase (Nox),
an enzymatic complex that catalyzes the formation of ROS (mainly O2

− and de H2O2), reducing the
bioavailability of NO and favoring endothelial dysfunction.

On this regard, an in vitro study with cultures of human umbilical vein endothelial cells (HUVEC)
demonstrated that the metabolite 3′-O-methyl (-)-epicatechin had the capacity to inhibit Nox, due to
its structural similarities with apocynin (first known inhibitor of Nox) [26,53].

It has been determined that the presence of a mono methylated catechol ring is essential for
the inhibitory effect of apocynin, 3′-O-methyl (-)-epicatechin and 4′-O-methyl (-)-epicatechin on Nox
activity [54,55]. The latter was corroborated when incubation of 3′-O-methyl (-)-epicatechin in the
presence of 3,5-dinitrocatechol (DNC), an inhibitor of catechol-O-methyltransferase (COMT), showed
an increase in the production of O2

− and a decrease in the concentration of NO, due to its reaction
with O2

− to form peroxynitrite (ONOO−) [53].
It has been suggested that epicatechin mono-O-methylated metabolites inhibit NADPH oxidase by

affecting the assembly of the multi-protein complex (membrane-linked components and cytosolic proteins).
Oxidative stress also plays an important role in the pathogenesis of hypertension (HTA),

which constitutes one of the main risk factors in the development and rapid progression of
atherosclerosis. In a murine model of arterial hypertension (DOCA-salt HTA), the effect of two
different doses of (-)-epicatechin on the activity of NADPH oxidase were studied. Results show that
the chronic administration (5 weeks) of 10mg/kg of epicatechin significantly reduces the activity of
this enzymatic complex, plasma markers of oxidative stress, and vascular production of O2

−.
The proposed mechanism by which (−)-epicatechin inhibits Nox activity involves a decrease in

the expression of its cytoplasmic subunit (p47phox), which acts as an adaptor protein that facilitates
activation of gp91phox (membrane-bound subunit) [56].

Moreover, it has been shown that pretreatment with (-)-epicatechin suppresses the NADPH-
oxidase-mediated generation of O2

− elicited by oxidized low-density lipoproteins (LDL) or angiotensin
II in endothelial cells [54].

Previous in vitro studies studied the effect of other flavonoids on the vascular bioavailability
of NO and the activity of endothelin-1 (ET-1). The latter is a powerful vasoconstrictor produced
in the blood vessel walls that increases the production of O2

− through the endothelin receptor A
(ETA)/NADPH oxidase pathway. Vascular dilatation is critically impaired by an upregulated ETA
in association with a reducing nitric oxide bioavailability. In a study of vascular endothelial cultures,
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it was reported that green tea epigallocatechin-3-gallate (EGCG) stimulates the production of NO
through the activation of the Fyn/PI3K/Akt/nitric oxide synthase and down-regulation of ET-1 gene
and protein expression [57].

Phosphorylation and activation of Akt kinase (Ser473) and AMPK by EGCG are implicated in
the phosphorylation and inhibition of FOXO1 (Thr24), which results in nuclear exclusion of this
transcription factor and in its dissociation from hET-1 promoter [56,57].

Polyphenol compounds have demonstrated the capacity to inhibit endogenous antioxidant enzymes
(superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx)) [58]. The flavanols rich
in cocoa revert NG-N-L-arginina methyl ester, which is an inhibitor of NO synthase, so that increases
the production of NO (whose bioavailability is directly related to oxidative stress, because when it
increases it is not converted to peroxynitrites) oxidants that reduce NO, having as a direct consequence
vasoconstriction. The flavanols of cacao, due to their antioxidant properties, inhibit the production of
peroxynitrites, increasing the bioavailability of NO and finally lowering blood pressure; these last effects
are also produced by inhibiting the enzyme angiotensin converting enzyme, a key enzyme in the control
of blood pressure, which inhibits the renin-angiotensin-aldosterone system [8].

Endothelial Nitric Oxide Synthase (eNOS) and Arginase

Inhibition of Nox is not the only mechanism proposed to explain cacao flavanols’ effect on
increased bioavailability of NO. It has been reported that (-)-epicatechin can induce endothelial
NO synthase (eNOS) activation through several mechanisms. eNOS is an homodimer binded by
two calmodulins (CaMs) that present N-terminal oxigenase and C-terminal reductase domains.
The first domain has binding sites for cofactors such as Zn, tetrahydrobioperin, heme group and
L-arginin; while the second has biding sites for NADPH, flavin adenine dinucleotide (FAD) and Flavin
mononucleotide (FMN) [18]. NO production is mediated by diverse NOS activities and its reaction
with superoxide anion, on which its production and bioavailability depend. Exposure of vascular cells
to high nanomolar levels or low micromolar concentrations of flavanols triggers a cellular response
that indicates a potential existence of cellular surface aceceptors/effectors for epicatechin, which can
mediate the subsequent activation of eNOS. This is associated with calcium homeostasis, both kinase II
dependent and calmodulin-independent or increased through phosphorylation of serine residues [8].

L-arginine is a key substrate for eNOS endothelial production of NO. Limited availability of this
amino acid changes the functional profile of eNos and instead of oxidizing L-arginine, the enzyme
reduces molecular oxygen to O2

−. The latter reduces NO bioavailability by rapidly reacting with it
to form ONOO− [59]. Vascular arginase competes with eNOS for their common substrate L-arginine.
During inflammation and cellular oxidation, the increase in the concentration of arginase is linked to
a decrease in the availability of L-arginine, a decreased synthesis of NO, an increase in ROS production,
and endothelial dysfunction.

Given the above, an increase in the expression and activity of arginase has been related to
the progression of atherosclerosis, hypertension and cardiovascular diseases. An in vitro study
showed that (-)-epicatechin and its structurally related metabolites lower arginase-2 expression
and arginase activity (dose-dependent manner) in HUVEC. In accordance with these results, the
consumption of a high-flavanol cocoa drink (985 mg/serving) showed a decreased arginase activity in
human erythrocytes. Further in vivo evidence showed that high-flavanol containing cocoa-based diet
(4% cocoa) lowers renal arginase-2 activity in rats [6,60].

Nuclear Factor κB (NF-κB) and Tumoral Necrosis Factor (TNF-α)

In view of the strong association between oxidative stress, chronic inflammation and metabolic
syndrome, nuclear factor κB (NF-κB) has emerged as an important target to reduce chronic
inflammatory response and development of non-communicable diseases. NF-κB is a ubiquitous
heterodimeric protein (including c-Rel, RelB, RelA (p65), p50/p105 and p52/p100) that regulates
the expression of a large family of genes that encode proteins involved in inflammation, innate
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immune response and regulation of cellular survival. It is also considered a useful marker of oxidative
stress, since it is activated by ROS and pro-inflammatory cytokines (IL-1, IL-6, TNF-α). In most cells,
NF-kB remains inactive in the cytoplasm when inhibitory IκB proteins bind to dimers of RelA, c-Rel,
and p50. This interaction blocks the ability of NF-kB to act as a transcription factor. On the other
hand, high levels of superoxide-derived ROS and proinflammatory cytokines (such as TNF-α and IL-1)
lead to the activation of a specific IκB-kinase (IKK) complex that targets IκB for ubiquitination and
proteasomal degradation (by phosphorylation on S32 and S36). The latter releases an active NF-κB
that can translocate to the nucleus and bind to specific κB sites in select gene promoters to activate the
transcription of genes involved in inflammation [48,61–63].

Procyanidin B2 and (-)-epicatechin can interfere in different levels of the NF-κB activation pathway,
which plays a central role in the development of inflammation and regulator of the adhesion and
expression molecules of cytokines. A decrease in cell oxidants through free radicals scavenging and
inhibition of NADPH oxidase activity are two well known mechanisms that modulate the activation of
NF-κB. Other mechanism that has been proposed is a previous inhibition of TNF-α. An in vitro study
showed that pre-incubation of Jurkat T cells with increasing doses of procyanidin B1 and B2 reduces
NF-κB activation mediated by TNF-α treatment. The expression of IL-2 (NF-kB regulated gene) was
also evaluated by measuring its release to the media. A decrease in its production, after treatment with
procyanidin B1 and B2, suggested an inhibition of the formation of DNA/NF-κB complex. Evidence
supported by a molecular model has shown that procyanidin B2 can interact with NF-kB proteins
(RelA and p50) and prevent their binding to the DNA kB sites. The presence of certain OH groups
in the B2 dimer allows the conformation of a folded structure that mimics the guanine pairs in the
κB DNA sequence, which interact (forming hydrogen bonds) with the arginine residues of both p50
(Arg 54 and Arg 56) and RelA (Arg 33 and Arg 35) [34,48,62].

All of the above show that procyanidin B2 has the capacity to inhibit the union of NF-κB to DNA
and thus decrease the expression of genes involved in oxidation and inflammation processes of the
metabolic syndrome. Curcumin and resveratrol (found mainly in grapes and wines) have also been
studied for their potential inhibitory effect on NF-κB activation and translocation to the nucleus in
TNF-α-stimulated adipocytes. Evidence showed that when cells were co-incubated with TNF-α and
either curcumin or resveratrol, degradation of IκB was inhibited, as well as NF-κB nuclear translocation.
In accordance with these observations, it was demonstrated that both curcumin and resveratrol were
able to down-regulate TNF-α, IL-1β, IL-6, and COX-2 gene expression in a dose-dependent manner.
Moreover, a significant reduction in secreted cytokine levels was also observed [64].

Considering the association between NF-κB activation and up-regulation of endothelial cell
adhesion molecules expression, the effect of an acute consumption of a cocoa beverage (40 g of cocoa
powder) on NF-κB activation was evaluated in human peripheral blood mononuclear cells (PBMC).

In this clinical trial, cocoa flavanols showed to reduce phosphorylation of p65, which is the
transcriptional active subunit of NF-kB. A reduced activation of NF-kB resulted in lower concentrations
of both inflammation markers: intercellular adhesion molecule (ICAM-1) and E-selectin. However,
vascular cell adhesion protein-1 (VCAM-1) concentrations were not modified after the intervention.
These results are in accordance with a previous study, where the consumption of dark chocolate
decreased plasma levels of ICAM-1 but not of VCAM-1 [34].

Oxidized Low-Density Lipoproteins (LDLox)

An increase in the oxidation of LDL particles has been associated with low NO bioavailability
and high production of ROS in the arterial wall.

The presence of oxidized LDL (oxLDL) constitutes a crucial factor in the development of
atherosclerosis and vascular diseases. The latter is supported by evidence that shows that oxidized
LDL promotes the formation of fatty streak lesions that give rise to the formation and progression of
atherosclerotic lesions by increasing foam cell formation and by inducing inflammatory cytokines,
chemokines and adhesion molecules production [65].
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The increase in vascular oxLDL concentration has also been associated with an increase in
proteosomal degradation of eNOS, thus inverting the eNOS/iNOS ratio. Epicatechin has been shown
to protect endothelial cells against both oxLDL-mediated cytotoxicity and loss of eNOS protein [66].

Pretreatment of bovine aortic endothelial cells (BAEC) with (-)-epicatechin prevented
oxLDL-elicited down-regulation of eNOS protein and partially the up-regulation of iNOS protein,
thus shifting the eNOS/iNOS ratio toward preferencial expression of eNOS protein [67].

Furthermore, oxLDL-provoked oxidative stress in endothelial cells renders cellular proteins
vulnerable to oxidative modification, which includes formation of protein-bound carbonyls and
tyrosine-nitrated proteins with functional alterations. It has been observed that these modified
proteins are mainly localized in the cytosol with highest concentrations at the border zone between
cytosol and nucleus. In HUVEC, (-)-epicatechin (10 μM) showed a protective action on protein
carbonyl and tyrosine-nitrated proteins formation elicited by oxLDL. Since elevated protein nitration
is a consequence of increased iNOS-dependent nitrite formation, these results corroborate that
(-)-epicatechin reduces the induction iNOS by oxLDL [67].

Table 2 summarizes the most relevant in vivo and in vitro studies demonstrating the antioxidant
and anti-inflammatory effects and underlying mechanisms of cocoa and its main flavanols
and procyanidins.
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4.2.2. Effects of Flavanols on Lipid Metabolism Disorders

According to the criteria for the diagnosis of the metabolic syndrome, the main lipid metabolism
disorders include elevated plasma triglyceride (TG) levels and low concentrations of high-density
lipoproteins (HDL-c).

Nevertheless, metabolic syndrome dyslipidemia also involves an increase in total cholesterol (TC),
remnant chylomicrons, low-density lipoproteins (LDL-c) and very low-density lipoproteins (VLDL-c).

An overview of current clinical trials and in vitro studies evaluating cocoa and derived products
consumption on metabolic syndrome lipid profile is summarized in Table 3.

Epidemiological evidence shows a direct relationship between the intake of polyphenol-rich
vegetables and a lower predisposition to develop dyslipidemia and cardiovascular diseases.
Observational studies and clinical assays in animals and humans have demonstrated the positive
effects of cacao flavanols on oxidation, inflammation and endothelial function. It has also been
highlighted that these compounds are able to improve the lipid profile that predisposes subjects to the
development of atherosclerosis and cardiovascular diseases [70,71].

Meta-analysis of clinical assays have demonstrated that short term consumption of cacao-derived
products (cocoa and dark chocolate) has benefits on the lipid profile of patients with some type of
cardiovascular disease or with metabolic risk factors. Most of the studies are consistent when showing
a decrease in the plasma levels of total (TC) and LDL-c. However, with regard to the increase in HDL
levels, results are heterogeneous [70,71].

Other studies on animals and humans (healthy or with CV risk) have also reported a significant
decrease in the plasma levels of TG, TC and LDL-c, as well as an increase in the HDL-c levels after
chronic and acute consumption of cocoa powder or dark chocolate [27,72].

Additionally, supplementation with cocoa has shown a significant increase in the plasma
concentrations of adiponectin, which has been related to a decrease in hepatic triglyceride content of
mice and rats fed a high-fat diet [51,73].

An animal study evaluated the potential mechanisms for the hypocholesterolemic effect of
a polyphenol extract from cocoa powder and a mixture of catechin (0.024%) and epicatechin (0.058%),
after the ingestion of a high-cholesterol diet for 4 weeks. Results showed that the polyphenol extract
group had significantly lower plasma cholesterol concentrations, and had significantly greater fecal
cholesterol and total bile acids excretion than the mix (catechin/epicatechin) and the control group [74].
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In vivo polyphenol extract effects were also assessed in vitro. It was shown that micellar solubility of
cholesterol was significantly lower for procyanidin B2 (dimer), B5 (dimer), C1 (trimer) and A2 (tetramer)
(main components of polyphenol extract) compared to catechin and epicatechin. These results indicate that
oligomeric procyanidins from cocoa powder are the main active components responsible for the inhibition
of cholesterol and bile acids intestinal absorption, through the decrease in micellar cholesterol solubility [75].

It has also been proposed that flavanols can act synergistically with tea polyphenols to increase
their overall lipid-lowering effect through the inhibition of pancreatic lipase activity [83].

Chocolate intake has also been evaluated on the prevalence of the metabolic syndrome.
The National Heart, Lung and Blood Institute (NHLBI) family heart study examined the association
between self-reported chocolate consumption and the prevalence of MS in an adult US population.
Results showed a lower prevalence of metabolic syndrome in groups with higher chocolate intake
per week (>5 times/week) [71]. Table 3 shows that even when there is a big difference in the food
matrix (powder or chocolate) or extracts, as well as in the concentrations tested; in addition if they
are tested in humans, animals (obese or diabetic) or cell culture, consensus is found in the observed
effects, that is, reduction of total cholesterol levels, triacylglycerols, both in serum and liver; in some
cases reduction in glucose levels, lipoxidation in the kidney, and increase in insulin secretion were
shown. In addition to observing these in humans, but without changes in the CRP. The inolucrated
mechanisms, although already mentioned previously, the flavanols promote the phosphorylation of
AMPK, in adipose tissue, by which the translocation of GLT4 is improved, in addition to increases in
the gene and protein expression of UCP1 and UCP2 [76–82].

The hypocholesterolemic effects of apple procyanidins have also been studied. In rats fed
a purified diet containing 0.5% cholesterol, the supplementation with apple procyanidins (AP: 0.2%,
0.5% and 1%) showed a decrease in liver and serum TG and TC levels in a dose-dependent manner
compared with the control group. Additionally, the levels of HDL-c were significantly higher in the
groups supplemented with AP 0.5% and 1% compared to the control group

In the liver, AP at levels of 0.5% and 1% significantly lowered cholesterol levels. This effect
was associated with the modulation of hepatic cholesterol 7alpha-hydroxylase (CYP7) activity and
an increased fecal excretion of acidic steroids [84].

A similar study evaluated the anti-obesity effects of apple and tea procyanidins. Supplementation
of a high-fat diet (HF) with 1% of tea or apple procyanidins showed lower total white adipose tissue
levels compared to the control group (HF alone). This result was in accordance with a decrease in
serum leptin levels by dietary procyanidins (tea and apple). However, no changes were detected in
serum adiponectin and insulin levels.

On the other hand, serum and hepatic TG levels were lowered by dietary procyanidins compared to
the control group. In contrast, tea and apple procyanidins reduced serum TC levels, but showed no effect
on liver TC levels.

It was suggested that these effects were mediated by a combination of an agonist-like action of
PPARα and a moderate antagonist-like action of PPAR-γ, which in turn promoted a decrease in hepatic
fatty acid synthase (FAS) activity and an increase in the peroxisomal β-oxidase activity [84].

A reduction on intrahepatic TG and cholesterol levels have been attributed in part to the
modulation in the expression of genes related to their metabolism. In vitro, the acute administration
of grape seed procyanidins decreased the expression of 3-hydroxy-3 methyl-glutaryl-CoA reductase
(HMG-CoA-reductase), the limiting enzyme in the biosynthesis of cholesterol.

In the liver, lipid metabolism disorders promote an increase in fat infiltration and lipotoxicity that
result in the development of non-alcoholic steatohepatitis (NASH), one of the most severe comorbidities
of the metabolic syndrome [65,77].

An experimental study evaluated the preventive effects that cocoa supplementation may have on
the development of NASH induced by a high-fat and choline deficient diet. Results showed that cocoa
supplementation reduces the degree of hepatic steatosis, hepatic fibrosis and portal inflammation.
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It was suggested that these effects could be mediated in part by up-regulation of gene and
protein expression of the liver fatty-acid binding protein (LFABP) in rats with NASH. LFABP prevents
non-alcoholic fatty liver disease (NAFLD) development by shuttling long-chain fatty acids towards the
mitochondria for β-oxidation and possibly by acting as an antioxidant when intracellular antioxidants
(CAT, SOD, GPx) are insufficient [77].

Effects of catechin, epicatechin and procyanidinB2, as well as extract of cocoa rich in flavanols on
lipid metabolism disorders have also been studied. In an animal study, the effects of supplementing
and hyperlipidic diet (21.2% of fat), 10 mg/Kg body weight of the pure compounds and 100 mg
of the extract during eight weeks were evaluated. Results showed that flavanols supplementation
reduced the accumulation of intrahepatic TG and fatty acids, thus inhibiting the development of
steatosis. The proposed underlying mechanisms were the down-regulation of hepatic lipogenic
genes expression (fatty acid synthase, PPAR- , and Cd36), as well as an up-regulation of lipolytic
genes expression (PPARα, PGC1α, SIRT1) [85]. These results agree with those observed in vivo with
vaticanol C (a resveratrol tetramer), which showed to be a more potent activator for PPARα than
resveratrol. Vaticanol C also showed to induce PPARα-dependent genes, such as hepatic fatty acid
binding protein-1 (FABP1) and acyl-CoA oxidase-1 (Acox1) [86].

Naringin is an active flavanone glycoside present in cocoa although at low concentrations that
showed a significant lipid-lowering effect in a mouse model fed with a high-fat diet for 20 weeks.
Supplementation with this compound (0.2 g/kg) improved dyslipidemia and hepatic steatosis by
reducing serum and liver cholesterol levels. However, it did not reduce liver TG levels. Additionally,
in white adipose tissue, naringin treatment reversed hypertrophic adipocytes. Among the mechanisms
underlying naringin hypolipidemic effects were an up-regulation of four genes involved in fatty acid
oxidation (PPARα, CPT-1a, ACOX, UCP2), and a down-regulation of three genes encoding enzymes
involved in fatty acid synthesis (SERBP-1c, FAS, ACC). Stearoyl-CoA desaturase-1 (SCD-1), a very
important lipogenic enzyme responsible for triglyceride metabolism, showed no alteration after
naringin treatment. The latter explains why naringin was not able to reduce liver TG levels [87].

4.2.3. Effects on Hyperglycemia and Insulin Resistance

Besides the antioxidant, anti-inflammatory and hypolipidemic effects demonstrated by cacao
flavanols, publications have emphasized their potential benefits in reducing hyperglycemia, insulin
resistance and diabetes (Table 3). The latter are closely related to dyslipidemia, accumulation of
abdominal fat and to the pathogenesis of the metabolic syndrome.

The effect of flavanol-rich dark chocolate intake (110.9 mg epicatechin/100 g) on endothelial
function, insulin sensitivity, β-cell function and blood pressure was evaluated in hypertensive patients
with impaired glucose tolerance. After 15 days of dark chocolate intake, an increase in vasodilation was
observed (by increasing NO availability), insulin sensitivity and β-cell function, as well as a decrease
in BP and hyperglycemia [81,88].

In vivo studies have shown that the administration of cacao liquor rich in procyanidins (CLPr)
to diabetic and obese mice decreased hyperglycemia in a dose-dependent manner. The mechanisms
proposed for this effect involved an increase in the translocation of GLUT4 towards the cell membrane,
an increase in the phosphorylation of AMPK and the up-regulation of UCP-2 gene expression in
the skeletal muscle [78,82]. These results agree with those obtained by Ruzaidi et al, in which the
administration of a cocoa extract in a DM 2 animal model, resulted in hypoglycemic (reduction of
plasma glucose levels and insulin mimicking activity) and hypolipidemic effects [79,80].

In a further study, the effect of supplementing a standard diet with different concentrations of
CLPr was evaluated in obese female rats with DM2. Results showed that groups fed a standard
diet containing 0.5% and 1% CLPr had lower glycemic levels from the first week of the treatment as
compared to the control group. It is noteworthy that this effect was dose-dependent [78]. A similar
study evaluated if supplementation with CLPr was able to attenuate the development of obesity,
insulin resistance and hyperglycemia induced by a high-fat diet. At the end of the experiment, it was
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observed that different doses of CLPr decreased the levels of fasting plasma glucose as compared to the
group fed with a high-fat diet without supplementation. Oral glucose tolerance was examined in order
to evaluate the effects of CLPr on postprandial hyperglycemia. Results indicated that supplementation
with 2% CLPr suppressed postprandial hyperglycemia and hyperinsulinemia [82].

In this study, it was also confirmed that the molecular mechanisms involved in CLPr hypoglycemic
effects were the activation of AMPK and an increase in GLUT4 translocation. Finally, the effect of the CLPr
supplementation on the regulation of thermogenesis and energy metabolism was also studied [82].

Results showed that both concentrations of CLPr (0.5 AND 2%) increased energy expenditure
through up-regulation of gene and protein expression of UCP1 (expressed in brown adipose tissue) and
UCP2 (expressed in white adipose tissue and liver) [82]. These results agree with those obtained [87],
in which the effect of supplementing a high-fat diet with naringin (0.2 g/kg of body weight) was
evaluated in a murine model of diet-induced obesity.

Results showed a significant decrease in fasting plasma glucose and insulin levels, which indicated
a relevant improvement in insulin sensitivity among different tissues.

In animal models of obesity, low plasma adiponectin levels and high plasma TNF-α levels were
observed. Supplementation with naringin decreased plasma TNF-α levels and increased those of
adiponectin [87]. Besides, it was observed that through the activation of the AMPK pathway, naringin
can down-regulate glycogenic enzymes gene expression (PEPCK and G6Pase), and thus increase
glucose uptake by an insulin-independent pathway [87]. Treatment of rat hepatic cell cultures with
epigallocatechin-3-gallate has been shown to induce insulin receptor and insulin receptor substrate
(IRS-1) tyrosine kinase activity and to down-regulate phosphoenlopyruvate carboxykinase gene
expression (a key enzyme in gluconeogenesis) [89].

5. Conclusions

In summary, there is evidence from in vitro assays, animal experiments and human intervention
trials, which demonstrate that cacao flavanols have the potential to modulate several risk factors
associated with the development of the metabolic syndrome.

Considering that flavanols’ bioactivity in vivo depends on their absorption and metabolism, there
has been a great advance in the analysis of cocoa flavanols metabolites in plasma and urine (mainly from
(-)-epicatechin) after the administration of pure compounds or the consumption of cocoa or dark chocolate.

However, further studies on cellular uptake of O-methylated, O-glucuronidated, and O-sulphated
forms are required in order to provide information on which metabolites are the most able to enter
cells. The latter will be useful to predict their localizations in different body tissues.

On the other hand, since cocoa is a complex mixture of monomeric and oligomeric flavanols, future
experiments should be focused on the possible interactions between flavanols in the gastrointestinal
milieu and their synergic effects on their bioavailability. Moreover, it would be important to study
the possible effects that the presence of different macronutrients (proteins, lipids and sugars) in
cocoa-derived products could have on flavanols absorption.

Additionally, we have shown some of the potential molecular targets of cacao flavanols and the
proposed mechanisms responsible for their alleviating effects on metabolic syndrome development.

Further studies on cocoa flavanols’ effects should include their major metabolites (at a physiologically
achievable dose), in order to reveal if they are linked to the biological effects and underlying mechanisms of
cocoa products.

Together, all this information will serve as the basis for a careful review to provide meaningful
dietary recommendations for the consumption of cocoa flavanols.
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Abstract: Theobromine (TB) is a primary methylxanthine found in cacao beans. cAMP-response
element-binding protein (CREB) is a transcription factor, which is involved in different brain processes
that bring about cellular changes in response to discrete sets of instructions, including the induction
of brain-derived neurotropic factor (BDNF). Ca2+/calmodulin-dependent protein kinase II (CaMKII)
has been strongly implicated in the memory formation of different species as a key regulator of
gene expression. Here we investigated whether TB acts on the CaMKII/CREB/BDNF pathway in
a way that might improve the cognitive and learning function in rats. Male Wistar rats (5 weeks
old) were divided into two groups. For 73 days, the control rats (CN rats) were fed a normal diet,
while the TB-fed rats (TB rats) received the same food, but with a 0.05% TB supplement. To assess
the effects of TB on cognitive and learning ability in rats: The radial arm maze task, novel object
recognition test, and Y-maze test were used. Then, the brain was removed and the medial prefrontal
cortex (mPFC) was isolated for Western Blot, real-time PCR and enzyme-linked immunosorbent assay.
Phosphorylated CaMKII (p-CaMKII), phosphorylated CREB (p-CREB), and BDNF level in the mPFC
were measured. In all the behavior tests, working memory seemed to be improved by TB ingestion.
In addition, p-CaMKII and p-CREB levels were significantly elevated in the mPFC of TB rats in
comparison to those of CN rats. We also found that cortical BDNF protein and mRNA levels in TB
rats were significantly greater than those in CN rats. These results suggest that orally supplemented
TB upregulates the CaMKII/CREB/BDNF pathway in the mPFC, which may then improve working
memory in rats.

Keywords: theobromine; cacao; working memory; behavior; CaMKII; CREB; BDNF

1. Introduction

Coffee, cocoa, and chocolate are among the most frequently consumed substances in the
world [1]. Coffee has various beneficial effects on human health, as it appears to be cardio-protective,
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neuroprotective, hepatoprotective, and nephroprotective. It is now well known that coffee (caffeine)
suppresses the activities of nuclear factors κB (NF-κB), Akt, and ERK [2]. Like coffee, the use of the
seeds from the cacao tree (Theobroma cacao) to create beverages, dates back to the early formative
period of Mesoamerican history (2000–1000 BC). In recent years, there has been a notable interest in the
neuroprotective effects of flavonoids, with evidence emerging that they may lead to improvements in
memory and learning by improving neuronal functioning, while also promoting neuronal protection
and regeneration [3]. Cacao beans, a very popular food worldwide, contains many flavonoids,
which have pleotropic effects in cognition and neuroprotection [4,5]. Theobromine (TB) is a primary
methylxanthine found in products made from cacao beans, which generally contain approximately
1% TB [6]. From recent literature, both scientific and popular, TB has been implicated in the health
benefits of cacao intake. We know that TB traverses the blood-brain barrier (BBB) [7], and that this
might induce effects on the brain, alter the cellular redox environment, modulate neuronal signaling
pathways, and influence gene expression, as well as protein activity, perhaps in a manner similar to
other flavonoids [8].

In our previous study, we confirmed that mice fed TB performed better on learning tasks and
TB acted as a phosphodiesterase (PDE) inhibitor [9,10], by enhancing the cAMP/cAMP-response
element-binding protein (CREB)/brain-derived neurotrophic factor (BDNF) pathway [7]. We also
confirmed that TB supplemented chow-inhibited mTOR signaling in the brain and liver [11]. In the
current experiment, we want to assess the effects of TB on rats, using a prolonged feeding period of
73 days, and to check whether different types of memory functions are affected by a variety of behavior
experiments. We have checked the rats using the radial arm maze (RAM) task, Y-maze test, and novel
object recognition (NOR) test for assessing the memory function, especially working memory. Working
memory is the cognitive capacity to actively and temporarily maintain information for the purpose
of task execution [12]. The dorsolateral prefrontal cortex in primates, which is homologous to the
medial PFC (mPFC) in rodents [13,14], is essential for working memory, as evidenced by numerous
lesion studies [15], electrophysiological recordings [16], and brain imaging investigations [17,18].
Many signaling pathways control the memory process, such as (i) cAMP-dependent protein kinase
(PKA), (ii) Ca2+/calmodulin-dependent protein kinases (CaMKs), (iii) mitogen-activated protein kinases.
These pathways converge to signal to CREB, a transcription factor, which is associated with memory and
synaptic plasticity that binds to the promoter regions of many genes [19–21]. Remarkably, many genes
have been altered following CREB activation [22,23], including key proteins involved in neuronal
plasticity, such as BDNF [24]. This protein mediates neuronal development and synaptic function [24],
which is critical for the differentiation and survival of neurons during development [25]. Studies have
shown that Ca2+, acting as an important messenger via CaMKs, triggers phosphorylation of CREB [26].
This phosphorylated CREB (p-CREB) activates BDNF transcription by binding to a cAMP response
element within the gene [24].

In this study, we found that TB fed rats appear to have improved working memories. As with the
cAMP/CREB/BDNF pathway, which was established in our previous study for motor learning in mice,
it appears that yet another novel molecular pathway, CaMKII/CREB/BDNF, may be responsible for
working memory improvement in rats.

2. Materials and Methods

2.1. Animals

Forty four male Wistar rats (5 weeks old, 120~140 g body weight) purchased from Japan SLC Inc.
(Shizuoka, Japan) were maintained at an ambient temperature of 24 ± 0.1 ◦C and relative humidity of
45% ± 5% under a 12:12-h light–dark cycle (light on at 7:00 h), with food and water ad libitum. All the
animal experiments were performed in accordance with the Guidelines for Animal Experimentation of
the Shimane University Faculty of Medicine, compiled from the Guidelines for Animal Experimentation
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of the Japanese Association for Laboratory Animal Science. The Committee on the Ethics of Animal
Experiments of the Shimane University approved the protocol for this study.

2.2. Feeding and Experiment Schedules

Figures 1 and 2 summarize the feeding and schedules for experiment 1 and 2. All of the rats
had free access to a standard chow (CRF-1, Oriental Yeast Co. Ltd., Tokyo, Japan) for 10 days after
admission. On day 0, the rats were divided into two groups. In both experiments, the control rats
(CN rats), was fed the CRF-1 chow and the second group (TB rats), was fed the standard CRF-1 chow
supplemented with 0.05% (W/W) of TB (Oriental Yeast Co. Ltd.) over the entire experiment time.

 

Figure 1. Schedule for Experiment 1 (radial arm maze (RAM) task).

 

Figure 2. Schedule for Experiment 2 (Y-maze test and novel object recognition (NOR) test).

2.2.1. Behavioral Tests

RAM Task (Experiment 1)

CN rats (n = 12) and TB rats (n = 12) were behaviorally tested for their learning-related cognitive
abilities by determining their ability to complete a task in a RAM, as described previously [27,28].
Here we used an eight arm radial maze (Toyo Sangyo, Toyama, Japan) for RAM task. Four weeks after
the start of TB administration, rats were transferred to a regimen of food deprivation to keep their
body weight at 80–85% of their free feeding weight, and each rat was handled for 3 minutes every day
for a total of 5 consecutive days with constant monitoring of body weight. Their mean body weight
was approximately 290 g at the beginning of the behavioral testing. Then, they were familiarized with
the radial maze apparatus, across the entire surface on which reward pellets (Dustless Precision Pellets,
Bio Serv®, Flemington, NJ, USA) were scattered. Then, the rats were trained to acquire a reward at
the end of each of four arms of the eight arm radial maze. Three parameters of memory function
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were examined: Reference memory error (RME), which was determined by the number of entries
into unbaited arms, working memory error (WME), which was estimated by the number of repeated
entries into arms that had already been visited within a trial, and latency, which was determined by
total time needed to finish each trial. A lower number of RMEs and WMEs suggested better spatial
learning ability.

After the RAM task, the rats were anaesthetized using isoflurane and brains were rapidly separated
from the skull, and the hippocampus were bilaterally collected. Afterwards, olfactory bulbs were
removed and a coronal section was made on ice at +4.70 to +2.20 mm from bregma, according to a
brain atlas [29]. The mPFC, containing the prelimbic, infralimbic, and anterior cingulate cortices, was
immediately dissected from a coronal section. mPFC and hippocampal samples for Enzyme-linked
immunosorbent assay (ELISA) were immediately frozen on liquid nitrogen and stored at −80 ◦C
until use.

Y-Maze Test and NOR Test (Experiment 2)

It was clear that the procedural memory requirements and the stresses (both behavioral and
metabolic) related to experimental procedures, including food deprivation, may non-specifically affect
animal performance in the eight arm radial maze. Thus, to further assess the specificity of working
memory improvement related to TB supplementation, we chose to test spontaneous alternation in
the Y-maze test, which is devoid of all these procedural aspects, as it is based on the natural tendency
of rats to explore novel environments. Another behavior test, the NOR test, in which spontaneous
behavior is studied, where no artificial stimuli, food deprivation, reinforcement, and/or prior special
training are required.

CN rats (n = 10) and TB rats (n = 10) were used for the Y-maze test and NOR test. Body weight
was measured three times in the experimental time period. The Y-maze was performed twice: On day
48 and day 72. The NOR test was also performed twice, over days 52 to 54 and again from day 69 to
day 71. All the experiments were done during the light phase from 10 a.m. to 6 p.m. Generally, the rats
were placed in the experimental room at least 1 h prior to any test. In between subjects being tested,
the apparatus was thoroughly cleaned with water wetted paper towels and a 70% ethanol solution.

Behavioral assessments were performed on rats to determine a spontaneous alteration of behavior
using a Y-maze test, as this behavior is considered to reflect the strength of short-term memory [30–32].
The Y-maze was made of gray plastic with three arms (40 cm × 3 cm × 10 cm) extending from a central
platform at an angle of 120◦. Each rat was placed in the center of the arms and allowed to move
freely around the three arms of the maze during an 8 min session. Arm entry was defined as the
entry of four paws into one arm [33,34]. Alteration was defined over multiple sets. The percentage of
spontaneous alternations were calculated as the ratio of the actual to possible alternations (defined
as the total number of arm entries minus 2) multiplied by 100, as shown in the following equation:
Alteration (%) = [(number of alternations)/(total arm entries-2)] × 100 [35]. For example, if the following
sequence of arm entries was observed: ABACBCAABABC, the animal would have exhibited twelve
arm entries, and three correct spontaneous alternations. The alteration percent here would be 40%.
The behavior was recorded by a video camera located above the Y-maze, and correct spontaneous
alterations were calculated at a later time by a trained observer.

Training and testing in the NOR task were carried out in an arena (70 × 70 × 30 cm) built of
plywood as described by Ennaceur and Delacour [36]. The objects were made of plastic and were
chosen after determining, in preliminary experiments with other animals, that they were equally
preferred. Shapes, colors, and textures were different among these objects. Exploration of the objects
was defined as sniffing or touching with the nose toward the objects at a distance of less than 1 cm;
however, sitting on the object was not considered [37]. The circumstances where the rats explored the
objects for <4 s were excluded. The animals were handled daily for the week that preceded the testing.
Then, the animals were habituated to the NOR apparatus by placing them in it for 10 min per day to
freely explore 1 day before the training (the habituation phase). On the training day, two identical
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objects (A1 and A2) were placed in the apparatus and the animals were allowed to explore them freely
for 5 min (the familiarization phase). At one hour and 24 h later, in the test phase, one of the objects
was randomly replaced by a novel object (named B, and C, respectively) and the rats were reintroduced
into the apparatus for an additional 5 min period of free exploration [38–40]. To avoid confounds by
lingering olfactory stimuli and preferences, the objects and the arena were cleaned with 70% ethanol
after testing each animal. The Discrimination Index (DI), being the ability to distinguish the novel from
the familiar object, was calculated: [novel object(s)/(novel object(s) + familiar object(s)) × 100%]. Thus,
an index > 50% indicates novel object preference, <50% reveals a familiar object preference, and 50%
implies no preference [41].

After the Y-maze test and NOR test, the rats were anaesthetized using isoflurane and the mPFCs,
hippocampus, and plasma were sampled as described above. mPFC and hippocampal samples for
ELISA were immediately frozen on liquid nitrogen and stored at −80 ◦C until use. mPFCs samples
for western blot were immediately frozen on liquid nitrogen and stored at −80 ◦C until use. mPFCs
samples for real time PCR were collected in RNAlatter reagent (Applied Biosystems, Warrington,
UK), and stored at −30 ◦C until use. Whereas, plasma was used for liver and kidney function test as
described below.

2.3. Liver and Kidney Function Test

Plasma was tested for the quantitative determination of ten parameters: glutamic oxaloacetic
transaminase/aspartate transaminase (GOT/AST), glutamate–pyruvate transaminase/alanine
transaminase (GPT/ALT), γ-glutamyl transpeptidase (GGT), triglyceride (TG), total cholesterol (T-Cho)
and creatinine (Cre-2), albumin (Alb), total protein (T-Pro), urea acid (UA), blood urea nitrogen (BUN).
These liver and kidney function tests were carried out using the automated biochemical analyzer
Spotchem EZ SP-4430 (Arkray, Kyoto, Japan), and the Spotchem EZ Reagent Strip KENSHIN-2 (Arkray,
Kyoto, Japan), Spotchem EZ Reagent Strip Kidney-3 (Arkray, Kyoto, Japan) were used.

2.4. ELISA

The mPFCs were homogenized from rats of experiment 1 and 2 with Tris-buffer (pH 7.4) and
centrifuged at 800× g for 15 min at 4 ◦C to remove tissue debris. Protein assays were performed using
the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham MA, USA) to determine protein
concentration. Homogenized samples were analyzed by ELISA, as described previously [42]. Briefly,
equal amount of protein were analyzed with the BDNF Emax® ImmunoAssay System (Promega, WI,
USA) according to the manufacturer’s protocol. Absorbance, at 450 nm, was measured by a plate
reader (DTX880, Beckman Coulter, CA, USA) and BDNF concentrations were calculated using SoftMax
pro software (Molecular Devices, LLC, San Jose, CA, USA).

2.5. Western Blot Analysis

The mPFCs were extracted from rats of experiment 2 with a lysis buffer composed of 1 mM
EDTA, 1% SDS, 1x complete protease inhibitor cocktail (Roche Diagnostics, Schweiz), 1x phosphatase
inhibitor cocktail (Fujifilm Wako Pure Chemical Corporation, Osaka, Japan) and 20 mM Tris-HCl
(pH 7.4). The lysates were sonicated and centrifuged at 14,000 rpm for 20 min at 4 ◦C to obtain the
supernatant as the cell extract. Then, the lysates were analyzed by Western blotting as described
previously [43–45]. Briefly, lysates were separated using a 10–12.5% SDS-PAGE system and transferred
onto PVDF membranes (Immobilon-P, Merck Millipore, Burlington, MA, USA). Then, membranes were
incubated with antibodies of monoclonal rabbit anti-p-CREB (Ser133) (1:1000, Cell signaling, Danvers,
MA, USA), monoclonal mouse anti-CREB (1:1000, Cell signaling, Danvers, MA, USA), monoclonal
rabbit anti-p-CaMKII (Thr286/Thr287) (1:1000, Cayman Chemical, MI, USA) and polyclonal rabbit
anti-CaMKII beta (1:1000, GeneTex, CA, USA). HRP-conjugated anti-rabbit IgG (1:2000, Cell Signaling,
Danvers, MA, USA) and HRP-conjugated anti-mouse IgG (1:2000, Cell Signaling, Danvers, MA, USA)
were used as the secondary antibody. Immunoblots were incubated and visualized with the ECL
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detection kit (Amersham ECL Prime, GE Healthcare, Little Chalfont, Buckinghamshire, UK) and
visualized with an image analyzer (LAS-4000, FUJI FILM, Tokyo, Japan). Then, membranes were
stripped and reprobed with monoclonal rabbit anti-β-actin antibody as a loading control (1:2000,
Cell Signaling, Danvers, MA, USA).

2.6. Real Time PCR

The total RNA from the mPFC was purified using a NucleoSpin®RNA isolation kit (TAKARA,
Shiga, Japan) and reverse transcribed using a reverse transcription kit (TAKARA, Shiga, Japan). Real
time PCR was carried out, as described previously, using the QuantiTect SYBR Green PCR Kit (Qiagen,
Hilden, Germany) [46]. The quantification of mRNA was calculated using a cDNA sample as a
calibrator. The quantified value of each sample was normalized with that of the β-actin value of the
same sample, which was amplified simultaneously with the target gene. Supplementary Table S1
shows the list of primer sequences used for real time PCR.

The PCR conditions were as follows: initial activation at 95 ◦C for 10 min, then 40 amplification
cycles of denaturation at 95 ◦C for 15 s, followed by annealing and extension at 60 ◦C for 1 min.

2.7. Sample Size of Each Tested Assay

In RAM task (Experiment 1), 12 animals were used per group. In Y-maze (Experiment 2), 8 animals
and in NOR test (Experiment 2), 5 animals were used. For ELISA of BDNF (Experiment 1), we used
5 animal from each group. For real time PCR, ELISA of BDNF, western blot analysis of p-CERB and
p-CaMKII (Experiment 2), we used 6 animal per group.

2.8. Statistical Analysis

The data are expressed as the mean ± S.E.M. The Stat View statistical package (Version 5.0) was
used for statistical analysis. A two-way analysis of variance (ANOVA) with Fisher’s PLSD post-hoc
tests to determine significant differences in the various pairwise comparisons were used to analyze the
RAM task results. Students’ t-tests were used to examine the differences between the two experimental
groups in the Y-maze test, NOR test and biological analyses. The probability level of p < 0.05 was
considered as statistically significant.

3. Results

3.1. Experiment 1 (RAM Task)

3.1.1. Body Weight

First, we measured the body weights at three different time point during the experiment. The body
weights of TB rats (n = 12) did not differ from those of CN rats (n = 12) on day 0 (p = 0.32), day 45 (p =
0.29) or day 73 (p = 0.12) (Table 1).

Table 1. Body weights for control rats (CN rats) and theobromine-fed rats (TB rats) in experiment 1.

Body Weight (g)
p Value

CN Rats TB Rats

Initial day (day 0) 239.2 ± 7.13 229.9 ± 5.20 0.32
Half way (day 45) 360.6 ± 3.95 353.6 ± 4.98 0.29

Final (day 73) 384.9 ± 3.10 375.5 ± 4.65 0.12

Values are the mean ± S.E.M. (n = 12 for each group).

3.1.2. Effects of TB on Memory Related Learning Abilities on the RAM Task

The effects of TB supplementation on reference and working memory-related learning abilities
were determined by examining the changes in the mean number of WMEs and RMEs, with the data
averaged over a block of five trials (Figure 3A,B). Randomized two factor (block and group) ANOVA
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was used to analyze the possible impact of TB, and revealed a significant main effect in both blocks
of trials [F (4,88) = 17.583, p < 0.0001] and groups [F (1,88) = 27.265, p < 0.0001] on the number of
WMEs, with a significant block x group interaction [F (4,88) = 3.131, p < 0.05]. However, even without
a significant main group effect, and block x group interaction on the number of RMEs, a significant
main effect of blocks of trials [F (4,88) = 11.774, p < 0.0001)] were observed. Another metric, latency
was also determined by examining changes in the total mean time, with the data averaged over a block
of five trials (Figure 3C). We found a significant main effect in both the blocks of trials [F (4,88) = 27.882,
p < 0.0001] and the groups [F (1,88) = 21.558, p < 0.0001] on the number of total times, with a significant
block x group interaction [F (4,88) = 2.815, p < 0.05].

 
Figure 3. The effect of theobromine (TB) on (A) working memory errors (WME); (B) reference memory
errors (RME); and (C) latency assessed by the radial arm maze task. Results are expressed as the mean
± S.E.M. (n = 12 for each group). *** p < 0.001; significant difference between groups.

3.1.3. BDNF Protein Expression Level in the mPFC

BDNF protein expression level in the mPFC of TB rats (n = 5) was significantly higher than that of
CN rats (n = 5) (Figure 4; p = 0.009).

 
Figure 4. The effect of theobromine (TB) on the brain-derived neurotrophic factor (BDNF) protein level
in the medial prefrontal cortex (mPFC). BDNF protein level in the mPFC of TB-fed rats (TB rats) was
significantly higher than that of control rats (CN rats). Hippocampal BDNF protein levels did not differ
between groups (Figure S1). Values are the mean ± S.E.M. (n = 5 for each group). ** p < 0.01; significant
difference between groups.
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3.2. Experiment 2 (Y-Maze Test and NOR Test)

3.2.1. Body Weight, Liver Function, and Kidney Function Tests

The body weights of TB rats (n = 10) did not differ from those of CN rats (n = 10) on day 0
(p = 0.47), day 45 (p = 0.30), or day 73 (p = 0.21), respectively (Table 2). The biochemical parameters for
liver and kidney functions of TB rats (n = 10) also did not differ from those of CN rats (n = 10) rats after
day 73 (Table 3). These results indicated that TB did not affect the feeding behavior and normal liver or
kidney functions.

Table 2. Body weights for control rats (CN rats) and theobromine-fed rats (TB rats) in experiment 2.

Body Weight (g)
p Value

CN Rats TB Rats

Initial day (day 0) 183.1 ± 2.03 185.5 ± 2.52 0.47
Half way (day 45) 416.0 ± 5.67 428.3 ± 9.92 0.30

Final (day 73) 463.0 ± 7.89 481.0 ± 11.3 0.21

Values are the mean ± S.E.M. (n = 10 for each group).

Table 3. Biochemical parameters for liver function and kidney function in experiment 2 for control rats
(CN rats) and theobromine-fed rats (TB rats).

Liver Function Test Kidney Function Test

Biochemical Parameters CN Rats TB Rats p Value Biochemical Parameters CN Rats TB Rats p Value

GOT/AST (IU/L) 67.4 ± 8.43 63.7 ± 8.14 0.76 T-Pro (g/dl) 5.4 ± 0.10 5.2 ± 0.12 0.09
GPT/ALT (IU/L) 25.1 ± 1.74 23.7 ± 2.23 0.63 Alb (g/dl) 3.1 ± 0.05 3.0 ± 0.07 0.50

GGT (IU/L) 2.7 ± 0.21 3.3 ± 0.21 0.06 BUN (mg/dl) 16.6 ± 0.40 16.3 ± 0.50 0.64
T-Cho (mg/dl) 79.0 ± 4.94 90.6 ± 5.74 0.14 UA (mg/dl) 1.2 ± 0.06 1.0 ± 0.09 0.11

TG (mg/dl) 95.0 ± 10.97 102.6 ± 13.44 0.67 Cre-2 (mg/dl) 0.3 ± 0.02 0.3 ± 0.02 0.75

GOT/AST, glutamic oxaloacetic transaminase/aspartate transaminase; GPT/ALT, glutamate–pyruvate
transaminase/alanine transaminase; GGT, γ-glutamyl transpeptidase; T-Cho, total cholesterol; TG, triglyceride;
T-Pro, total protein; Alb, albumin; BUN, blood urea nitrogen; UA, urea acid; Cre-2, creatinine. Values are the mean
± S.E.M. (n = 10 for each group).

3.2.2. Effects of TB Supplementation on Working Memory Improvement in Y-Maze Test

The exploration rates were not affected by TB supplementation, as the total number of arm entries
between groups did not show any significant difference (Figure 5A). TB rats displayed spontaneous
alternations of 68.9 ± 1.72 and 72.5 ± 2.41 of choices, which was significantly higher than the 60.2 ± 2.59
and 57.8 ± 3.04 of values for the control group (Figure 5B, p = 0.014, p = 0.002), as measured across two
trials, respectively.

 

Figure 5. The effect of theobromine (TB) on locomotor activity and spontaneous alteration behavior in
rats assessed by the Y-maze test. (A) Locomotor activity of TB-fed rats (TB rats) and control rats (CN
rats). There were no significant differences between groups in both trials. (B) TB rats had a significantly
higher number of alteration in both trials compared to CN rats. Values are the mean ± S.E.M. (n = 8 for
each group). * p < 0.05, ** p < 0.01; significant difference between groups.
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3.2.3. Effects of TB Supplementation on Memory Function in the NOR Test

During the training session (the familiarization phase), the rats spent a similar period of time
exploring two identical objects. Figure 6A shows the DIs for the identical objects (A1 and A2) between
the two groups were statistically not significant in both trials (p = 0.478 for trial 1, p = 0.627 for trial 2).

Figure 6. The effect of theobromine (TB) on memory performance assessed by the novel object
recognition (NOR) test. The discrimination index (DI) for exploring the object A1, A2 (A); object A1, B
(B); and object A1, C (C). Both DIs (Object A1, B and Object A1, C) were significantly greater in TB-fed
rats (TB rats) in 2 trials. Values are the mean ± S.E.M. (n = 5 for each group). * p < 0.05, ** p < 0.01;
significant difference between groups. Total exploration time for same object (object A1, A2) (D); total
exploration time for each object (object A1, B) (E); and total exploration time for each object (object A1,
C) (F). TB rats stayed significantly longer time at the new object B and C in 2 trials. Values are the mean
± S.E.M. (n = 5 for each group). * p < 0.05, ** p < 0.01; significant difference between A1 and B or C.

Figure 6B shows that the DIs for object A1 and object B (after 1 h object A2 was replaced by object
B) in test phase was significantly increased between groups in both trials (p = 0.043 for trial 1, p = 0.005
for trial 2).

In Figure 6C, the DIs for object A1 and novel object C (after 24 h object B was changed to new
object C) were significantly higher in TB rats in both trials (p = 0.041 for trial 1, p = 0.012 for trial 2).
The results suggest that TB rats has a > 50% DI, implying a higher novel object preference.

To help determine whether explorative and/or anxiety-like behaviors are affected, it is quite
important to assess the total exploration time spent at an object. Total exploration time for the same
object did not show significant differences between groups in both trials (Figure 6D, p = 0.744 for trial
1 and p = 0.509 for trial 2), whereas the total exploration times regarding objects A1 and B (Figure 6E,
p = 0.006 for 1st trial and p = 0.037 for 2nd trial), and objects A1 and C (Figure 6F, p = 0.036 for trial 1
and p = 0.005 for trial 2) were significantly different between groups in both trials. However, the CN
rats did not show that much of preference to novel object. Though, the average time spent near the
novel object increased numerically in the control rats, however, it did not reach significance.
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3.2.4. p-CaMKII, p-CREB and BDNF mRNA and Protein Expression in the mPFC

The expression level of p-CaMKII in the mPFC was significantly higher in TB rats than that of CN
rats (Figure 7A, p = 0.005). The expression level of p-CREB in the mPFC was also significantly higher
in TB rats than that of CN rats (Figure 7B, p = 0.023). BDNF mRNA and protein expression levels in the
mPFC were also significantly higher in TB rats than in their CN counterparts (Figure 8A, p = 0.030 and
Figure 8B, p = 0.015).

Figure 7. Phospho-CaMKII (p-CaMKII) and phospho-CREB (p-CREB) levels in the medial prefrontal
cortex (mPFC) of control rats (CN rats) and theobromine (TB)-fed rats (TB rats). TB enhanced (A)
p-CaMKII; and (B) p-CREB levels in the mPFC. Values are the mean ± S.E.M. (n = 6 per group).
* p < 0.05, ** p < 0.01; significant difference between groups.

Figure 8. The effect of theobromine (TB) on brain derived neurotrophic factor (BDNF) mRNA and
protein levels. (A) Relative mRNA expression and (B) protein level in TB-fed rat (TB rats) of BDNF
were significantly higher than those of control rats (CN rats) in the prefrontal cortex. Hippocampal
BDNF protein levels did not differ between groups (Figure S2). Values are the mean ± S.E.M. (n = 6 for
each group). * p < 0.05; significant difference between groups.

4. Discussion

The results of our present study demonstrated that the oral administration of TB influenced the
signaling pathway in the mPFC, including those for CaMKII, CREB and BDNF, and concurrently
improved the working memory function of rats in the RAM task, the Y-maze test, and also in the NOR
test. Moreover, long-term TB supplementation did not show any adverse effects on body weight, food,
water intake, liver, and kidney functions in rats (Tables 1–3).

To exert material effects against cognitive disorders, TB must be taken up in the brain from the
blood by crossing over the BBB. Our previous data showed that TB was detectable in rat plasma and the
brain after 30 and 40 days of TB ingestion, and gradually increased in a time-dependent manner [11].
The concentration of TB in rat brain and plasma after 40 days of TB ingestion might have been sufficient
to produce significant pharmacological effects, as described in [4,7,47].
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Previously we showed that a 30-day orally administrated TB enhances motor learning in mice [7].
In the present study, we prolonged TB administration to 73 days, and found it intriguing that the
TB fed group of rats made fewer WMEs and lower latency in the RAM task, as the number of trials
increased. In order to have the food efficiently with minimal effort when a baited arm is visited for food,
the rat has to avoid re-entry, and this learning strategy involves working memory. The results of the
decreased WMEs and shorter latency suggest that the administration of TB significantly improved the
short-term/working memory (Figure 3A). However, in our experimental setting, it could not affect the
long-term memory, as RME scores between the two groups were not significantly different (Figure 3B).
Concurrently, TB, compared to control animals, produced the learning-related memory significantly at
a faster pace (shorter time) (Figure 3C). Oral administration of TB also triggered a significant increase
in the spatial working memory, as indicated by a higher spontaneous alteration ratio in the Y-maze
test [48]. TB not only ameliorated the RAM task- and Y-maze-determined working memory, but also
significantly contributed to the enhancement of memory examined in NOR test, which was determined
with an Inter Trial Interval (ITI) at 1h, and 24h, respectively. This was confirmed by increases in the
DI and exploration time at both 1h and 24h of the post-familiarization test, which respectively can
be referred to as short-term and long-term memory. With regards to this, Ennaceur et al. (1997) and
Quillfeldt et al. (2016) also reported that object recognition in the NOR task is usually more employed
to examine working memory [49,50], while recognition tasks tested the ‘delays’ of more than 6h allow
one to determine the long-term memory [49,50]. Therefore, TB supplementation is significant in the
betterment of learning-related memory cognition.

Many mechanisms have been proposed in relation to the location of memory. The working
memory, which relates to the ‘temporary operation and storage of information’, is mainly stored in the
prefrontal cortex of the brain [12,51]. Albeit, there are some reports that working memory is also stored
in the hippocampus, at least to some extent [51]. On the other hand, long-term memory formation
mainly occurs in the hippocampus [52,53]. However, the neocortex [54] and perirhinal cortex [55,56]
of the medial temporal lobe are anatomically interlinked in the formation of long-term memory [57].
The long-term memory could be better described to occur in both the hippocampus and cortex regions,
while the former is used for the formation and/or storage of new memory trace, and the latter is needed
for long term storage [58–62]. Thus suggesting that the exact location of the neural circuitry of the
memory is yet to be clearly elucidated.

The enhancement of both working- and long-term memory is controlled at the molecular
level in neurons [63]. Whereas, working memory involves modifications of pre-existing
neurochemicals/proteins, and long-term memory requires the synthesis of new mRNAs and
proteins [64,65]. Furthermore, memory encompasses cholinergic, noradrenergic, dopaminergic
systems [66], and most importantly glutamatergic system is critical to the learning and memory,
and related plasticity [67,68]. N-methyl-d-aspartate receptor (NMDAR) is a voltage sensitive glutamate
receptor. Glutamate-NMDAR interaction causes activation of Ca2+-calmodulin cascade, including
CaMKII [69]. Functional maintenance of neuronal circuitry depends on different neurotrophic factors
like nerve growth factor (NGF), glial cell line-derived neurotrophic factor (GDNF), BDNF, etc. [70–72].
Besides the BDNF, many other signaling proteins e.g., CaMKII, MAPK, PKC, PKA, PI3K/Akt [73–77],
and transcription factors, such as CREB [78], are important in memory-related neural plasticity.
For example, CaMKII is a key synaptic signaling molecule that facilitates learning and memory
processes by mediating a wide variety of intercellular signals [79,80]. CaMKII contributes to long term
potentiation (LTP) and hence long-term memory [81].

Many studies have suggested that CaMKII phosphorylates the transcription factor CREB and
transforms it into active form p-CREB [73,75,77]. p-CREB then initiates transcription and translation
of proteins/receptors required for neuronal plasticity. This could be confirmed by inhibiting p-CREB
and subsequent inhibition of new protein synthesis and, therefore, impair memory cognition [75].
In the current study, TB supplementation significantly upregulated CaMKII, as indicated by increased
ratios of p-CaMKII/CaMKII in the cortical tissues (Figure 7A). TB augmented the levels of p-CREB
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concomitantly, as compared to those of the control rats (Figure 7B). Therefore, we speculate that
TB-induced an increase in the levels of p-CaMKII, and p-CREB contributed to the improvement of
neuronal plasticity, hence, the learning and memory of TB rats. BDNF has been implicated in LTP
that occurs in the hippocampus and other brain regions. LTP plays a prime role in learning and
memory [82,83]. Improvements of working memory were accompanied with an increased level of
BDNF proteins in the frontal cortex [84,85]. Consistently, TB-fed rats, in the current study, had also
higher BDNF levels in the mPFC. Moreover, the improvements in learning and memory were positively
correlated with the levels of memory-related substrates—p-CaMKII, p-CREB, and BDNF (Table S2).
Therefore, it is conceivable that TB-instigated increases in the levels of p-CaMKII, p-CREB, and BDNF
improved the learning and the memory of the rats. TB supplementation did not have an effect on
ERK1/2 pathway, as indicated by no change in the level of p-c-Raf, p-MEK1/2, p-90RSK; and p-MSK1
in the mPFC (Figure S3). However, the cause remains to be clarified.

There are accumulating shreds of evidences that the deficit in working memory has been
implicated in several neurodegenerative (Parkinson’s disease, Alzheimer’s disease, and ageing)
and/or neurodevelopmental disorders, such as attention deficit hyperactivity disorder (ADHD),
Schizophrenia [86–89]. ADHD is associated with loss of function of the mPFC, which plays a role in
regulating complex cognitive, emotional, and behavioral activities [90]. Interestingly, Yabuki et al.
reported that deficits in working memory in ADHD model rats and spontaneously hypertensive rats
(SHR), were closely associated with dysfunction of CaMKII in the mPFC, but not in the hippocampus [91].
Since the accumulation of TB in the cortex has been clearly detected [7,11], neurodegenerative and/or
neurodevelopmental disorders, associated with these regions, might be beneficent from the oral
administration of TB. Moreover, this study demonstrated that chronic oral administration of TB did
not cause any adverse health effects in rats. TB may be considered as a safe functional food to include
in the daily diet.

TB can be metabolized from caffeine, and both caffeine and TB may work through a similar
pathway. Caffeine has some pharmacological effects in the central nervous system and beneficial effects
on memory and/or cognitive functions in humans and rodents [92–96]. Since TB can be metabolized
from caffeine, these components may work through similar mechanisms. For instance, caffeine and TB
can pass through BBB and block cell surface adenosine receptors, which distributed widely throughout
cortical regions [97]. TB and caffeine also act as PDE inhibitor that increases in intracellular cAMP
level [7,11,97]. Moreover, these reagents are known to affect Ca2+ release from intracellular stores
of the brain [97]. Although, exact differences between caffeine and TB on memory and/or cognitive
functions have not been examined in this study, a comparison study for these reagents may be required
in the future.

5. Conclusions

This study demonstrated that the oral administration of TB for 73 days resulted in the upregulation
of p-CaMKII and p-CREB in the mPFC, and also found both BDNF mRNA expression level, as well as
protein level upregulation in the mPFC of TB rats. These results clearly suggest that TB supplementation
may facilitate the CaMKII/CREB/BDNF pathway in the mPFC. We also clearly observed a significant
improvement in working memory in TB rats. These observations are also firmly supported by previous
findings concerning the role of the CaMKII/CREB/BDNF pathway in working memory and learning
in rats.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/4/888/s1,
In supplementary file 1 (Table S1: Primer sequence for real time PCR), In supplementary file 2 (Figure S1:
The effect of theobromine (TB) on the brain-derived neurotrophic factor (BDNF) protein level in the hippocampus
(Experiment 1), Figure S2: The effect of theobromine (TB) on the brain-derived neurotrophic factor (BDNF) protein
level in the hippocampus (Experiment 2), Figure S3: ERK1/2 pathway proteins levels in the medial prefrontal
cortex (mPFC), Table S2: Correlation between biological markers and behavioral measurements).

Author Contributions: R.I., K.M., N.S., and O.S. conceived the study; R.I., K.M., M.E.H., and E.S. performed the
animal rearing and sample collection; R.I. carried out the behavioral analysis; R.I., K.M., and M.E.H. participated in

158



Nutrients 2019, 11, 888

biological analysis; R.I. and E.S. performed statistical analysis; R.I. prepared the figures and drafted the manuscript;
all authors read, edited, and revised the manuscript and approved the final manuscript.

Funding: This study was supported by a Ministry of Education, Culture, Sports, Science, and Technology of Japan
Grant-in-Aid for Scientific Research (B) 17H01963 and 25282021, and Support funds of Shimane University for
young researchers.

Acknowledgments: We thank Shahdat Hossain, Sheikh Md. Abdullah and Abdullah Al Mamun for their helpful
advice. We would also like to acknowledge the technical expertise of the Department of Laboratory Medicine,
Department of Psychology and the Interdisciplinary Center for Science Research Organization for Research and
Academic Information, Shimane University.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Fredholm, B.B.; Bättig, K.; Holmén, J.; Nehlig, A.; Zvartau, E.E. Actions of caffeine in the brain with special
reference to factors that contribute to its widespread use. Pharmacol. Rev. 1999, 51, 83–133.

2. Miwa, S.; Sugimoto, N.; Yamamoto, N.; Shirai, T.; Nishida, H.; Hayashi, K.; Kimura, H.; Takeuchi, A.;
Igarashi, K.; Yachie, A.; et al. Caffeine induces apoptosis of osteosarcoma cells by inhibiting AKT/mTOR/S6K,
NF-κB and MAPK pathways. Anticancer Res. 2012, 32, 3643–3649.

3. Spencer, J.P.E. Flavonoids and brain health: Multiple effects underpinned by common mechanisms. Genes Nutr.
2009, 4, 243–250. [CrossRef]

4. Pura Naik, J. Improved high-performance liquid chromatography method to determine theobromine and
caffeine in cocoa and cocoa products. J. Agric. Food Chem. 2001, 49, 3579–3583. [CrossRef]

5. Sokolov, A.N.; Pavlova, M.A.; Klosterhalfen, S.; Enck, P. Chocolate and the brain: Neurobiological impact of
cocoa flavanols on cognition and behavior. Neurosci. Biobehav. Rev. 2013, 37, 2445–2453. [CrossRef] [PubMed]

6. Shively, C.A.; Tarka, S.M. Methylxanthine composition and consumption patterns of cocoa and chocolate
products. Prog. Clin. Biol. Res. 1984, 158, 149–178. [CrossRef] [PubMed]

7. Yoneda, M.; Sugimoto, N.; Katakura, M.; Matsuzaki, K.; Tanigami, H.; Yachie, A.; Ohno-Shosaku, T.; Shido, O.
Theobromine up-regulates cerebral brain-derived neurotrophic factor and facilitates motor learning in mice.
J. Nutr. Biochem. 2017, 39, 110–116. [CrossRef]

8. Williams, R.J.; Spencer, J.P.E.; Rice-Evans, C. Flavonoids: Antioxidants or signalling molecules? Free Radic.
Biol. Med. 2004, 36, 838–849. [CrossRef] [PubMed]

9. Sugimoto, N.; Miwa, S.; Ohno-Shosaku, T.; Tsuchiya, H.; Hitomi, Y.; Nakamura, H.; Tomita, K.; Yachie, A.;
Koizumi, S. Activation of tumor suppressor protein PTEN and induction of apoptosis are involved in
cAMP-mediated inhibition of cell number in B92 glial cells. Neurosci. Lett. 2011, 497, 55–59. [CrossRef]
[PubMed]

10. Sugimoto, N.; Miwa, S.; Hitomi, Y.; Nakamura, H.; Tsuchiya, H.; Yachie, A. Theobromine, the primary
methylxanthine found in Theobroma cacao, prevents malignant glioblastoma proliferation by negatively
regulating phosphodiesterase-4, extracellular signal-regulated kinase, Akt/mammalian target of rapamycin
kinase, and nuclear fact. Nutr. Cancer 2014, 66, 419–423. [CrossRef] [PubMed]

11. Sugimoto, N.; Katakura, M.; Matsuzaki, K.; Sumiyoshi, E.; Yachie, A.; Shido, O. Chronic administration of
theobromine inhibits mTOR signal in rats. Basic Clin. Pharmacol. Toxicol. 2018, 1–7. [CrossRef]

12. Khan, Z.U.; Muly, E.C. Molecular mechanisms of working memory. Behav. Brain Res. 2011, 219, 329–341.
[CrossRef] [PubMed]

13. Kolb, B.; Tees, R.C. The Cerebral Cortex of the Rat; The MIT Press: Cambridge, MA, USA, 1990.
14. Guldin, W.O.; Pritzel, M.; Markowitsch, H.J. Prefrontal cortex of the mouse defined as cortical projection

area of the thalamic mediodorsal nucleus. Brain Behav. Evol. 1981, 19, 93–107. [CrossRef]
15. Jacobsen, C.F. Functions of frontal association area in primates. Arch. Neurol. Psychiatry 1935, 33, 558–569.

[CrossRef]
16. Fuster, J.M.; Alexander, G.E. Neuron activity related to short-term memory. Science 1971, 173, 652–654.

[CrossRef] [PubMed]
17. Cohen, J.D.; Perlstein, W.M.; Braver, T.S.; Nystrom, L.E.; Noll, D.C.; Jonides, J.; Smith, E.E. Temporal dynamics

of brain activation during a working memory task. Nature 1997, 386, 604–608. [CrossRef]
18. Goldman-Rakic, P.S. Cellular basis of working memory. Neuron 1995, 14, 477–485. [CrossRef]

159



Nutrients 2019, 11, 888

19. Impey, S.; McCorkle, S.R.; Cha-Molstad, H.; Dwyer, J.M.; Yochum, G.S.; Boss, J.M.; McWeeney, S.; Dunn, J.J.;
Mandel, G.; Goodman, R.H. Defining the CREB regulon: A genome-wide analysis of transcription factor
regulatory regions. Cell 2004, 119, 1041–1054. [CrossRef]

20. Impey, S.; Smith, D.M.; Obrietan, K.; Donahue, R.; Wade, C.; Storm, D.R. Stimulation of cAMP response
element (CRE)-mediated transcription during contextual learning. Nat. Neurosci. 1998, 1, 595–601. [CrossRef]
[PubMed]

21. Barco, A.; Bailey, C.H.; Kandel, E.R. Common molecular mechanisms in explicit and implicit memory.
J. Neurochem. 2006, 97, 1520–1533. [CrossRef] [PubMed]

22. Zhang, X.; Odom, D.T.; Koo, S.-H.; Conkright, M.D.; Canettieri, G.; Best, J.; Chen, H.; Jenner, R.;
Herbolsheimer, E.; Jacobsen, E.; et al. Genome-wide analysis of cAMP-response element binding protein
occupancy, phosphorylation, and target gene activation in human tissues. Proc. Natl. Acad. Sci. USA 2005,
102, 4459–4464. [CrossRef] [PubMed]

23. Shieh, P.B.; Hu, S.C.; Bobb, K.; Timmusk, T.; Ghosh, A. Identification of a signaling pathway involved in
calcium regulation of BDNF expression. Neuron 1998, 20, 727–740. [CrossRef]

24. Tao, X.; Finkbeiner, S.; Arnold, D.B.; Shaywitz, A.J.; Greenberg, M.E. Ca2+ influx regulates BDNF transcription
by a CREB family transcription factor-dependent mechanism. Neuron 1998, 20, 709–726. [CrossRef]

25. Gordon, T. The role of neurotrophic factors in nerve regeneration. Neurosurg. Focus 2009, 26, E3. [CrossRef]
[PubMed]

26. Sheng, M.; Thompson, M.A.; Greenberg, M.E. CREB: A Ca(2+)-regulated transcription factor phosphorylated
by calmodulin-dependent kinases. Science 1991, 252, 1427–1430. [CrossRef] [PubMed]

27. Hashimoto, M.; Hossain, S.; Agdul, H.; Shido, O. Docosahexaenoic acid-induced amelioration on impairment
of memory learning in amyloid beta-infused rats relates to the decreases of amyloid beta and cholesterol
levels in detergent-insoluble membrane fractions. Biochim. Biophys. Acta 2005, 1738, 91–98. [CrossRef]
[PubMed]

28. Mamun, A.; Hashimoto, M.; Katakura, M.; Matsuzaki, K.; Hossain, S.; Arai, H.; Shido, O. Neuroprotective
Effect of Madecassoside Evaluated Using Amyloid B1-42-Mediated in Vitro and in Vivo alzheimer’s Disease
Models. Int. J. Indig. Med. Plants 2014, 47, 1669–1682.

29. Paxinos, G.; Watson, C. The Rat Brain in Stereotaxic Coordinates; Academic Press: San Diego, CA, USA, 1998;
ISBN 0125476191.

30. Maurice, T.; Hiramatsu, M.; Itoh, J.; Kameyama, T.; Hasegawa, T.; Nabeshima, T. Behavioral evidence for a
modulating role of sigma ligands in memory processes. I. Attenuation of dizocilpine (MK-801)-induced
amnesia. Brain Res. 1994, 647, 44–56. [CrossRef]

31. Kameyama, T.; Ukai, M.; Shinkai, N. Ameliorative effects of tachykinins on scopolamine-induced impairment
of spontaneous alternation performance in mice. Methods Find. Exp. Clin. Pharmacol. 1998, 20, 555–560.
[CrossRef]

32. Ukai, M.; Shinkai, N.; Kameyama, T. Involvement of dopamine receptors in beneficial effects of tachykinins
on scopolamine-induced impairment of alternation performance in mice. Eur. J. Pharmacol. 1998, 350, 39–45.
[CrossRef]

33. Dossat, A.M.; Jourdi, H.; Wright, K.N.; Strong, C.E.; Sarkar, A.; Kabbaj, M. Viral-mediated Zif268 expression
in the prefrontal cortex protects against gonadectomy-induced working memory, long-term memory, and
social interaction deficits in male rats. Neuroscience 2017, 340, 243–257. [CrossRef] [PubMed]

34. Hidaka, N.; Suemaru, K.; Li, B.; Araki, H. Effects of repeated electroconvulsive seizures on spontaneous
alternation behavior and locomotor activity in rats. Biol. Pharm. Bull. 2008, 31, 1928–1932. [CrossRef]

35. Nakamura, K.; Ito, M.; Liu, Y.; Seki, T.; Suzuki, T.; Arai, H. Effects of single and repeated electroconvulsive
stimulation on hippocampal cell proliferation and spontaneous behaviors in the rat. Brain Res. 2013, 1491,
88–97. [CrossRef]

36. Ennaceur, A.; Delacour, J. A new one-trial test for neurobiological studies of memory in rats. 1: Behavioral
data. Behav. Brain Res. 1988, 31, 47–59. [CrossRef]

37. Clark, R.E.; Zola, S.M.; Squire, L.R. Impaired recognition memory in rats after damage to the hippocampus.
J. Neurosci. 2000, 20, 8853–8860. [CrossRef] [PubMed]

38. Gomez, J.L.; Lewis, M.J.; Sebastian, V.; Serrano, P.; Luine, V.N. Alcohol administration blocks stress-induced
impairments in memory and anxiety, and alters hippocampal neurotransmitter receptor expression in male
rats. Horm. Behav. 2013, 63, 659–666. [CrossRef]

160



Nutrients 2019, 11, 888

39. Reichel, C.M.; Schwendt, M.; McGinty, J.F.; Olive, M.F.; See, R.E. Loss of object recognition memory produced
by extended access to methamphetamine self-administration is reversed by positive allosteric modulation of
metabotropic glutamate receptor 5. Neuropsychopharmacology 2011, 36, 782–792. [CrossRef] [PubMed]

40. Davis, S.; Renaudineau, S.; Poirier, R.; Poucet, B.; Save, E.; Laroche, S. The formation and stability of
recognition memory: What happens upon recall? Front. Behav. Neurosci. 2010, 4, 177. [CrossRef]

41. Hammond, R.S.; Tull, L.E.; Stackman, R.W. On the delay-dependent involvement of the hippocampus in
object recognition memory. Neurobiol. Learn. Mem. 2004, 82, 26–34. [CrossRef]

42. Matsuzaki, K.; Katakura, M.; Sugimoto, N.; Hara, T.; Hashimoto, M.; Shido, O. Neural progenitor cell
proliferation in the hypothalamus is involved in acquired heat tolerance in long-term heat-acclimated rats.
PLoS ONE 2017, 12, e0178787. [CrossRef]

43. Matsuzaki, K.; Katakura, M.; Sugimoto, N.; Hara, T.; Hashimoto, M.; Shido, O. β-amyloid infusion into lateral
ventricle alters behavioral thermoregulation and attenuates acquired heat tolerance in rats. Temperature 2015,
2, 418–424. [CrossRef]

44. Matsuzaki, K.; Yamakuni, T.; Hashimoto, M.; Haque, A.M.; Shido, O.; Mimaki, Y.; Sashida, Y.; Ohizumi, Y.
Nobiletin restoring beta-amyloid-impaired CREB phosphorylation rescues memory deterioration in
Alzheimer’s disease model rats. Neurosci. Lett. 2006, 400, 230–234. [CrossRef] [PubMed]

45. Hossain, M.E.; Matsuzaki, K.; Katakura, M.; Sugimoto, N.; Mamun, A.; Islam, R.; Hashimoto, M.; Shido, O.
Direct exposure to mild heat promotes proliferation and neuronal differentiation of neural stem/progenitor
cells in vitro. PLoS ONE 2017, 12, e0190356. [CrossRef] [PubMed]

46. Li, G.H.; Katakura, M.; Maruyama, M.; Enhkjargal, B.; Matsuzaki, K.; Hashimoto, M.; Shido, O. Changes of
noradrenaline-induced contractility and gene expression in aorta of rats acclimated to heat in two different
modes. Eur. J. Appl. Physiol. 2008, 104, 29–40. [CrossRef] [PubMed]

47. Martínez-Pinilla, E.; Oñatibia-Astibia, A.; Franco, R. The relevance of theobromine for the beneficial effects of
cocoa consumption. Front. Pharmacol. 2015, 6, 30. [CrossRef]

48. Sarter, M.; Bodewitz, G.; Stephens, D.N. Attenuation of scopolamine-induced impairment of spontaneous
alternation behaviour by antagonist but not inverse agonist and agonist β-carbolines. Psychopharmacology
1988. [CrossRef]

49. Ennaceur, A.; Neave, N.; Aggleton, J.P. Spontaneous object recognition and object location memory in rats:
The effects of lesions in the cingulate cortices, the medial prefrontal cortex, the cingulum bundle and the
fornix. Exp. Brain Res. 1997, 113, 509–519. [CrossRef] [PubMed]

50. Quillfeldt, J.A. Behavioral methods to study learning and memory in rats. In Rodent Model as Tools in Ethical
Biomedical Research; Springer: Cham, Switzerland, 2016; pp. 271–311.

51. Yoon, T.; Okada, J.; Jung, M.W.; Kim, J.J. Prefrontal cortex and hippocampus subserve different components
of working memory in rats. Learn. Mem. 2008, 15, 97–105. [CrossRef]

52. Han, S.; Bhattarai, J. Phasic and tonic type A γ-Aminobutryic acid receptor mediated effect of Withania
somnifera on mice hippocampal CA1 pyramidal Neurons. J. Ayurveda Integr. Med. 2014, 5, 216. [CrossRef]

53. Ravichandran, V.; Kim, M.; Han, S.; Cha, Y. Stachys sieboldii Extract Supplementation Attenuates Memory
Deficits by Modulating BDNF-CREB and Its Downstream Molecules, in Animal Models of Memory
Impairment. Nutrients 2018, 10, 917. [CrossRef]

54. Bontempi, B.; Laurent-Demir, C.; Destrade, C.; Jaffard, R. Time-dependent reorganization of brain circuitry
underlying long-term memory storage. Nature 1999, 400, 671. [CrossRef]

55. Mumby, D.G.; Glenn, M.J. Anterograde and retrograde memory for object discriminations and places in rats
with perirhinal cortex lesions. Behav. Brain Res. 2000, 114, 119–134. [CrossRef]

56. Ramos, J.M.J. Long-term spatial memory in rats with hippocampal lesions. Eur. J. Neurosci. 2000, 12,
3375–3384. [CrossRef] [PubMed]

57. Witter, M.P.; Naber, P.A.; Van Haeften, T.; Machielsen, W.C.M.; Rombouts, S.A.R.B.; Barkhof, F.; Scheltens, P.;
da Silva, F.H. Cortico-hippocampal communication by way of parallel parahippocampal-subicular pathways.
Hippocampus 2000, 10, 398–410. [CrossRef]

58. Graff, J.; Woldemichael, B.T.; Berchtold, D.; Dewarrat, G.; Mansuy, I.M. Dynamic histone marks in the
hippocampus and cortex facilitate memory consolidation. Nat. Commun. 2012, 3, 991. [CrossRef] [PubMed]

59. Frankland, P.W.; Bontempi, B.; Talton, L.E.; Kaczmarek, L.; Silva, A.J. The involvement of the anterior
cingulate cortex in remote contextual fear memory. Science 2004, 304, 881–883. [CrossRef] [PubMed]

161



Nutrients 2019, 11, 888

60. Jung, M.W.; Baeg, E.H.; Kim, M.J.; Kim, Y.B.; Kim, J.J. Plasticity and memory in the prefrontal cortex.
Rev. Neurosci. 2008, 19, 29–46. [CrossRef]

61. Nieuwenhuis, I.L.C.; Takashima, A. The role of the ventromedial prefrontal cortex in memory consolidation.
Behav. Brain Res. 2011, 218, 325–334. [CrossRef]

62. Squire, L.R.; Alvarez, P. Retrograde amnesia and memory consolidation: A neurobiological perspective.
Curr. Opin. Neurobiol. 1995, 5, 169–177. [CrossRef]

63. Carew, T.J. Molecular enhancement of memory formation. Neuron 1996, 16, 5–8. [CrossRef]
64. Martin, K.C.; Barad, M.; Kandel, E.R. Local protein synthesis and its role in synapse-specific plasticity.

Curr. Opin. Neurobiol. 2000, 10, 587–592. [CrossRef]
65. Kelleher, R.J., III; Govindarajan, A.; Tonegawa, S. Translational regulatory mechanisms in persistent forms of

synaptic plasticity. Neuron 2004, 44, 59–73. [CrossRef] [PubMed]
66. Briand, L.A.; Gritton, H.; Howe, W.M.; Young, D.A.; Sarter, M. Modulators in concert for cognition: Modulator

interactions in the prefrontal cortex. Prog. Neurobiol. 2007, 83, 69–91. [CrossRef]
67. Dudai, Y. Molecular bases of long-term memories: A question of persistence. Curr. Opin. Neurobiol. 2002, 12,

211–216. [CrossRef]
68. Lamprecht, R.; LeDoux, J. Structural plasticity and memory. Nat. Rev. Neurosci. 2004, 5, 45–54. [CrossRef]

[PubMed]
69. Park, H.; Poo, M. Neurotrophin regulation of neural circuit development and function. Nat. Rev. Neurosci.

2013, 14, 7. [CrossRef] [PubMed]
70. Henderson, C.E. Role of neurotrophic factors in neuronal development. Curr. Opin. Neurobiol. 1996, 6, 64–70.

[CrossRef]
71. Levi-Montalcini, R. The nerve growth factor 35 years later. Science 1987, 237, 1154–1162. [CrossRef]
72. Davies, A.M. The neurotrophic hypothesis: Where does it stand? Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci.

1996, 351, 389–394.
73. Miyamoto, E. Molecular mechanism of neuronal plasticity: Induction and maintenance of long-term

potentiation in the hippocampus. J. Pharmacol. Sci. 2006, 100, 433–442. [CrossRef]
74. Leinninger, G.M.; Backus, C.; Uhler, M.D.; Lentz, S.I.; Feldman, E.L. Phosphatidylinositol 3-kinase and Akt

effectors mediate insulin-like growth factor-I neuroprotection in dorsal root ganglia neurons. FASEB J. Off.
Publ. Fed. Am. Soc. Exp. Biol. 2004, 18, 1544–1546. [CrossRef] [PubMed]

75. Vitolo, O.V.; Sant’Angelo, A.; Costanzo, V.; Battaglia, F.; Arancio, O.; Shelanski, M. Amyloid beta -peptide
inhibition of the PKA/CREB pathway and long-term potentiation: Reversibility by drugs that enhance cAMP
signaling. Proc. Natl. Acad. Sci. USA 2002, 99, 13217–13221. [CrossRef] [PubMed]

76. Zhao, L.; Brinton, R.D. Vasopressin-induced cytoplasmic and nuclear calcium signaling in embryonic cortical
astrocytes: Dynamics of calcium and calcium-dependent kinase translocation. J. Neurosci. 2003, 23, 4228–4239.
[CrossRef] [PubMed]

77. Yan, X.; Liu, J.; Ye, Z.; Huang, J.; He, F.; Xiao, W.; Hu, X.; Luo, Z. CaMKII-Mediated CREB phosphorylation
is involved in Ca2+-Induced BDNF mRNA transcription and neurite outgrowth promoted by electrical
stimulation. PLoS ONE 2016, 11, e0162784. [CrossRef]

78. Kandel, E.R. The molecular biology of memory storage: A dialogue between genes and synapses. Science
2001, 294, 1030–1038. [CrossRef] [PubMed]

79. Schulman, H.; Hanson, P.I. Multifunctional Ca2+/calmodulin-dependent protein kinase. Neurochem. Res.
1993, 18, 65–77. [CrossRef] [PubMed]

80. Kennedy, M.B. Signal transduction molecules at the glutamatergic postsynaptic membrane. Brain Res. Brain
Res. Rev. 1998, 26, 243–257. [CrossRef]

81. Lisman, J.; Yasuda, R.; Raghavachari, S. Mechanisms of CaMKII action in long-term potentiation.
Nat. Rev. Neurosci. 2012, 13, 169–182. [CrossRef]

82. Korte, M.; Kang, H.; Bonhoeffer, T.; Schuman, E. A role for BDNF in the late-phase of hippocampal long-term
potentiation. Neuropharmacology 1998, 37, 553–559. [CrossRef]

83. Lessmann, V. Neurotrophin-dependent modulation of glutamatergic synaptic transmission in the mammalian
CNS. Gen. Pharmacol. 1998, 31, 667–674. [CrossRef]

84. Bimonte, H.A.; Nelson, M.E.; Granholm, A.-C.E. Age-related deficits as working memory load increases:
Relationships with growth factors. Neurobiol. Aging 2003, 24, 37–48. [CrossRef]

162



Nutrients 2019, 11, 888

85. Bimonte-Nelson, H.A.; Hunter, C.L.; Nelson, M.E.; Granholm, A.-C.E. Frontal cortex BDNF levels correlate
with working memory in an animal model of Down syndrome. Behav. Brain Res. 2003, 139, 47–57. [CrossRef]

86. Arnsten, A.F.T.; Ramos, B.P.; Birnbaum, S.G.; Taylor, J.R. Protein kinase A as a therapeutic target for memory
disorders: Rationale and challenges. Trends Mol. Med. 2005, 11, 121–128. [CrossRef]

87. Germano, C.; Kinsella, G.J. Working memory and learning in early Alzheimer’s disease. Neuropsychol. Rev.
2005, 15, 1–10. [CrossRef]

88. Goldman-Rakic, P.S.; Castner, S.A.; Svensson, T.H.; Siever, L.J.; Williams, G.V. Targeting the dopamine D1
receptor in schizophrenia: Insights for cognitive dysfunction. Psychopharmacology 2004, 174, 3–16. [CrossRef]
[PubMed]

89. Morris, R.G.; Baddeley, A.D. Primary and working memory functioning in Alzheimer-type dementia. J. Clin.
Exp. Neuropsychol. 1988, 10, 279–296. [CrossRef]

90. Castellanos, F.X.; Tannock, R. Neuroscience of attention-deficit/hyperactivity disorder: The search for
endophenotypes. Nat. Rev. Neurosci. 2002, 3, 617–628. [CrossRef] [PubMed]

91. Yabuki, Y.; Shioda, N.; Maeda, T.; Hiraide, S.; Togashi, H.; Fukunaga, K. Aberrant CaMKII activity in the
medial prefrontal cortex is associated with cognitive dysfunction in ADHD model rats. Brain Res. 2014, 1557,
90–100. [CrossRef] [PubMed]

92. Shabir, A.; Hooton, A.; Tallis, J.; F Higgins, M. The Influence of Caffeine Expectancies on Sport, Exercise, and
Cognitive Performance. Nutrients 2018, 10, 1528. [CrossRef]

93. Ritchie, K.; Carriere, I.; de Mendonca, A.; Portet, F.; Dartigues, J.F.; Rouaud, O.; Barberger-Gateau, P.;
Ancelin, M.L. The neuroprotective effects of caffeine: A prospective population study (the Three City Study).
Neurology 2007, 69, 536–545. [CrossRef] [PubMed]

94. van Gelder, B.M.; Buijsse, B.; Tijhuis, M.; Kalmijn, S.; Giampaoli, S.; Nissinen, A.; Kromhout, D. Coffee
consumption is inversely associated with cognitive decline in elderly European men: The FINE Study. Eur. J.
Clin. Nutr. 2007, 61, 226–232. [CrossRef] [PubMed]

95. Santos, C.; Lunet, N.; Azevedo, A.; de Mendonca, A.; Ritchie, K.; Barros, H. Caffeine intake is associated
with a lower risk of cognitive decline: A cohort study from Portugal. J. Alzheimers. Dis. 2010, 20 (Suppl. 1),
S175–S185. [CrossRef] [PubMed]

96. Alzoubi, K.H.; Mhaidat, N.M.; Obaid, E.A.; Khabour, O.F. Caffeine Prevents Memory Impairment Induced
by Hyperhomocysteinemia. J. Mol. Neurosci. 2018, 66, 222–228. [CrossRef]

97. Chen, X.; Ghribi, O.; Geiger, J.D. Caffeine protects against disruptions of the blood-brain barrier in animal
models of Alzheimer’s and Parkinson’s diseases. J. Alzheimers. Dis. 2010, 20 (Suppl. 1), S127–S141. [CrossRef]
[PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

163





nutrients

Article

Association of Chocolate Consumption with Hearing
Loss and Tinnitus in Middle-Aged People Based on
the Korean National Health and Nutrition
Examination Survey 2012–2013

Sang-Yeon Lee 1, Gucheol Jung 2, Myoung-jin Jang 2, Myung-Whan Suh 1,3, Jun ho Lee 1,3,

Seung-Ha Oh 1,3 and Moo Kyun Park 1,3,*

1 Department of Otorhinolaryngology-Head and Neck Surgery, Seoul National University Hospital, Seoul
03080, Korea; maru4843@hanmail.net (S.-Y.L.); drmung@naver.com (M.-W.S.); junlee@snu.ac.kr (J.h.L.);
shaoh@snu.ac.kr (S.-H.O.)

2 Medical Research Collaborating Center, Seoul National University Hospital, Seoul 03080, Korea;
9E887@snuh.org (G.J.); mjjang2014@naver.com (M.-j.-J.)

3 Sensory Organ Research Institute, Seoul National University Medical Research Center, Seoul 03080, Korea
* Correspondence: entpmk@gmail.com; Tel.: +82-2-2072-2446; Fax: +82-2-745-2387

Received: 2 March 2019; Accepted: 22 March 2019; Published: 30 March 2019

Abstract: Chocolate, which is produced from cocoa, exerts antioxidant and anti-inflammatory effects
that ameliorate neurodegenerative diseases. We hypothesized that chocolate consumption would
protect against hearing loss and tinnitus. We evaluated the hearing and tinnitus data, as well as the
chocolate consumption, of middle-aged participants (40–64 years of age) of the 2012–2013 Korean
National Health and Nutrition Examination Survey. All of the subjects underwent a medical interview,
physical examination, audiological evaluation, tinnitus questionnaire, and nutrition examination.
A total of 3575 subjects 40–64 years of age were enrolled. The rate of any hearing loss (unilateral or
bilateral) in the subjects who consumed chocolate (26.78% (338/1262)) was significantly lower than
that in those who did not (35.97% (832/2313)) (p < 0.001). Chocolate consumption was independently
associated with low odds of any hearing loss (adjusted odds ratio = 0.83, 95% confidence interval
= 0.70 to 0.98, p = 0.03). Moreover, the severity of hearing loss was inversely correlated with the
frequency of chocolate consumption. In contrast to chocolate, there was no association between
hearing loss and the consumption of sweet products without cocoa. Chocolate consumption was also
not associated with tinnitus or tinnitus-related annoyance. Our results suggest that a chocolate-based
diet may protect middle-aged people from hearing loss.

Keywords: chocolate; hearing loss; tinnitus; cohort study

1. Introduction

Hearing loss, a highly prevalent sensorineural disorder, imposes a major economic and social
burden [1]. The incidence of hearing loss is approximately 20% when mild and unilateral hearing
losses are included [2]. Hearing loss typically hampers communication and relationships, thereby
resulting in social isolation [3]. In addition, hearing loss increases the risk of depression symptoms and
deterioration of the quality of life [4]. Hearing loss is an important risk factor for neurodegenerative
dementia [5,6]. Auditory rehabilitation using, for example, hearing aids and cochlear implants, restores
auditory function, but the protective effect of certain foodstuffs against hearing loss is unclear.

Tinnitus is a common otologic symptom, often called a “phantom sound” as it is a conscious
auditory perception without a corresponding physical source [7]. The prevalence of tinnitus ranges
from 12% to 30% per 100,000 people [8,9]. Tinnitus can be bothersome and negatively affect sleep,
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concentration, emotions, and social enjoyment [10]. Tinnitus is associated particularly with hearing
loss, and so correction of any cochlear pathology would ameliorate tinnitus and tinnitus-related
distress. However, the selection of a treatment for tinnitus is supported by limited evidence [11].
Moreover, neither medical therapy nor dietary supplements substantially reduce tinnitus-related
distress [12].

Patients and clinicians have concerns regarding the effect of diet on hearing loss and tinnitus [13,14].
Therefore, efforts to identify foods that protect hearing are needed. The health-promoting effects of
cocoa have attracted the attention of researchers, health-conscious consumers, and manufacturers of
cocoa products. Chocolate, which is produced from cocoa, is consumed for pleasure worldwide and is a
source of health-promoting compounds [15]. Chocolate contains abundant polyphenols, the antioxidant
and anti-inflammatory effects of which might protect against audiological impairment. Recent animal
studies demonstrated that polyphenols attenuate oxidative stress and inflammation in the cochlea [16,17].
However, no human study has investigated the association between chocolate intake and hearing loss
and/or tinnitus.

Based on the therapeutic effect of chocolate [18], we hypothesized that chocolate consumption
would decrease the burden of hearing loss and tinnitus. We investigated the effect of chocolate
consumption on hearing loss and tinnitus in middle-aged people in a large Korean cohort.

2. Materials and Methods

2.1. Study Population

This cohort study used data, from the Korean National Health and Nutrition Examination
Survey (KNHANES), representative of the health and nutritional status of Koreans. We examined
the association of chocolate consumption with hearing loss and tinnitus in participants 40 to 65 years
of age. All subjects gave their informed consent for inclusion before they participated in the study.
This study was approved by the Institutional Review Board of Seoul National University Hospital
(1902-046-1008).

A total of 16,076 individuals participated in the 2012–2013 KNHANES. Subjects with external or
middle ear pathologies, a history of congenital hearing loss, or retrocochlear lesions were excluded from
the study. Of the remaining 5673 middle-aged participants (40–64 years of age), 2098 were excluded
because they did not receive a hearing threshold test or respond to a tinnitus-related questionnaire
(n = 887), did not provide their chocolate consumption frequency (n = 874), or had missing values for
confounders (n = 337). Finally, 3575 participants from the 2012–2013 KNHANES aged 40 to 65 years
were enrolled in the study (Figure 1).

2.2. Audiological Assessment

A structured physical examination, to exclude middle and external ear problems, was conducted
by a physician. The pathologies of perforation or retraction of the tympanic membrane, otitis media
with effusion, and cholesteatoma were identified by ear endoscopy. All subjects underwent pure-tone
audiometry for six different octave frequencies (0.5, 1, 2, 3, 4, and 6 kHz) in a soundproof room.
The mean hearing threshold was calculated as the average of the hearing thresholds at 0.5, 1, 2,
and 4 kHz. The mean high-tone hearing threshold was determined using the average of the hearing
thresholds at 3, 4, and 6 kHz. To exclude subjects with systemic diseases, blood samples were collected
and analyzed at the Neodin Medical Institute in Seoul, Korea.

With regard to tinnitus, all subjects were also interviewed about the presence of tinnitus and
tinnitus-related annoyance. The severity of tinnitus was classified as follows: “no,” “slightly annoying”,
and “very annoying and difficult to sleep”. In this study, a response of “slightly annoying” or “very
annoying and difficult to sleep” was defined as tinnitus-related annoyance. The parameters of mean
hearing threshold according to frequency, presence of tinnitus, and tinnitus-related annoyance were
used to evaluate the association with chocolate.
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Figure 1. Schematic illustration of the selection of subjects.

2.3. Potential Confounders

The following potential confounders were adjusted for: sleep duration, stress severity, income,
current smoking habits, alcohol consumption, noise exposure, and medical conditions. The information
obtained included sleep duration (<6, 6–7, 7–8, or ≥8 h), rate of perceived stress, income (<25%, 25–50%,
50–75%, or >75% of the equalized household income per month), current smoking habits, exposure to
indoor second-hand smoke (at work or at home), alcohol consumption (social drinker, heavy drinker,
or problem drinker), and difficulties in controlling alcohol use. The duration of occupational exposure
to noise and earphone and headphone use were also measured. In addition, the health status (presence
of hypertension, diabetes, dyslipidemia, anemia, kidney failure, thyroid disorder, and menopause) of
the subjects was evaluated. Finally, we used sweet products without cocoa (including ice cream, cake,
and cookies) as a confounder in the evaluation of the non-specific effect of pleasant sensations.

2.4. Assessment of Chocolate Consumption

As in previous study [19], chocolate consumption was assessed using a food-frequency
questionnaire (FFQ). Participants were asked to indicate how frequently they consumed chocolate
in the previous year, from 2012 to 2013; there were 10 possible responses (never or seldom, once per
month, two to three times per month, once per week, two to four times per week, five to six times per
week, once per day, twice per day, three times per day, and no response). In addition, average chocolate
intake was categorized into rarely (less than once per month), one quarter of a chocolate tablet, one half
of a chocolate tablet, one chocolate tablet, and no response. Information on the frequency and quantity
of chocolate consumed over the past year was collected by trained dietitians after the health interview
(Supplementary Table S1).

2.5. Statistical Analysis

All statistical analyses were performed using SAS software (version 9.2; SAS Institute, Cary, NC,
USA). The subjects’ demographic and clinical characteristics are presented as medians (interquartile
ranges) or numbers (proportions). The comparison between groups, performed by Fisher exact test
(binary covariates), chi-squared test (more than three categories), or Wilcoxon rank sum test (continuous
covariates), was deemed appropriate. The association between chocolate consumption and hearing
loss and tinnitus was evaluated by means of multivariate logistic regression models with adjustment
for the following potential confounders: age; sex; sleep duration; perceived stress; current smoking
habits; exposure to indoor second-hand smoke; heavy drinking; drinking-related problem; duration
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of earphone use; occupational exposure to noise; menopause; and history of hypertension, diabetes
mellitus, dyslipidemia, anemia, kidney failure, and thyroid disorder. The Spearman correlation rank
order was used to evaluate the correlation between the frequency of chocolate consumption and
the severity of hearing loss. In the multivariate models of tinnitus or tinnitus-related annoyance,
we controlled for unilateral or bilateral hearing loss as well as the above potential confounders.

3. Results

The rate of any hearing loss (unilateral or bilateral hearing loss) was significantly lower in the
subjects who consumed chocolate (26.78% (338/1262)) than in those who did not (35.97% (832/2313))
(p < 0.001, Table 1). In addition, chocolate consumption decreased the risk of bilateral hearing loss
(13.31% (168/1262) vs. 20.32% (470/2313), p < 0.001) and high-tone hearing loss (51.58% (651/1262) vs.
63.60% (1,471/2313), p < 0.001), respectively.

Table 1. Characteristics of the 40–64-year-old subjects according to chocolate consumption.

Chocolate Consumption

p-Value 1Total
(n = 3575)

More Than Once
(n = 1262)

None
(n = 2313)

Hearing loss 2, n (%)
Unilateral or bilateral 1170 (32.73%) 338 (26.78%) 832 (35.97%) <0.0001
Bilateral 638 (17.85%) 168 (13.31%) 470 (20.32%) <0.0001
High-tone hearing loss 2122 (59.36%) 651 (51.58%) 1471 (63.60%) <0.001

Tinnitus, n (%) 811 (22.69%) 266 (21.08%) 545 (23.56%) 0.0947
Tinnitus-related annoyance, n (%) 259 (7.24%) 78 (6.18%) 181 (7.83%) 0.0790
Age (year), median (interquartile range, IQR) 52 (45, 58) 50 (44, 56) 53 (47, 59) <0.0001
Male, n (%) 1415 (39.58%) 493 (39.06%) 922 (39.86%) 0.6677
Monthly household income 3, median (IQR) 333.33 (200, 518.33) 400 (250, 591.67) 310.67 (184.17, 500) <0.0001
Use of earphones, n (%) 186 (5.20%) 90 (7.13%) 96 (4.15%) 0.0002
Duration of earphone use (min), median (IQR)

Total 0 (0, 0) 0 (0, 0) 0 (0, 0) 0.0002
User of earphones 60 (30, 60) 30 (20, 60) 60 (30, 90) 0.0617

Occupational exposure to noise, n (%) 587 (16.42%) 186 (14.74%) 401 (17.34%) 0.0473
Duration of occupational exposure to noise (months), median
(IQR)
Total 0 (0, 0) 0 (0, 0) 0 (0, 0) 0.0448

Occupational exposure to noise 96 (36, 216) 96 (36, 216) 108 (36, 216) 0.8920
Sleep duration (hours), n (%) 0.0295

<6 504 (14.1%) 163 (12.92%) 341 (14.74%)
6–7 1,039 (29.06%) 377 (29.87%) 662 (28.62%)
7–8 1,099 (30.74%) 418 (33.12%) 681 (29.44%)
≥8 933 (26.1%) 304 (24.09%) 629 (27.19%)

High perceived stress, n (%) 770 (21.54%) 274 (21.71%) 496 (21.44%) 0.8648
Exposure to indoor second-hand smoke

At work, n (%) 1162 (32.5%) 418 (33.12%) 744 (32.17%) 0.5753
At home, n (%) 349 (9.76%) 123 (9.75%) 226 (9.77%) >0.9999

Current smoking, n (%) 653 (18.27%) 203 (16.09%) 450 (19.46%) 0.0128
Heavy drinking 4, n (%) 665 (18.60%) 193 (15.29%) 472 (20.41%) 0.0002
Difficulties in controlling alcohol use, n (%) 294 (8.22%) 87 (6.89%) 207 (8.95%) 0.0354
Having drinking-related problem in life, n (%) 165 (4.62%) 56 (4.44%) 109 (4.71%) 0.7393
Menopause (females) <0.0001

Yes 1209 (55.97%) 372 (48.37%) 837 (60.17%)
No 951 (44.03%) 397 (51.63%) 554 (39.83%)

Hypertension, n (%) 683 (19.10%) 196 (15.53%) 487 (21.05%) <0.0001
Diabetes mellitus, n (%) 247 (6.91%) 60 (4.75%) 187 (8.08%) 0.0001
Anemia, n (%) 284 (7.94%) 115 (9.11%) 169 (7.31%) 0.0606
Kidney failure, n (%) 13 (0.36%) 6 (0.48%) 7 (0.30%) 0.4004
Thyroid disorder, n (%) 85 (2.38%) 35 (2.77%) 50 (2.16%) 0.2527
Dyslipidemia, n (%) 331 (9.26%) 87 (6.89%) 244 (10.55%) 0.0003

1 p-values by Fisher exact test (binary covariates), chi-squared test (more than three categories) and Wilcoxon rank
sum test (continuous covariates). 2 Hearing loss ≥20 dB for four frequency average of pure-tone thresholds at 500,
1000, 2000, and 4000 Hz. 3 Monthly household income (10,000 Korean won). 4 Heavy drinking defined as more than
three drinks per average drinking session more than twice a week.

In a multivariate logistic regression analysis, compared to chocolate non-consumers, the subjects
who consumed chocolate had lower odds of any hearing loss (adjusted odds ratio (OR) = 0.83, 95%
confidence interval (CI) = 0.70 to 0.98, p = 0.03), bilateral hearing loss (adjusted OR = 0.79, 95% CI = 0.64
to 0.98, p = 0.03), and high-tone hearing loss (adjusted OR = 0.78, 95% CI = 0.66 to 0.91, p = 0.02) (Table 2).
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Table 2. Odds ratios (OR) and 95% confidence intervals (CI) for hearing loss and tinnitus according to
chocolate consumption.

n = 3575
Univariate Analysis Multivariate Analysis

OR (95% CI) p-Value OR (95% CI) p-Value

Hearing loss
(unilateral or bilateral)

1170: 2405 0.651 (0.560, 0.757) <0.0001 0.829 (0.701, 0.980) 1 0.0285

Hearing loss (bilateral) 638: 2937 0.602 (0.497, 0.729) <0.0001 0.791 (0.641, 0.976) 1 0.0287
High-tone hearing loss 2122: 1453 0.610 (0.531, 0.701) <0.0001 0.777 (0.661, 0.912) 1 0.0021

Tinnitus 811: 2764 0.866 (0.734, 1.023) 0.0902 0.911 (0.767, 1.081) 2 0.2847
Tinnitus-related annoyance 259: 3316 0.776 (0.590, 1.021) 0.0705 0.886 (0.668, 1.176) 2 0.4036

1 Adjusted for: age; sex; perceived stress; exposure to indoor second-hand smoke; current smoking habits; heavy
drinking; drinking-related problems; menopause; histories of hypertension, diabetes mellitus, anemia, kidney
failure, thyroid disorder, and dyslipidemia; income level; sleep duration; duration of occupational exposure to noise;
and earphone and headphone use time. 2 Adjusted for all covariates used in the hearing-loss model in addition to
hearing loss (unilateral or bilateral).

In contrast to chocolate, neither hearing loss nor bilateral hearing loss was associated with the
consumption of sweet products without cocoa, according to multivariable logistic regression model.
Furthermore, chocolate was significantly associated with a decrease of hearing loss after adjusting for
cofounders, including consumption of sweet products without cocoa (Table 3).

Table 3. Odds ratios and 95% confidence intervals for hearing loss and tinnitus according to
consumption of chocolate and sweet products without cocoa.

Multivariable Analysis

Consumption Per Week
(Reference = No)

OR (95% CI) p-Value

Hearing loss (unilateral or bilateral) Chocolate 0.835 (0.703, 0.992) 1 0.0406
Cookie 0.989 (0.973, 1.006) 1 0.1912

Ice cream 1.055 (0.967, 1.151) 1 0.2308
Cake 0.975 (0.861, 1.105) 1 0.6931

Hearing loss (bilateral) Chocolate 0.766 (0.617, 0.951) 1 0.0156
Cookie 0.989 (0.968, 1.010) 1 0.3043

Ice cream 1.146 (1.039, 1.265) 1 0.0063
Cake 1.041 (0.901, 1.203) 1 0.5826

Tinnitus Chocolate 0.920 (0.772, 1.097) 2 0.3536
Cookie 1.001 (0.985, 1.018) 2 0.8901

Ice cream 1.009 (0.922, 1.104) 2 0.8478
Cake 0.932 (0.814, 1.067) 2 0.3081

Tinnitus-related annoyance Chocolate 0.876 (0.655, 1.172) 2 0.3735
Cookie 0.987 (0.956, 1.020) 2 0.4431

Ice cream 1.120 (0.990, 1.267) 2 0.0721
Cake 0.973 (0.787, 1.204) 2 0.8028

1 Variables included in multivariable models: age; sex; perceived stress; exposure to indoor second-hand smoke;
current smoking habits; heavy drinking; drinking-related problem; menopause; history of hypertension, diabetes
mellitus, anemia, kidney failure, thyroid disorder, and dyslipidemia; income level; sleep duration; duration of
occupational exposure to noise; and earphone and headphone use time; chocolate consumption; cookie consumption;
ice cream consumption; cake consumption. 2 Variables included in multivariable models: all covariates used in the
hearing-loss model as well as hearing loss (unilateral or bilateral).

Moreover, Spearman’s rank order correlation analyses of the data revealed a significant inverse
correlation between the mean hearing threshold and the frequency of chocolate consumption per
week (ρ = −0.117, 95% CI = −0.15 to −0.08, p < 0.001) (Figure 2A). In addition, the mean threshold
of high-tone frequencies was negatively correlated with the frequency of chocolate consumption per
week (ρ = −0.121, 95% CI = −0.15 to −0.09, p < 0.001) (Figure 2B).
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Figure 2. Scatter plot of the severity of hearing loss and the frequency of chocolate consumption per
week. Chocolate consumption was inversely correlated with the (A) mean hearing threshold (average
of 0.5, 1, 2, and 4 kHz) and (B) mean high-tone hearing threshold (average of 3, 4, and 6 kHz).

Neither the rate of tinnitus nor the rate of tinnitus-related annoyance differed significantly
according to chocolate consumption. In addition, subjects who consumed chocolate had 9% and 11%
lower odds of tinnitus (adjusted OR = 0.91, 95% CI = 0.74 to 1.10) and tinnitus-related annoyance
(adjusted OR = 0.89, 95% CI = 0.67 to 1.18), respectively (Table 2). However, the association between
chocolate consumption and tinnitus and tinnitus-related annoyance was not significant.

4. Discussion

To our knowledge, this is the first study to explore the effect of chocolate on hearing loss and
tinnitus in a large cohort of middle-aged people. The rate of hearing loss was significantly lower
in the subjects who consumed chocolate than in those who did not. Additionally, there was an
inverse correlation between the severity of hearing loss and the frequency of chocolate consumption.
These results support those of previous animal studies, which reported that various compounds in
chocolate protect against hearing loss [20]. Specifically, there was no association between hearing
loss and the consumption of sweet products without cocoa. Contrary to our hypothesis, chocolate
consumption was not associated with tinnitus or tinnitus-related annoyance.

The cochlea is susceptible to oxidative stress because of its high energy requirements and lack
of an adequate collateral blood supply [21]. Thus, the cochlea is likely to be an initial target organ
of ischemia. Several clinical risk factors, such as noise exposure and smoking, are associated with
oxidative stress in the cochlea [22]. We adjusted for possible confounders but were unable to perform
strict matching of confounders due to the high drop-out rate. Our data indicate that chocolate
consumption is independently associated with a decreased risk of hearing loss.

Although we could not evaluate the direct effect of chocolate on hearing loss by quantifying
cocoa, our results suggest that chocolate may prevent hearing loss by a mechanisms other than
the pleasant sensation of chocolate. Those who did not consume chocolate had higher risks of
hypertension and dyslipidemia than did those who consumed chocolate. Chocolate exerts antioxidant
and anti-inflammatory effects and has been shown to have therapeutic benefits for patients with
cardiovascular diseases. Specifically, cocoa, a major ingredient of chocolate, attenuates vascular risks
by reducing blood pressure and improving endothelium-dependent vasodilation [23]. In line with
this, several investigations demonstrated the causal relationship between vascular risk factors and
hearing loss [24,25]. Thus, our results suggest that chocolate decreases the rates of hypertension
and dyslipidemia, which enables the preservation of hearing loss. In addition to vascular risk
factors, chocolate products provide therapeutic benefits to patients with neurological, intestinal,
and neurodegenerative diseases [18].

Chocolate is an important dietary source of flavonoids, a subclass of polyphenols [26].
Polyphenols exert antioxidant and anti-inflammatory effects [20,27]. A recent animal study
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demonstrated that polyphenols ameliorated oxidative stress inside the cochlea by downregulating
the apoptotic signaling pathway [16]. Notably, the level of oxidative stress in the cochlea increased
with age; this effect was attenuated by polyphenols. Consistent with this, polyphenols exhibited
significant radical scavenging activity in individuals exposed to noise [17] and significantly improved
the auditory thresholds in rats [20]. Moreover, chocolate-mediated nitric oxide (NO) release enhances
blood circulation in the inner ear and decreases the levels of inflammatory markers; e.g., C-reactive
protein, COX-2, and atherogenesis [18,28]. The biological activities of chocolate vary according to the
processing strategy used in its production, but chocolate produced using a gentle processing technique
may protect against hearing loss, particularly in middle-aged people.

Unexpectedly, chocolate intake was not associated with tinnitus or tinnitus-related annoyance.
In humans there is a relationship between the hearing-loss frequency and the tinnitus pitch, suggesting
a strong relationship between auditory deafferentation and tinnitus. However, the association between
hearing loss and tinnitus may not be straightforward. For example, subjective tinnitus was reported
by approximately 19% of individuals with normal hearing in a cohort study in Korea [14], suggesting
that subjective tinnitus can develop in the absence of hearing loss. The persistence of tinnitus after
cochlear nerve section suggests a central origin [29]. Although the pathophysiological mechanisms
of tinnitus are unclear, it may be caused by maladaptive cortical plasticity between auditory and
non-auditory regions [11]. Thus, chocolate may improve cochlear rheology, such as microcirculation
and vasodilation, but does not significantly ameliorate tinnitus or tinnitus-related annoyance.

The lack of an association between chocolate consumption and tinnitus may be attributable
to strict adjustment for comorbidities, e.g., hearing loss, stress, and sleep [30]. Moreover, systemic
inflammatory mediators that predispose individuals to tinnitus are likely to be associated with the
mechanisms of the protective effect of chocolate [31]. Specifically, chocolate restores imbalances
in lipid and glucose levels, which are linked to tinnitus [32,33]. Therefore, other as-yet-unknown
effects of chocolate are likely to contribute to the development of tinnitus. This is in line with the
borderline significance detected in univariate regression analyses, which was lost after adjustment
for confounders.

This study had several limitations that should be noted. First, we could not assess the causality of
the relationship between chocolate consumption and hearing loss due to the cross-sectional nature of
the study. Moreover, no information on chocolate consumption was available for participants over
65 years of age. Given the protective effect of chocolate on age-related hearing loss, the association
might have been significant if older persons had been included. Second, the processing technique used
in the production of chocolate affects its total polyphenol content [15]. The data regarding chocolate
were obtained using subjective questionnaires; thus, chocolate’s functional properties could not be
evaluated. The levels of polyphenols, such as epicatechins and catechins, in plasma are correlated
with those of markers of antioxidant activity in humans [34]. Third, the type of chocolate, dose, and
duration of consumption were not controlled, and milk chocolate and chocolate drinks reportedly do
not exert a significant effect on health [15]. To establish causality, a randomized controlled study of the
functional properties of chocolate is needed. Lastly, we were unable to compare the effect of chocolate
according to laterality. There is some evidence suggesting that the genotype influences the phenotype,
particularly in the laterality, of self-reported tinnitus; the discrepancy between unilateral and bilateral
tinnitus was more evident in men than women [35]. Although the effect of chocolate on hearing loss
and tinnitus was similar irrespective of sex as documented by interaction and multivariate analyses in
this study (Supplementary Table S2), this finding awaits further confirmation.

Nonetheless, the present study had several strengths. First, a large cohort from a nationally
representative database was analyzed. Second, this is the first study of the relationship between
chocolate intake and hearing loss. Our results will enhance nutritional support for patients with
hearing loss.
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5. Conclusions

Our results suggest that chocolate plays an otoprotective role against hearing loss but not tinnitus
in middle-aged people.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/11/4/746/s1,
Table S1: Assessment of chocolate consumption Food-Frequency Questionnaire (FFQ); Table S2: Subgroup analysis
regarding effect of chocolate on hearing loss and tinnitus according to sex.
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Abstract: Microbial communities are responsible for the unique functional properties of chocolate.
During microbial growth, several antimicrobial and antioxidant metabolites are produced and can
influence human wellbeing. In the last decades, the use of starter cultures in cocoa fermentation has
been pushed to improve nutritional value, quality, and the overall product safety. However, it must be
noted that unpredictable changes in cocoa flavor have been reported between the different strains from
the same species used as a starter, causing a loss of desirable notes and flavors. Thus, the importance
of an accurate selection of the starter cultures based on the biogenic effect to complement and
optimize chocolate quality has become a major interest for the chocolate industry. This paper aimed
to review the microbial communities identified from spontaneous cocoa fermentations and focused
on the yeast starter strains used in cocoa beans and their sensorial and flavor profile. The potential
compounds that could have health-promoting benefits like limonene, benzaldehyde, 2-phenylethanol,
2-methylbutanal, phenylacetaldehyde, and 2-phenylethyl acetate were also evaluated as their presence
remained constant after roasting. Further research is needed to highlight the future perspectives of
microbial volatile compounds as biomarkers to warrant food quality and safety.

Keywords: fermentation; functional volatile compounds; starter culture; yeast; roasting; chocolate;
cocoa beans

1. Introduction

Certainly, people have been changing their food consumption patterns and lifestyle over the last
decade [1]. To counteract unhealthy food choices, functional food has emerged as a strategy to increase
the consciousness of the relationship between diet and disease/health to consumers. The objective of a
successful functional food is to target a specific group of consumers and to meet their health demands
without compromising flavor, taste, and color. In this context, the most used bioactive compounds in
the food industry include alkaloids, anthocyanins, carotenoids, flavonoids, glucosinolates, isoflavones,
phenolic acids, hydrolysate proteins, tannins, and phytochemical terpenes [2].

Volatile organic compounds (VOCs) are organic molecules that include esters, alcohols, aldehydes,
ketones, phenols, terpenes, etc. These VOCs are synthesized naturally by a broad number of plants or
microorganisms (as secondary metabolites) to enable interactions with their environment. In addition,
it has been demonstrated that VOCs provide health benefits to consumers [3]. Health benefits provided
by the microbial communities can be either direct or indirect. The difference between these two
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concepts is the ingestion of a live microorganism (direct) or the ingestion of microbial metabolites
(indirect or biogenic effect) [4]. Undeniably, a biogenic effect is commonly observed in fermented foods
such as chocolate.

The production of microbial metabolites in cocoa beans begins during fermentation. In this process,
microorganisms, encompassing bacteria and yeasts, serve to confer taste, texture, and desirable aromas
to the final product. An effective cocoa fermentation develops when a correct microbial succession of
yeasts, lactic acid bacteria (LAB), and acetic acid bacteria (AAB) takes place [5,6]. The success of these
dynamics is due to the nutrient content of the cocoa pulp that is used as an optimal substrate for the
microbial growth, and yeasts are considered the first microorganisms growing at the beginning of the
fermentation process, producing ethanol, organic acids and VOCs, that contribute as precursors of
chocolate flavor [7]. For those reasons, yeasts have been widely used as starter cultures in cocoa beans
with the aim to enrich the sensorial quality of chocolate. However, the modulation of the remarkable
complexity of microbial communities in cocoa beans to obtain an optimal flavor fingerprinting as well
as understanding the metabolic and regulatory networks concerning the production of secondary
metabolites are still not clear. In this context, the present review aims to describe the development of the
microbes in fermented cocoa beans, and to evaluate the individual capacities of yeast species to form
aroma compounds to enhance flavor perception and nutritional or healthy values. More importantly,
it assesses the most frequently identified VOCs during the three different steps of chocolate elaboration,
including fermentation, roasting, and the final product, chocolate (Figure 1). It is important to clarify
that the VOCs identified in the fermentation and final product were the most frequently identified
VOCs in inoculated cocoa beans with yeast, while the most frequently identified VOCs during roasting
were assessed from non-inoculated cocoa beans.

Figure 1. Tracking volatile compounds from chocolate.

2. Microbial Composition of Fermented Cocoa Beans

The fermentation step is considered a key stage that influences the flavor potential of cocoa beans.
Existing scientific data shows the complexity of the composition of the microbial population on fermented
cocoa beans, that varies depending on: plant variety; environmental conditions; post-harvesting
processing; type of fermentation; and agricultural practices [6,8–10]. The bacteria population often
present during cocoa fermentation are mainly composed by LAB mostly belonging to the Lactobacillus and
Leuconostoc genera, as well as AAB such as members of the genus Acetobacter [11–24]. In addition, some
species belonging to Bacillus have also been rarely isolated from fermented cocoa beans. Despite the lower
complexity of the bacteria population in the cocoa-fermented system, several yeasts have been identified
including species belonging to Candida, Debaromyces, Geotrichum, Hanseniaspora, Kluyveromyces, Pichia,
Saccharomyces, Rhodotorula, Saccharomycopsis, and Wickerhamomyces [6,12,14,15,17,18,20–31]. Besides yeast
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species, filamentous fungi belonging to Aspergillus, Mucor, Neurospora, Penicillium, and Rhizopus are also
often reported [6,23]. Interestingly, there are some discrepancies between the relative abundance of
microbial communities reported in fermented cocoa beans from different origins and fermented from
different types of fermentations (box, heap). Nonetheless, a recent study suggested that not only the
most abundant microbial species could affect the production of organic molecules, but also rare species
were involved [6].

2.1. Yeasts Species Used as Starter during Cocoa Fermentation

Some yeasts and fungi are considered a safe source of ingredients and additives for food processing
because they have a positive image with consumers [32]. The interest in yeasts as starter cultures
has arisen in recent years especially in relation to the addition of Saccharomyces, Pichia, Kluyveromyces,
Candida, and Torulaspora to fermented cocoa beans [6,25,28,30,31,33–37]. Yeasts that are being used to
ferment cocoa beans are shown in Table 1. It should be noted that starter cultures used to drive cocoa
fermentation processes have been applied only in a few cocoa-producing countries such as Brazil,
Malaysia, Indonesia, and Cameroon [6,25,28,30,31,33–36,38]. The importance of standardized cocoa
fermentation process has become controversial, considering that the environmental conditions are
difficult to control in most of the cocoa-producing countries. Therefore, the choice of selecting cocoa
fermenting starters, discriminated based on origin and microbial communities, should be a logical
choice from the available options.
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The most frequently used yeast culture in fermented cocoa beans is Saccharomyces cerevisiae.
This yeast has the capability to assimilate and ferment reducing sugars and citric acid, produce aroma
substances and killer-like toxins, and it has a high pectinolytic activity and can prevent microbial
pathogen growth [5,7,10,39–42]. Despite the well-known Saccharomyces, non-Saccharomyces yeast
(Kluyveromyces, Hanseniaspora, Pichia, and Torulaspora) have also shown a relevant pectinolytic activity
and increased the aroma complexity in wine [43,44]. However, these species exhibit a lower ethanol
yield, and sugar consumption compared to S. cerevisiae [45]. Regardless of this characteristic, several
studies have used mixed yeast cultures to inoculate fermented cocoa beans (Table 1) [6,31,46]. However,
the combination of different yeast species often results in unpredictable compounds produced and/or
different microbial communities, which can affect both the chemical and ecological population of
fermented cocoa beans. The unpredictable changes, specifically from the ecological point of view,
might be explained by the antagonistic ability of some yeast, such as S. cerevisiae, to inhibit the
growth of non-Saccharomyces species (Hanseniaspora guilliermondii, Torulaspora delbrueckii, Kluveromyces
marxianus, and Lachancea thermotolerants) by the production of antimicrobial peptides with a 4.0, 4.5, and
6.0 kDa [47]. Therefore, the selection of starter cultures to produce chocolate plays an important role not
only in the modulation of the microbial communities, but rather to achieve optimal sensorial properties,
such as cocoa, malty, and fruity flavors [6,31,48]. To this regard, future research is needed to elucidate
the variability at the strain level that contributes an added value to the cocoa fermentation [25].

2.2. Quality Evaluation of the Chocolate Produce from Inoculated Cocoa Beans

Contrasting findings on the sensory analysis of chocolate produced from cocoa beans inoculated
with yeasts has been recently assessed (Table 1) [28,30,31,34,38]. In detail, the consumer panel from Brazil
and Malaysia described chocolates inoculated with K. marxianus (Brazil), S. cerevisiae (Malayzia and
Brazil), T. delbrueckii, and a mixed culture of S. cerevisiae and T. delbrueckii (Brazil) with better desirable
notes, flavor attributes, and global acceptability compared with chocolate produced from spontaneous
cocoa bean fermentation [28,31,38]. In contrast, coffee and sour attributes with a worse acceptance
were described from the chocolate produced in Brazil inoculated with a mixture of three yeast starters
(S. cerevisiae, P. kluyveri, and H. uvarum) during cocoa fermentation [30]. Interestingly, the chocolate
produced from different cocoa varieties originated from Brazil inoculated with S. cerevisiae during
fermentation were clearly discriminated based on the perceptible attributes of each variety [31,34].
However, the lack of the small number of published studies regarding the sensory analysis of chocolate
produced from inoculated cocoa beans with yeast species during fermentation from different countries
to improve sensorial attributes are not conclusive.

3. Changes in the Nutrient Composition from Fermented to Roasted Cocoa Beans

The transformation of the nutrient content of cocoa beans during fermentation plays an important
role in the development of selected attributes in the final product (chocolate). Fats, proteins, and
carbohydrates are the main macronutrients found in cocoa seeds (Table 2) [49–53]. Beans also contain
amines that are already present in the unfermented dried cocoa and as expected their amount increased
after fermentation and decreased after thermal cocoa processing [54,55]. The first step in processing
cocoa beans is to ferment amino acids and oligopeptides, and reduce sugars (Table 2). This step
is crucial for the development of the quality cocoa flavor that depends on the balance of organic
compounds. In general, the biochemical processes involved over the fermentation and roasting of
cocoa beans comprise the hydrolysis of sucrose and proteins, oxidation and hydrolysis of phenolic
compounds, biosynthesis of alkaloids, amino acids, release of alcohols (that are also oxidized into
acetic and lactic acid), and the breakdown of fatty acids [6,49,50,56,57].

179



Nutrients 2019, 11, 884

T
a

b
le

2
.

N
ut

ri
ti

on
al

co
m

po
si

ti
on

of
co

co
a

be
an

s
ex

pr
es

se
d

as
g/

kg
.

S
o

u
rc

e
O

ri
g

in
V

a
ri

e
ty

G
e

n
e

ti
c

M
a

te
ri

a
l

C
a

rb
o

h
y

d
ra

te
s

L
ip

id
s

P
ro

te
in

s

S
u

cr
o

se
F

ru
ct

o
se

G
lu

co
se

T
o

ta
l

C
a

rb
o

h
y

d
ra

te
s

A
fo

ak
w

a
et

al
.,

20
13

[5
6]

G
ha

na
N

M
U

nf
er

m
en

te
d

15
5.

00
55

2.
00

21
6.

00
Ef

ra
im

et
al

.,
20

10
[5

0]
Br

az
il

Fo
ra

st
er

o
U

nf
er

m
en

te
d

54
8.

20
23

8.
80

A
fo

ak
w

a
et

al
.,

20
13

[5
6]

G
ha

na
N

M
Fe

rm
en

te
d

21
0.

00
53

4.
00

18
8.

00
Ef

ra
im

et
al

.,
20

10
[5

0]
Br

az
il

Fo
ra

st
er

o
Fe

rm
en

te
d

55
6.

00
16

9.
90

R
ed

gw
el

le
ta

l.,
20

03
[5

2]
G

ha
na

N
M

D
ry

co
co

a
be

an
s

1.
58

4.
18

0.
62

R
ed

gw
el

le
ta

l.,
20

03
[5

2]
Iv

or
y

C
oa

st
N

M
D

ry
co

co
a

be
an

s
1.

55
2.

80
0.

80
R

ed
gw

el
le

ta
l.,

20
03

[5
2]

Ec
ua

do
r

N
M

D
ry

co
co

a
be

an
s

4.
83

1.
72

0.
84

G
u

et
al

.,
20

13
[5

3]
Pa

pu
a

N
ew

G
ui

ne
a

Tr
in

it
ar

io
R

oa
st

ed
45

8.
60

G
u

et
al

.,
20

13
[5

3]
In

do
ne

si
a

Tr
in

it
ar

io
R

oa
st

ed
49

8.
50

G
u

et
al

.,
20

13
[5

3]
C

hi
na

Tr
in

it
ar

io
R

oa
st

ed
39

2.
40

G
u

et
al

.,
20

13
[5

3]
C

hi
na

Tr
in

it
ar

io
R

oa
st

ed
43

4.
40

R
ed

gw
el

le
ta

l.,
20

03
[5

2]
G

ha
na

N
M

R
oa

st
ed

1.
41

0.
60

0.
05

R
ed

gw
el

le
ta

l.,
20

03
[5

2]
Iv

or
y

C
oa

st
N

M
R

oa
st

ed
2.

03
0.

44
0.

05
13

4.
40

R
ed

gw
el

le
ta

l.,
20

03
[5

2]
Ec

ua
do

r
N

M
R

oa
st

ed
6.

24
0.

61
0.

11
18

1.
70

A
bb

re
vi

at
io

ns
:N

M
,n

ot
m

en
ti

on
ed

.

180



Nutrients 2019, 11, 884

3.1. Composition of Volatile Compounds from Cocoa Beans

More than 600 different VOCs have been identified in chocolate flavor. Substances such as aliphatic
esters, polyphenols, unsaturated aromatic carbonyls, diketopiperazines, pyrazines, and theobromine
are developed, and these compounds provide the characteristic chocolate flavor [49].

3.1.1. VOCs Associated with Inoculated Cocoa Beans

A total of twenty VOCs profiles from inoculated cocoa beans with yeast starters (n = 10) and from
chocolate produced from inoculated cocoa beans also with yeasts (n = 10) has been recently reported from
ten different cocoa varieties using eleven different yeast strains over the world (Table 1). The identified
VOCs from five different cocoa varieties inoculated with different yeasts during fermentation originated
from Cameroon and Brazil were used to create a list of all the identified compounds. The data were
treated as dummy variables indicating whether the VOCs were identified and only the most frequently
reported were used to increase our knowledge of the probable VOCs formed when cocoa beans are
inoculated with yeasts [6,25,33]. As expected, esters, alcohols, and aldehydes were the three major VOCs
groups characterized in fermented cocoa beans inoculated with yeast (Figure 2).

Figure 2. Most identified and abundant volatile compounds in fermented and roasted cocoa beans
and chocolate.

In detail, the most predominant VOCs among the three studies were ethyl acetate, benzaldehyde,
hexanoic acid, and the key aromatic markers for chocolate (2-heptanol, 2-phenylethanol, 2-phenylethyl
acetate, and phenylacetaldehyde) [48], while the most abundant compounds at the end of the
fermentation were ethyl octanoate, 1-butanol, 1-pentanol, phenylacetaldehyde, ethyl acetate, isoamyl
acetate, limonene, and acetic acid (Table 3) [6,25,33]. It is important to highlight that recently, it has been
demonstrated that the volatilome profile of cocoa beans fermented in boxes increased the production
of alcohols and esters compared to heap fermentations [6]. However, not only the type of fermentation
could influence the volatilome profile. It has been shown that the effect of the yeast starter on different
cocoa varieties also influences the relative percentage of VOCs, such as 2-phenylethanol and ethyl
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acetate [33]. Concerning the dynamics of VOCs, it has been reported that the concentrations of
limonene-epoxide and 1-butanol decreased over the fermentation time, while ethyl acetate, limonene,
benzaldehyde, benzyl alcohol, acetoin, 3-methyl-1-butanol, acetic acid, and the key-aroma markers
(phenylacetaldehyde, 2-heptanol and, 2-phenylethanol) increased (Table 3). The development of VOCs
during cocoa fermentation and the appropriate selection of starter culture play a crucial role especially
for consumers that follow a raw-food diet. Fermented cocoa beans are a suitable food product for this
new trend towards raw foods and desirable attributes should also be met after fermentation [58].

Despite the development of VOCs in inoculated cocoa fermentations, the volatilome profile of
chocolate produced from cocoa beans originated from Brazil and Malaysia, inoculated with S. cerevisiae
and T. delbrueckii, and a mixed culture of these two yeasts at the beginning of the fermentation has
been assessed (Table 1) [31,34,38]. Interesting observations can be made regarding the most frequently
identified VOCs in the fermented cocoa beans inoculated with yeasts and the chocolate produced also
from inoculated cocoa beans with yeasts, which support the idea that some VOCs produced during
fermentation can remain after processing (Figure 2). Remarkably, acetic acid was the most abundant
VOC during fermentation and remained the most abundant VOC in chocolate followed by acetoin and
2-phenylethanol (Table 3) [31,34,37].

Several limitations were noted during the collection of the reported VOCs in both the inoculated
fermented cocoa beans and the chocolate produced from different inoculated cocoa beans. The first
limitation was related to the incongruency of the total number of VOCs and terpenoids reported,
whereas some studies have not reported any terpenoids and the total number of VOCs identified
vary from 34 to 72 compounds [6,25,31,33,34,37]. Second, studies that identified VOCs in inoculated
fermented cocoa beans and chocolate are limited. Although there are no studies that have been tracking
the presence of VOCs over the whole chocolate process, this review provides us with an idea of which
VOCs are only formed during the fermentation of cocoa beans inoculated with yeast species and
could probably remain in the end product. It is worth noting that future research in the identification
of VOCs may further increase our knowledge on the role of yeasts, particularly if they increase the
production of esters, aldehydes, and terpenoids. This could heighten the positive impacts of yeasts
during cocoa fermentation.
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3.1.2. Dynamics of VOCs during Roasting

Roasting of cocoa beans is used to diminish moisture and acidity by reducing concentrations of
volatile acids such as acetic acid and water [49]. However, the degree of this reduction depends on
the time/temperature conditions used [59]. Several chemical reactions such as Maillard and Strecker
reactions play an important role during roasting to develop the characteristic aroma and flavor of
chocolate [55]. These reactions reduce sugars and amino acids to produce mainly heterocyclic groups
such as aldehydes and pyrazines. Indeed, roasting has been shown to be a more effective amine
generator than fermentation and it has been observed that the fermentation process supplied precursors
for Strecker aldehyde formation. Overall, these reactions also depend on temperature and pH, in which
higher temperatures increase amine generation [49,55,59].

Enormous progress is currently being made in the identification of VOCs during roasting [48,59–65].
In detail, a total of 243 VOCs has recently been reported from three different cocoa varieties originating
from ten different countries (Table 4). The most frequently identified and abundant VOCs in roasted
cocoa beans are acetic acid, 3-methylbutanoic acid, benzaldehyde, and the key aromatic compounds
(2-heptanol, 2-phenylethanol, phenylacetaldehyde, and 2-methylbutanal, Table 3) [59–64]. Interestingly,
we observed that the key aromatic compounds (2-phenylethyl acetate, phenylacetaldehyde, and
2-heptanol), benzaldehyde, acetic acid, as well as trimethylpirazine and 3-methylbutanal, formed
during inoculated fermentations, were still present after the roasting process [48,59–65].

Table 4. Overview of the volatile organic compounds of roasted cocoa beans from different origins
under different roasting conditions.

Source Country Variety Equipment
Roasting conditions

Temperature (◦C) Time (min)

Bonhevi et al., 2005 [60]
Ghana, Cameroon,
Ivory Coast, Brazil

and Ecuador
NM GC-MS 130 48

Ramli et al., 2006 [59] Malaysia NM GC-MSD 150 30
Frauendorfer and Shieberle, 2008 [63] Grenada Criollo HRGC-MS 95 14

Huang and Barringer, 2011 [61] Ecuador NM SIFT-MS 150 30
Van Durme et al., 2016 [62] Ghana and Tanzania NM HS-SPME-GC-MS 150 30
Magagna et al., 2018 [65] Mexico NM HS-SPME-GCxGC-MS 100–130 20–40

Tan and Kerr, 2018 [64] United States of
America Forastero GC-MS and

ANN-based-e-nose 135 0–40

Magagna et al., 2017 [48] Ecuador and Mexico Trinitario hybrids GCxGC-MS,
GCx2GC-MS/FID nm nm

Abbreviations: nm: Not mentioned, SIFT-MS: Selected ion flow tube-mass spectrometry, GC-MS: Gas
chromatograph-mass spectrometer, ANN: Artificial neural network, GC-MSD: Gas chromatography-Mass selective
detector, HRGC-MS: High-resolution gas chromatography-mass spectrometry, HS-SPME: Head-space solid-phase
micro-extraction, FID: Flame ionization detector.

In terms of the concentration changes in VOCs during roasting, it has been shown that the key
odorants formed during fermentation 2-heptanol, 2-phenylethyl acetate, 2-phenylethanol, butanoic
acid, and ethyl 2-methylbutanoate remained nearly constant during the roasting process, while the
formation of pyrazines, a by-product of Maillard reaction, mainly occurs during roasting [48,63,64].
It should also be noted that the loss and development of limonene, ethyl acetate, benzaldehyde, and
2-methylbutanal after thermal processing remains unclear.

4. Synthesis of VOCs by Fungal Communities and their Potential Health Benefits

Research on microbial flavor generation has tremendously increased over the last two decades and
special attention was given to understand the microbial processes or microbial strategies to produce
flavor compounds [25,27,66–69]. Interestingly, VOCs have been traditionally used and added to
food products more for pleasure and consumers’ acceptability than for nutritional reasons. However,
microorganisms and their metabolites produced have been also exploited for their tremendous potential
to provide health benefits in humans. In fact, it has been recently pointed out the potential health
benefits contributed mainly by VOCs in plant foods [3].
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Volatile organic compounds can be synthesized by biological process (microorganisms during
fermentation), chemical reactions (synthetic and semi-synthetic) or plant extracts, depending on the
type of compound that needs to be synthesized. Concerning biological processes, the microbial
metabolism includes the transformation of natural precursor (sugars, organic acids, amino acids,
and fatty acids) to a wide range of flavor molecules such as aliphatics, aromatics, terpenes, lactones,
O-heterocycles, and S- and N-containing compounds [68]. This review focuses on the formation
of six VOCs (2-phenylethanol, phenylacetaldehyde, 2-methylbutanal, benzaldehyde, limonene, and
2-phenylethyl acetate) that are formed during inoculated cocoa fermentations with yeasts, and remain
present after roasting, and the potential health benefits of these VOCs. Overall, a total of 36 fungi
have been described as producers of the selected VOCs, as shown in Figure 3. In detail, S. cerevisiae,
P. anomala, H. uvarum, H. guilliermondii, and Galactomyces geotrichum have been demonstrated to produce
the majority of the selected VOCs, while a high variation between species of Candida and Pichia has
been reported (Figure 3).

Figure 3. Yeast producer of selected key aromatic compounds in cocoa beans. Abbreviations:
S: Saccharomyces, P: Pichia, C: Candida, G: Galactomyces, Ge: Geotrichum, H: Hanseniaspora, K: Kluyveromyces,
W: Wickerhamomyces, A: Agaricus, B: Bjerkandera, D: Dichomitus, I: Ischnoderma, Po: Polyporus, T: Trametes.
Kl: Kloeckera, Cl: Cladosporium, As: Ascoide.
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Fusel alcohols are generally synthetized by the yeast’s Ehrlich pathway by the conversion of
reducing sugars; this pathway contains a three-enzyme cascade that converts valine, leucine, and
isoleucine into their corresponding alcohols [68]. The microbial production of L-phenylalanine to
2-phenylethanol (a rose like odor) involves the transamination of the amino acid to phenylpyruvate,
decarboxylation to phenylacetaldehyde, and reduction to alcohol by yeast species [27,66,70–74], while
the synthesis of secondary alcohols, such as 2-heptanol can be obtained from 2-heptanone (Table 5) [75].
Regarding the potential health benefits, 2-phenylethanol has been demonstrated to inhibit the growth
of Gram-negative bacteria and filamentous fungi [76,77].

Table 5. Summary table of the yeast producer of selected key aromatic compounds in cocoa beans.

Group VOCs Microorganism Reference

Alcohol

2-heptanol Saccharomyces cerevisiae Cappaert and Laroche, 2004 [75]

2-phenylethanol

Candida tropicalis Koné et al., 2016 [27]
Galactomyces geotrichum Koné et al., 2016 [27]
Geotrichum candidum Janssens et al., 1992 [66]
Hanseniaspora guilliermondii Moreira et al., 2005 [73]
Hanseniaspora uvarum Moreira et al., 2005 [73]
Kluyveromyces lactis Janssens et al., 1992 [66], Fabre et al., 1997 [74]
Kluyveromyces marxianus Janssens et al., 1992 [66], Whittmann et al., 2002 [72],

Etschman et al., 2005 [71], Fabre et al., 1997 [74]
Pichia anomala Janssens et al., 1992 [66]
Pichia farinosa Janssens et al., 1992 [66]
Pichia galeiformis Koné et al., 2016 [27]
Pichia kudriavzevii Koné et al., 2016 [27]
Saccharomyces cerevisiae Kim et al., 2014 [70], Koné et al., 2016 [27], Schwan

and Wheals, 2004 [7], Moreira et al., 2005 [73],
Fabre et al., 1997 [74]

Wickerhamomyces anomalus Koné et al., 2016 [27]

Aldehydes

2-methylbutanal Saccharomyces cerevisiae Janssens et al., 1992 [66], Larroy et al., 2002 [78]

Benzaldehyde

Agaricus bisporus Janssens et al., 1992 [66]
Bjerkandera adusta Lapadatescu et al., 1997 [79]
Dichomitus squales Lapadatescu et al., 1997 [79]
Galactomyces geotrichum Koné et al., 2016 [27]
Ischnoderma benzoinum Lapadatescu et al., 1997 [79]
Pichia pastoris Berger, 2007 [68]
Polyporus tuberaster Kawabe and Morita, 1994 [80]
Saccharomyces carlsbergensis Pal et al., 2009 [81]

Phenylacetaldehyde Kluyveromyces marxianus Etschman et al., 2005 [71]
Acetobacter Berger, 2007 [68]

Ester

Ethyl acetate

Candida tropicalis Koné et al., 2016 [27]
Candida utilis Janssens et al., 1992 [66]
Geotrichum candidum Janssens et al., 1992 [66]
Hanseniaspora guilliermondii Rojas et al., 2001 [82]
Hanseniaspora uvarum Rojas et al., 2001 [82]
Kloeckera apiculate Schwan and Wheals, 2004 [7]
Pichia anomala Janssens et al., 1992 [66], Rojas et al., 2001 [82]
Pichia farinosa Janssens et al., 1992 [66]
Pichia kudriavzevii Koné et al., 2016 [27], Pereira et al., 2017 [25]
Saccharomyces cerevisiae Janssens et al., 1992 [66], Koné et al., 2016 [27],

Rojas et al., 2001 [82], Schwan and Wheals, 2004 [7]
Wickerhamomyces anomalus Koné et al., 2016 [27]
Kluyveromyces lactis Van Laere et al., 2008 [83]

2-Phenylethyl acetate

Cladosporium cladosporoides Janssens et al., 1992 [66]
Geotrichum candidum Janssens et al., 1992 [66]
Hanseniaspora guilliermondii Rojas et al., 2001 [82], Moreira et al., 2005 [73]
Hanseniaspora uvarum Rojas et al., 2001 [82]
Kluyveromyces marxianus Janssens et al., 1992 [66], Whittmann et al., 2002 [72],

Etschman et al., 2005 [71]
Pichia anomala Janssens et al., 1992 [66], Rojas et al., 2001 [82]
Pichia farinosa Janssens et al., 1992 [66]
Saccharomyces cerevisiae Kone et al., 2016 [27], Rojas et al., 2001 [82]
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Table 5. Cont.

Group VOCs Microorganism Reference

Terpenoid

Limonene Ascoidea hylecoeti Janssens et al., 1992 [66]

Limonene metabolites
(terpineol, verbenol)

Armillareira,
Aspergillus
Cladosporium

Duetz et al., 2003 [84], Janssens et al., 1992 [66]

Limonene metabolites
(limonene-1,2-epoxide)

Corynespora
Diplodia

Duetz et al., 2003 [84]

Limonene metabolites
(verbenone)

Hormonema Berger, 2007 [68]

Limonene metabolites
(carvone, carveol)

Penicillium
Pleutotus

Janssens et al., 1992 [66], Duetz et al., 2003 [84]

Limonene metabolites Pichia angula
Ambrosiozyma
Fusarium

Janssens et al., 1992 [66] Berger, 2007 [68]

Besides 2-phenylethanol, other VOCs such as benzaldehyde and its derivates have been used
as preservatives [85,86]. However, this compound is also able to induce antitumor activity in
human cells [85–88] and antioxidant activity [53,89]. Concerning the conversion of benzyl alcohol or
L-phenylalanine into benzaldehyde, this conversion has been attributed not only to yeasts but also
to the basidiomycetes’ activity (Table 5) [27,66,79–81]. In general, aldehydes can be produced by the
oxidation of alcohols such as 2-methylbutanol, 3-methylbutanol, and 2-methyl-1-propanol derived
from short-chain aliphatic aldehydes such as acetaldehyde, 2-methyl-1-propanal, 2-methylbutanal,
and 3-methylbutanal efficiently produced by the metabolism of yeast [66,78].

Regarding the biosynthesis and conversion of monoterpenes, it has been associated with the
basidiomycetes’ metabolism. Limonene is produced by plants as a defense for pathogens, and this
transforms into other monoterpenoids such as carvone, terpineol, perillyl alcohol, limonene epoxide,
and verbenone, which can be associated with the activity of several fungal species (Table 5) [66,68,84].
Interestingly, recent in vivo and in vitro studies have reported anticarcinogenic and antinociceptive
activity of limonene [90–96], and this compound has also been used as a preservative [97].

Last but not least, the well-known ester 2-phenylethyl acetate is recognized for its antimicrobial
activity [98]. In general, the biotransformation of esters includes a more complex catabolic reaction, and it
comprises the esterification of amino acids or short-chain aliphatic fatty acid and terpenyl alcohol into the
desired flavor ester. The transformation of 2-phenylethyl acetate is usually metabolized from amino acids,
such as phenylalanine and/or phenylpyruvic acid also from yeast species (Table 5) [66,73,82]. Besides
2-phenylethyl acetate, ethyl acetate is formed from the esterification of leucine, isoleucine or valine, and
a natural aliphatic alcohol has been attributed to the activity of yeast (Table 5) [7,25,27,73,82,83].

Overall, the potential health effect of the selected VOCs synthesized by chemical reactions or
biological processes have been linked to prevent or delay diseases or the growth of undesirable
microorganisms. In summary, it has been reported from in vivo and in vitro studies the anticarcinogenic
and the antinociceptive activity of limonene, [90–96], the antitumor activity of benzaldehyde [85–88], and
antioxidant activity of benzaldehyde and its derivates [99,100]. In addition, 2-phenylethanol [76,77,101],
2-phenylethyl acetate [98], limonene [97], benzaldehydes, and derivates [89,99,100,102] have been
widely used as preservatives.

While most studies have focused on describing the capacity of VOCs to prevent, slow or inhibit the
growth of microorganisms, tumors, or cells to provide health benefits, recent literature has demonstrated
the capacity of these compounds to stimulate communication with the limbic system of the brain via
neurons through oral routes and olfactory receptors in the nose, which changed mood and emotions
by creating a sedative effect for the reduction of stress and anxiety, and finally by reducing the pain
perception [103]. On the other hand, dysfunction of the chemosensory activities were highly related to
differences in dietary behaviors, including loss of appetite, unintended weight loss, malnutrition, and
well-known psychiatric and neurological disorders [104–109]. More important is the fact that this loss
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has been reported to affect the general population and it remains undiagnosed in some patients [104,110].
In this regard, 2-phenylethanol has been used to counteract the olfactory dysfunction due to multiple
etiologies [111–117]. However, the mechanism of action of the improvements of the smell progresses
and the association of chemosensory function with dietary and health outcomes remains unclear.
There is no doubt that individuals with this dysfunction, highly observed in neurological diseases
such as Parkinson’s, are more likely to experience a hazardous event and are the major concern for
public health. Considering the positive effect of the single compounds, also produced by microbial
communities during cocoa fermentation, this review hypothesizes that the consumption of chocolate
produced from inoculated cocoa beans with yeasts could provide a positive health effect to consumers.
However, more comprehensive studies are required to confirm the potential effect of VOCs from
chocolate in human health.

In terms of international legal regulations, according to the Join FAO/WHO expert committee on
food additives, all the VOCs proposed in this review are categorized as flavoring agents and do not
represent a safety concern since they are predictably metabolized efficiently into innocuous products
and their estimated daily intake are below the threshold for daily human intake [118].

5. Conclusions

Microbial communities in, on, and around our food are essential for exploring the interaction
between the food system and its inter-connectedness with human health. Tracking the production
of functional compounds produced by microbes will serve to improve the formation of desirable
compounds. Future perspectives on the selection of the best candidate starter cultures possessing
genes coding for oral usage to acquire desirable compounds and the mechanism underlying flavor
perception linked to nutritional or health values need to be assessed. The findings of the present review
and future analyses of VOCs may help to inform researchers, policy makers, the chocolate industry,
and the general public to explore yeasts as proper producers of important VOCs to improve quality
and health.
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Abstract: In this study we investigated the oligopeptide pattern in fermented cocoa beans and
derived products after simulated gastrointestinal digestion. Peptides in digested cocoa samples were
identified based on the mass fragmentation and on the software analysis of vicilin and 21 KDa cocoa
seed protein sequences, the most abundant cocoa proteins. Quantification was carried out by liquid
chromatography/electrospray ionisation mass spectrometry (LC/ESI-MS) using an internal standard.
Sixty five peptides were identified in the digested samples, including three pyroglutamyl derivatives.
The in vitro angiotensin-converting enzyme (ACE)-inhibitory activity of cocoa digests were tested,
demonstrating a high inhibition activity, especially for digestates of cocoa beans. The peptides
identified were screened for their potential ACE inhibitory activity through an in silico approach,
and about 20 di-, three- and tetra-peptides actually present in our samples were predicted as active.
Two of the potentially active peptides were chemically synthesized and then assessed for their
inhibitory activity by using the ACE in vitro assay. These peptides demonstrated an ACE inhibitory
activity, however, that was too weak to explain alone the high activity of cocoa digestates, suggesting
a synergic effect of all cocoa peptides. As a whole, results showed that an average chocolate portion
(30 g) ensures an amount of peptides after digestion that, assuming complete absorption, could reach
almost a complete inhibition of ACE.

Keywords: cocoa; oligopeptides; simulated gastrointestinal digestion; angiotensin-converting enzyme
(ACE) inhibitory activity

1. Introduction

Cocoa beans, from the fruit of the cocoa tree (Theobroma cacao L.), are transformed into chocolate
and other cocoa products by a complex process involving fermentation, drying and roasting. By the
1600s and 1700s, chocolate and cocoa were viewed not just as a beverage with a pleasurable taste,
but also as a food to treat a number of disorders [1]. Possible health benefits of chocolate have been
reported for many years but it is only recently that some of these claims are being more clearly
identified and studied. For example, the antioxidant and health-promoting properties of cocoa
and cocoa-related products have been thoroughly investigated and various health claims for cocoa
polyphenolics have been proposed [2]. Recently, the European Food Safety Authority (EFSA) issued a
positive opinion on cocoa flavanols and maintenance of endothelium-dependent vasodilation, which
contributes to normal blood flow [3]. While the polyphenols and antioxidant activity of cocoa have been
extensively studied, little is known about the potential health effects of other cocoa components such

Nutrients 2019, 11, 985; doi:10.3390/nu11050985 www.mdpi.com/journal/nutrients199
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as peptides/proteins [4]. Peptides are currently considered important bioactive constituents of food,
however the potential biological activities of oligopeptides found in cocoa are under-investigated in
cocoa literature. Biologically active or functional peptides are food-derived peptides that exert, beyond
their nutritional value, a physiological effect in the body [5]. Dietary proteins provide a rich source of
bioactive peptides, which are hidden in a latent state within the native protein, requiring enzymatic
proteolysis for their release. Bioactive peptides can be produced during in vivo gastrointestinal
digestion and/or food processing and they have been reported in a wide range of animal and vegetable
proteins, such as bovine and human milk, fish, meat, soybean and cereals [6]. In vitro and in vivo
studies demonstrated several biological functions attributed to bioactive peptides, such as antimicrobial,
immunomodulatory, enhancement of mineral absorption, antithrombotic, antihypertensive, opioid
and antioxidant activities [7].

In cocoa, peptides are naturally formed during cocoa beans’ fermentation, as previously
reported [8–11], and together with amino acids they are considered important flavour precursors [12–14].
Peptides in cocoa derive from the two major protein fractions, globulins, consisting of a 66 kDa
vicilin-like storage protein [15], and albumin consisting of a 21 kDa protein with trypsin
inhibitory properties [16]. Cocoa proteins during natural cocoa fermentation are cleaved to
hydrophilic and hydrophobic peptides as well as amino acids through autolysis by two endogenous
enzymes, aspartic endoprotease and carboxypeptidase activated by microbial metabolites as acetic
acid [17]. Besides generating the characteristic chocolate aroma, the potential biological activities of
oligopeptides found in cocoa are of interest. Two papers report the physiological effects (antioxidant,
angiotensin-converting enzyme inhibitors and hypoglycaemic activities) of cocoa autolysates containing
peptides and amino acids [18,19] and, more recently, the antioxidant properties of cocoa protein
enzymatic hydrolysates [20]. A patent for the production of angiotensin-converting enzyme (ACE)
inhibitory peptides from cocoa was also developed [21], demonstrating the growing interest in the
topic. However, the identification of peptides responsible for the activities is largely unknown,
together with the resistance of peptides through the gastrointestinal tract, a pre-requisite for their
bioavailability. In fact, before testing any systemic biological activity of food peptides mixtures, it is of
utmost importance to assess their bioavailability, and as a first step their resistance to gastrointestinal
digestion. Moreover, gastrointestinal digestion might even form new peptides, with more biological
activity. However, the information about the peptide composition of cocoa after ingestion is, at the
moment, lacking in the literature. Therefore, the aim of this study was the identification of the peptides
released after in vitro simulated gastrointestinal digestion of cocoa beans and derived products, using
a physiological digestion model. Moreover, the potential ACE inhibitory activity of cocoa peptides
found after digestion was evaluated by an in silico/in vitro combined approach.

2. Materials and Methods

2.1. Cocoa Samples

The release of oligopeptides by in vitro gastrointestinal digestion model was investigated for
different typologies of cocoa samples. Two samples of well fermented cocoa beans of Forastero varieties
of different geographical origins (Congo and Dominican Republic) were kindly provided by Barry
Callebaut, Belgium. To highlight the eventual different release of peptides due to the cocoa process,
one intermediate product of the cocoa processing chain (cocoa paste) and one end product (dark
chocolate bar, 40% of cocoa mass) were also included in the experimental plan.

2.2. Extraction of Peptides from Non-Digested Samples

Peptides were extracted according to the method previously described [8]. A total of 10 g of
finely grinded cocoa sample was suspended in 45 mL of 0.1 N HCl. (L,L)-phenylalanylphenylalanine
(Phe-Phe) was added as an internal standard (2.25 mL of a 1 mM solution). The suspension was
homogeneized for 1.5 min by Ultra Turrax T50 at 4000 rpm (Janke and Hunkel Labortechnik, Germany)
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and then centrifuged at 4000 rpm for 30 min at 4 ◦C by an ALC 4237R centrifuge. The solution was
filtered through paper filters (pore dimensions 15–20 μm) and then extracted four times with 50 mL
of ethyl ether. The solution was filtered again with a Millipore 47 mm Steril Aseptic system through
0.45 μm HVLP millipore filters. A total of 1.5 mL of the resulting solution were mixed with 0.5 mL
of a formic acid solution (0.1%). The solution was diafiltered through Sartorius Vivaspin 2 filters
(nominal molecular cut-off 10 KDa) by using an Amicon Micropartition system MPS-1. The filtrate was
dried under nitrogen, redissolved in water with formic acid (0.1% v/v), and analyzed by ultra-high
performance liquid chromatography/electrospray ionisation mass spectrometry (UPLC/ESI-MS).

2.3. Simulated In Vitro Gastro-Intestinal Digestion

Following the procedure described by Minekus et al. [22], 2.5 g of finely ground cocoa were
digested. Briefly, three main steps were carried out: salivary phase, gastric phase and intestinal phase.
3.5 mL of simulated salivary fluid (15.1 mM KCl, 3.7 mM KH2PO4, 13.6 mM NaHCO3, 0.15 mM
MgCl2 and 0.06 mM (NH4)2CO3) were added to the sample, together with 0.5 mL of amylase solution
(1500 U/mL), 25 μl of calcium chloride (300 mM) and 0.975 mL of distilled water. Samples were briefly
stirred using a vortex and incubated for 2 min at 37 ◦C on a reciprocating shaker (Stuart Scientific,
Staffordshire, UK). Then, 7.5 mL of simulated gastric fluid (6.9 mM KCl, 0.9 mM KH2PO4, 25 mM
NaHCO3, 47.2 mM NaCl, 0.1 mM MgCl2 and 0.5 mM (NH4)2CO3) were added to the samples, together
with 1.6 mL of pepsin solution (25,000 U/mL), 5 μL of calcium chloride (300 mM), 0.2 mL of 1 M
hydrochloric acid and 0.695 mL of distilled water. The pH was adjusted to 3 with 1 M HCl and the
samples briefly stirred using a vortex and incubated for 2 h at 37 ◦C on a reciprocating shaker (Stuart
Scientific, Staffordshire, UK). Finally, 11 mL of simulated intestinal fluid (6.8 mM KCl, 0.8 mM KH2PO4,
85 mM NaHCO3, 38.4 mM NaCl and 0.33 mM MgCl2) were added, together with 5 mL of pancreatin
solution (800 U/mL), 2.5 mL of bile solution (75 mg/mL), 400 μL of calcium chloride (300 mM), 150 μL
of 1 M sodium hydroxide and 1.31 mL of distilled water. The pH was adjusted to 7 using NaOH
1 M and the samples briefly stirred using a vortex and incubated for 2 h at 37 ◦C on a reciprocating
shaker (Stuart Scientific, Staffordshire, UK). To stop the digestion and inactivate enzymes, samples
were heated at 100 ◦C for 10 min.

After cooling, 1 mL of the internal standard Phe-Phe (1 mM) is added and the solution acidified by
HCl (pH 1–2). Samples are centrifuged for 30 min at 4000 rpm at 4 ◦C to precipitate insoluble proteins
and undigested compounds, then the aqueous phase is separated and subjected to two extractions
with diethyl ether to remove lipids and then treated as previously reported for undigested samples.

2.4. Ultra-High Performance Liquid Chromatography/Electrospray Ionisation Mass Spectrometry (UHPLC/ESI-MS)
Analysis Conditions

Peptides were analyzed by a UHPLC/ESI-MS system (ACQUITY Ultra Performance LC, WATERS,
Milford, MA, USA) in the following conditions. Eluent A: water with 0.1% (v/v) formic acid and 0.2%
(v/v) acetonitrile; eluent B acetonitrile with 0.1% (v/v) formic acid; gradient elution was performed
according to the following steps: 0–7 min isocratic 100% A, 7–50 min linear gradient from 100% A
to 50% A, 50–52 min isocratic 50% A, 53–58 min from 50% A to 0% A and reconditioning. Column:
AQUITY UPLC BEH C18 (1.7 μm, 2.1 mm× 150 mm). Column temperature was 35 ◦C. Injection volume
was 2 μL; flow rate: was 0.2 mL/min. MS conditions: ESI, positive ions, single quadrupole analyzer.
Capillary voltage: 3.2 kV; cone voltage: 30 V; source temperature: 150 ◦C; desolvation temperature:
300 ◦C; cone gas flow (N2): 100 L/h; desolvation gas (N2): 650 L/h; acquisition: 100:2000 m/z. All data
were acquired and processed by the software MassLynx 4.0 (Waters, Milford, MA, USA).

2.5. Peptides Identification by High-Performance Liquid Chromatography/Tandem Mass Spectrometry
(HPLC/MS-MS)

Low-resolution mass spectrometry (LRMS) analysis was performed on digested cocoa samples,
in order to identify the amino acid sequences of the peptides. LRMS analysis was performed in positive
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mode accordingly to Prandi et al. [23]. Prior to LC-MS analysis, samples were centrifuged at 6708× g,
4 ◦C for 10 min to precipitate insoluble compounds. Chromatographic separation was achieved using
a reverse phase column (Aeris Peptide 1.7 μm XB-C18, 150 mm × 2.10 mm, Phenomenex, Torrance, CA,
USA) in an UHPLC system (Dionex Ultimate 3000, Thermo Scientific, Waltham, MA, USA). Eluent A
was water with 0.1% (v/v) formic acid and 0.2% (v/v) acetonitrile, eluent B was acetonitrile with 0.1%
(v/v) formic acid and 0.2% water. Flow was maintained at 0.2 mL/min and the gradient applied was:
0–7 min, 100% A; 7–50 min, from 100% A to 50% A; 50–52.6 min, 50% A; 52.6–53 min, from 50% A to 0%
A; 53–58.2 min, 0% A; 58.2–59 min, from 0% A to 100% A; 59–72 min, 100% A. Total run time: 72 min;
column temperature: 35 ◦C; sample temperature: 18 ◦C; injection volume: 2 μL. Detection was achieved
using a triple quadrupole TSQ Vantage (Thermo Scientific, Waltham, MA, USA) using the following
parameters: positive ion mode, acquisition time: 7–58.2 min (7 min of solvent delay were applied
at the beginning of the chromatographic run), acquisition range: 100–1500 m/z; micro scans: 1; scan
time: 0.50; Q1 PW: 0.70; spray voltage: 3200 V; capillary temperature: 250 ◦C; vaporizer temperature:
250 ◦C; sheath gas flow: 22 units. Different collision energies (CE) were applied depending on the mass
and charge of the ion to be fragmented. Peptides fragments were also compared with cocoa peptide
sequences reported by D’Souza et al. [11].

2.6. Peptides Quantification

Peptides from digested and undigested samples were quantified by comparison to the internal
standard (Phe-Phe), assuming a response factor equal to 1. For the correct integration of peaks,
the extract ion chromatogram (XIC) technique was applied. The oligopeptides were semi-quantified by
measuring the ratio between the XIC peptide area and the relative XIC area of Phe-Phe, as previously
described [24]. Data obtained were expressed as mg of peptide respect to cocoa sample assuming that
the specific response factor for each peptides is equal to 1, which is certainly not the case. With this
limitation in mind, the quantitative data were used mostly for comparative purposes and to highlight
trends and differences among samples.

2.7. Determination of In Vitro Angiotensin-Converting Enzyme (ACE) Inhibitory Activity of Cocoa Digestates

The percentage of ACE inhibitory activity for digested cocoa samples was determined by using
the methods of Cushman et al. [25] with some modifications as reported by Dellafiora et al. [26] and
according to the following equation:

I% = [(ACEmax − Bmax) − (ACEmin − Bmin)]/(ACEmax − Bmax) × 100 (1)

where ACEmax is the maximum activity of ACE (in the absence of the cocoa peptides), ACEmin is the
minimal activity of ACE (in the presence of the peptides), Bmax is the control blank of ACE and Bmin
is the control blank of sample/pure peptide.

The following solutions were prepared: sodium borate buffer (0.1 M, NaBB) with NaCl (300 mM), pH
8.3; potassium phosphate buffer (0.01 M, KPB) with NaCl (500 mM), pH 7; 5 mM hippurylhistidyl-leucine
(HHL) in NaBB buffer; and ACE 0.1 U/mL in KPB + 5% glycerol (g/mL). The experiment was carried out at
37 ◦C in a thermostatic bath with the following parameters: maximum activity of ACE (ACEmax) = 200 μL
of HHL + 80 μL of digestion blank + 20 μL of ACE; control blank of ACE (Bmax) = 200 μL of HHL + 80 μL
of NaBB + 20 μL of KPB; minimal activity of ACE (ACEmin) = 200 μL of HHL + 80 μL of sample (i.e.,
fraction or pure peptide) + 20 μL of ACE; control blank of sample (i.e., fraction or pure peptide) (Bmin) =
200 μL of HHL + 80 μL of sample (i.e., fraction or pure peptide) + 20 μL of KPB. After 60 min of incubation,
the reaction was quenched with 250 μL of HCl (1 N).

Because the digested cocoa extract is a complex mixture containing several compounds, each of
which could possess a potential ACE inhibitory activity, solutions containing compounds representative
of the main cocoa molecular classes present in the extracts (theobromine for methylxanthines, epicatechin
for polyphenols and free amino acids) and simulating the real concentrations contained in the cocoa
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extract were also prepared. The analysis of HHL and hyppuric acid (HA) was performed by
UPLC-ESI-MS in the following conditions: eluent A: H2O (0.2% CH3CN and 0.1% HCOOH); eluent
B CH3CN (0.1% HCOOH); gradient elution was performed according to the following steps: 2 min
isocratic 100% A, 2–6 min linear gradient from 100% A to 0% A and reconditioning. Column: AQUITY
UPLC BEH C18 (1.7 μm, 2.1 mm × 150 mm). Flow rate: 0.25 mL/min. MS conditions: ESI, negative
ions, single quadrupole analyzer. Capillary voltage: 2 kV; cone voltage: 30 V; source temperature:
150 ◦C; desolvation temperature: 300 ◦C; cone gas flow (N2): 100 L/h; desolvation gas (N2): 650 L/h;
acquisition: 80:1000 m/z. ACE activity was determined by calculating the ratio of HA and HHL,
utilizing as quantification ions m/z 178 and 428 respectively.

Antihypertensive activity was determined on cocoa digestate NaBB solutions, containing 50 mg
cocoa mass/mL, corresponding to an approximate range of peptides of 10–30 μg/mL (quantitative
amount are reported in Table 1).

2.8. Prediction of ACE Inhibitory Activity of Cocoa Digestate Peptides by Computational Procedures

2.8.1. Pharmachopore Models

The anatomy of the open and closed ACE binding sites was investigated by using the Flapsite tool
of FLAP software (Fingerprint for Ligand And Protein; http://www.moldiscovery.com, Hertfordshire,
UK) [27], and the GRID molecular interaction fields (MIFs) was used to investigate the corresponding
pharmacophoric space. The DRY probe was used to describe the potential hydrophobic interactions,
while the sp2 carbonyl oxygen (O) and the neutral flat amino (N1) probes were used to describe the
hydrogen bond donor and acceptor capacity of the target, respectively. All images were obtained using
the software PyMol version 1.7 (http://www.pymol.org, Schrodinger, LLC, New York, NY, USA).

2.8.2. Molecular Modelling

The models for both C- and N-domains of ACE were derived from the Protein Data Bank
(http://www.rcsb.org) structures having PDB codes 4APH and 4BZS, respectively. Protein structures
and ligands were processed by using the software Sybyl, version 8.1 (www.tripos.com, Certara USA,
Inc., Princeton, NJ, USA). All atoms were checked for atom- and bond-type assignments. Amino- and
carboxyl-terminal groups were set as protonated and deprotonated, respectively. Hydrogen atoms
were computationally added to the protein and energy-minimized using the Powell algorithm whit a
coverage gradient of ≤0.5 kcal (mol Å)–1 and a maximum of 1500 cycles.

Anatomy of the pocket. The two catalytic domains of ACE originated from tandem gene
duplication (ref) and maintain the same 3D organization with 51% of sequence identity (according
to global alignment by using the Needleman–Wunsch algorithm; http://www.ebi.ac.uk/Tools/psa/
emboss_needle). Both domains hold a huge pocket with similar shape which crosses the entire protein
body. However, analyses were focused on catalytic sites retracing the mode of action of inhibitory
drugs (Yates et al., 2014). The regions lining the catalytic site maintain the same organization in both
domains and both pockets share a prevalently hydrophobic environment, albeit they differ for 7 amino
acid substitutions.
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2.8.3. Docking Simulations and Rescoring Procedure

The coupling of GOLD, to perform docking simulations, and HINT (Hydrophatic INTeraction)
software, as re-scoring function, has been already proved to be effectively able to evaluate the
bioactivity of small molecules [28–31] including peptides [32]. The docking simulations of compounds
were performed with the GOLD version 5.1 (CCDC, Cambridge, UK; http://www.ccd.cam.ac.uk).
All crystallographic waters and ligands were removed and 25 poses for each compound were generated.
No constraints were set up, and the explorable space was defined in a radius of 10 Å from the centroid
of the catalitic site. For each GOLD docking search, a maximum number of 100,000 operations were
performed on a population of 100 individuals with a selection pressure of 1.1. Operator weights for
crossover, mutation and migration were set to 95, 95, and 10, respectively. The number of islands was
set to 5 and the niche to 2. The hydrogen bond distance was set to 2.5 Å and the van der Waals linear
cut-off to 4.0. Ligand flexibility options “flip pyramidal N”, “flip amide bonds”, and “flip ring corners”
were allowed. Each best scored pose according to GOLD scoring function was re-scored by HINT.
Owing to the huge dimension of the pocket, the molecules’ positioning has been spatially restrained
according to crystallographic pose of the inhibitory drug captopril.

The software HINT [33] was used as the re-scoring function on the basis of previous studies
attesting the higher reliability of HINT scoring with respect to other scoring functions, as well
as of its successful use in the search for ligands for other targets and in the estimation of ligand
binding free energies. In more detail, the score provides the evaluation of thermodynamic benefits of
protein-ligand interaction, and therefore low/negative scores indicate not appreciable protein-ligand
interactions ([29–32,34]). GOLD uses a Lamarckian genetic algorithm and scores may slightly change
from run to run. Therefore, in order to exclude a non-causative score assignment, we conducted
simulations in quintuplicate and the mean values are reported.

2.8.4. Chemical Synthesis of Specific Peptides Predicted as Active

Peptides VPI and SPV were synthesized on solid phase according Fmoc/t-butyl strategy using a
Syro I Fully Automated Peptide Synthesizer (Biotage, Uppsala, Sweden). The peptides were cleaved
from the Wang resin using a TFA:TIS:H2O (95:2.5:2.5) solution, precipitated with diethyl ether and
desalted on Sep-Pack C18 cartridges (Waters Corporation, Milford, MA, USA). Characterization MH+

(ESI–MS): 328.29 VPI, 302.15 SPV. Each peptide was tested as reported above for its ACE inhibitory
activity, using 80 μL of NaBB solution as blank sample for ACEmax. In this case, the specific IC50 was
also calculated. The IC50 value is defined as the inhibitor concentration that is able to decrease ACE
activity by 50%. To determine IC50, different concentrations of peptides were prepared and their
relative ACE inhibitory activity was evaluated. IC50 values were determined by plotting the percentage
relative inhibition as a function of concentration of test compound.

3. Results and Discussion

The gastrointestinal digestion process has an influence not only on the hydrolysis of peptides still
present in food, but also on the release of peptide sequences encrypted in food proteins. In order to
have a complete picture of the fate of cocoa peptides during the digestion process, both those already
present and those released by the proteins, different cocoa samples were analysed before and after
simulated gastrointestinal digestion. In particular, fermented cocoa beans (currently used as healthy
food or as ingredients in cocoa and bakery products), cocoa paste and dark chocolate were considered.
The digestion procedure was adapted from Minekus et al. [22]: the method mimics the subsequent steps
of the digestion process in terms of composition of the juices in the different compartments (simulation
of salivary juice, gastric juices, duodenal juice and bile) as well as the relative residence times.

Typical MS chromatograms (full scan acquisition) of a cocoa bean sample of Congo origin are
shown in Figure 1, showing the aqueous acidic extract containing peptides, obtained before digestion,
compared with that of the digesta.
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The quali-quantitative peptide profile of digesta from fermented cocoa beans is quite different
with respect to that of the extract before digestion. The main peptides in the chromatograms were
identified on the basis of data previously reported [8,9] on undigested cocoa beans, and some new
peptides were further identified by HPLC/ESI-MS-MS. The complete list of peptides identified is
reported in Table 1. In Figure 2 the amounts of total peptides in samples before and after digestion
were compared, in order to better understand the formation/degradation of peptides in simulated
digestion. Results showed that gastrointestinal digestion has different effects depending on the cocoa
products: total peptide amount in fermented cocoa bean digested samples is generally reduced with
respect to the corresponding non-digested samples (Figure 2), while in cocoa products (cocoa paste and
chocolate) the amount of peptides released during digestion and resistant to the protease activities is
higher respect the amount before digestion. This behaviour could be to the effect of thermal treatment
occurring in cocoa beans to produce cocoa paste and chocolate. In the case of chocolate, it has to be
taken into account also that other ingredients are added, such as sucrose, cocoa butter, lecithin etc.
which probably have an effect on peptide bioaccessibility from proteases.

As far as the original peptides present in cocoa, many peptides seem to resist to simulated
gastrointestinal digestion, even if to different extent. Peptides showing the higher decrease upon
digestion are DVF, GDVF, IEF, PGDVF, SPGDVF, KDQPL, DEEGNFKIL, all having Phe or Leu as
C-terminal. Some peptides are most abundant in digested samples respect to undigested, especially
in cocoa-derived products (cocoa paste and chocolate), indicating that they are formed during
gastrointestinal digestion. The peptides released are mainly dipeptides, e.g., II, LL, LI, IL, PI, PL, PI,
VI, VL, AI. This behavior is in line with those of other food matrices, both animal and vegetal, as for
example raw ham, cheese, soybean, which are recognized as a source of bioactive peptides mainly
formed during digestion [35–38].

The pattern of resistant peptides after in vitro gastrointestinal digestion is of particular significance
for the eventual bioactivity of a cocoa nitrogen fraction.
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Figure 2. Peptides amount (mg/kg) in digested sample compared to the amount in the respective
non-digested samples. Peptides were quantified as ratio of peptides area vs. internal standard area
(phe-phe) and referred to the initial cocoa amount, making the raw assumption that the specific response
factor for each peptides is equal to 1. The total peptides amount is referred to the sum of peptides listed
in Table 1.

3.1. Potentially Bioactive Peptides

We identified for the first time the sequences of peptides derived from cocoa protein resistant to
(or formed during) in vitro gastrointestinal digestion and, as a consequence, potentially bioaccessible,
so it could be of interest to evaluate their potential bioactivity. It is known that in order to stimulate
a biological response, the peptides must be bioavailable, i.e., following digestion, they must be able
to cross the intestinal epithelial cells and enter the blood circulatory system, or produce local effects
in the gastrointestinal tract [39]. The question of the absorption of oligopeptides is paramount to
the science of food-derived bioactive peptides and it has been recently reviewed [40]. Although the
complete mechanism of absorption and the bioavailability of the specific peptides were not investigated,
there is some evidence that small food bioactive peptides are bioavailable and can be absorbed into
the body [41]: whereas there is evidence for some uptake of intact di- and tripeptides from the
human gastrointestinal tract, such uptake is not ubiquitous and there is little support for the uptake
of tetrapeptides and larger peptides. Moreover, it is not completely clear what are the effects of
cytosolic, vascular endothelial tissue peptidases and soluble plasma peptidases, and the half-life of
many peptides in the plasma seems to be very short. Despite all these considerations on the limited
evidence for the effective health effects of peptides in humans, the constant growthe of literature
concerning bioactive peptides in food is a testament to the large interest in this field from the scientific
community. Therefore, it has resulted in interest in predicting the potential bioactivity of new peptide
sequences from new food sources, as in the case of cocoa.

As a first approach, we evaluated the bioactive potential of cocoa peptide formed during digestion
using the BIOPEP database (http://www.uwm.edu.pl/biochemia/index.php/pl/biopep). Because no
studies are present in literature reporting the sequences of bioactive peptides in cocoa, many of the
peptides found in this work are not listed in the BIOPEP database. However, some cocoa peptide
sequences, mainly dipeptides, found in digested samples, match sequences reported in the BIOPEP
database, and their predicted activities are reported in Table 1. Cocoa samples showed high occurrence
of sequences of angiotensin-converting enzyme-inhibitor peptides (ACE) as well as of peptides having
glucose uptake stimulating activity and dipeptidyl peptidase IV inhibitor, suggesting some possible
activities on blood pressure and diabetes, in agreement with the results of the previous works reporting
the antioxidant, ACE inhibitory and hypoglycaemic activities of cocoa autolysates [18,19].
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3.2. ACE Tests on Cocoa Digested Samples

Among the possible bioactivity of cocoa peptides, we focused on the angiotensin I converting
enzyme (ACE) inhibitory activity, due to the beneficial effects of ACE inhibitory peptides on
hypertension, representing one of the major risk in cardiovascular diseases [42]. ACE is an extracellular
enzyme expressed in many types of endothelial cells, especially in the capillaries of the lung, as well as
in epithelial cells in the kidney, small intestine and epididymis [43]. Bioactive peptides are currently
viewed as a nutraceutical approach to moderately control the blood pressure level, even as prevention
in healthy subjects, without bringing a sharp decrease of the pressure or other side effects.

The aqueous peptide fractions of digestate of cocoa bean samples and chocolate were tested
for their ACE inhibitory activities. The digestates tested contained 50 mg/mL of cocoa sample,
corresponding to an approximate range of peptide amount of 10–30 μg/mL, as resulted from the
quantitative analysis of cocoa peptides in digestates reported in Table 1.

Because the aqueous fraction of cocoa digestate contained also significant amounts of other cocoa
hydrosoluble compunds (mainly free amino acids, epicatechin and theobromine), separate solutions
(model systems) of theobromine, epicatechin and a mixture of amino acids in the proportion found in
cocoa proteins were prepared, with concentrations simulating those actually present in the digested
fractions of cocoa products. These solutions were tested for their specific ACE inhibitory activity.

From the results of ACE inhibition (I%) reported in Table 2, it is possible to highlight that the activity
of the ACE remains very high in the presence of the mixture of AA, theobromine and epicatechin,
indicating that these components have a weak ACE inhibitory activity and do not significantly
contribute to the activity that follows registered for cocoa samples.

Instead, the activity of ACE was strongly inhibited when cocoa beans, cocoa paste and chocolate
were tested, indicating a strong ACE inhibitory activity especially for cocoa beans. This is coherent
with the higher amount of peptides present in cocoa bean solution with respect to cocoa paste and
chocolate, confirming that the peptide fraction is the most active against ACE. Consuming fermented
beans is not so common, even if some products start to appear on the market (for example some cookies
containing a part of cocoa beans), due to the higher polyphenol amount and, therefore, the better
health properties. Anyway, the percentage of inhibition reached is higher than 50% (IC50) for all the
cocoa samples tested, comprising chocolate, representing a common cocoa product consumed all
over the world. Considering that the 50% inhibition is obtained in this work digesting 2.5 g of cocoa
beans/cocoa products, it is evident that it is possible to obtain a significant concentration of cocoa
peptide by consuming a normal cocoa portions (30 g, as reported by LARN (Livelli di Assunzione
Raccomandata di Nutrienti per la popolazione italiana, 2014 [44]). Therefore, one can hypothesize that
physiologically relevant concentrations might be reached after dietary consumption of cocoa products,
at least in the intestinal lumen.

Table 2. ACE inhibitory activity of cocoa samples digestates, reported as percentage of inhibition
respect to ACE maximum activity (relative to digestion blank).

Solution Concentration (mg/mL) Esteemed Peptide Concentration (μg/mL) I%

Theobromine 0.3 0 19 ± 5
Epicatechin 0.2 0 20 ± 5

Amino acid mixture 5 0 5 ± 4
Cocoa bean digestate 50 33 95 ± 4
Cocoa paste digestate 50 12 63 ± 10
Chocolate digestate 50 10 75 ± 8

3.3. In Silico Screening of Potential ACE Inhibitory Peptides

To go deeper inside into the molecular mechanisms of cocoa ACE inhibition, we proceeded to test
the specific bioactivity of each resistant cocoa peptide identified in the digestates using a computational
in silico approach. The principal advantage of using this approach is the reduction of the experimental
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efforts in the early stage of bioactive peptides identification, avoiding matrix isolation, chemical
synthesis and an in vitro or in vivo bioactivity test of non-active peptides. Utilizing as a first screening
the in silico approach used in this research, it is possible to assign a priority ranking of peptides in
terms of ACE-inhibitory activity, with the final aim to guide the choice of peptides to be synthesized
and then assessed for their inhibitory activity by using ACE in vitro assay.

ACE is a zinc-dependent carboxypeptidase organized in two distinct catalytic domains.
Both hydrolyze substrates by removing one or more dipeptides from the C-terminal end. In particular,
antihypertensive activity is based on the ability of several peptides to inhibit ACE, which in vivo
converts the decapeptide angiotensin I into the octapeptide angiotensin II, the latter being able to
induce vasoconstriction and to increase blood pressure Computational prediction of peptides ACE
inhibitory activity is based on the assumption that the protein–ligand interaction is the condition for
inhibitory activity. Consequently, in the case of ACE, a peptide is considered active if it is able to
interact with at least one of the two domains. Therefore, the coupling of docking simulations and
rescoring procedures by using the HINT scoring function—whose correlation with the free energy of
binding was previously reported [34]—can be used effectively to predict the inhibitory activity.

Among the entire peptide profile identified after the in vitro physiological digestion of cocoa
beans and derived products (Table 1), we focused only on low Mw peptides (di-, tri- and tetrapeptides)
for the computational analysis. This inclusion criterion was based on the finding that short peptides
may be easily adsorbed trough the intestinal epithelium [41], thus giving a greater physiological
significance. The computational results obtained are reported in Table 3, where 19 peptides were
predicted as active, 17 in both C-domain and N-domain of ACE, and 2 peptides that were active in
only one domain (LLDR in N-domain and QLGN in C-domain).

Table 3. Computational in silico results obtained for the analyzed peptides sequences, presented as
HINT (Hydrophatic INTeraction) scores and expected activity of peptides under analysis.

Cdominio
(cutoff 260)

Ndominio
(cutoff 540)

TOT

Compound HS Interaction HS Interaction

FE 2995 Positive 2443 positive Active
FV 2494 Positive 2776 Positive Active
II 2042 Positive 2380 Positive Active
IL 1935 Positive 2262 Positive Active
LI 2053 Positive 2045 Positive Active
LL 1792 Positive 2062 Positive Active
LY 3110 Positive 2709 Positive Active
PI 1811 Positive 1717 positive Active
PL 1992 Positive 1550 Positive Active
QE 2091 Positive 1466 Positive Active
SPV 1171 Positive 2075 Positive Active
VEL 757 Positive 2160 Positive Active
VF 2406 Positive 2366 Positive Active
VI 1475 positive 2364 positive Active
VL 1584 positive 2212 positive Active
VPI 1258 positive 1707 positive Active
VPL 1200 positive 1203 positive Active

LLDR −913 negative 1224 positive Active
QLGN 799 positive 413 negative Active

3.4. ACE in Vitro Test on Pure (Synthetized) Peptides

Two cocoa tripeptides predicted as active by computational procedure (VPI and SPV) were
chemically synthetized by the Fmoc protocol on an automatic solid-phase peptide synthesizer (Syro
I, Biotage) and tested for their effective in vitro ACE inhibitory activity. Cocoa dipeptides predicted
as active were not synthetized and tested because their activity was in most cases still known in
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literature (BIOPEP database). ACE inhibitory activity of pure peptides VPI and SPV was determined
by a UPLC/ESI-MS method, injecting the reaction products of ACE and hyppuryl-hystidyl-leucine as
substrate, in presence and in absence of peptides. Both peptides predicted as ACE inhibitors by in
silico approach, resulted inhibitors also in vitro. However, they are very weak inhibitors, because the
IC50 is still not reached at concentrations higher than 1000 μM (Figure 3). These data suggest that the
activity registered for cocoa samples is probably the effect of the synergic action of the whole peptide
profile and, in particular, also the di-peptide pattern, could contribute significantly to the effect.

Figure 3. Sigmoid curves obtained by plotting the inhibitory activity of pure peptides SPV and VPI
(synthetized by Fmoc protocol) against peptide concentration.

4. Conclusions

The research methodology utilized in this paper poses the bases for the determination of cocoa
peptides’ bioactivity, a topic largely under-investigated with respect to other food peptides and also
with respect to other cocoa components (e.g., polyphenols). Cocoa peptide mixtures obtained after
simulated gastrointestinal digestion are able to strongly reduce in vitro ACE activity. Moreover, the in
silico approach resulted in an effective tool in prediction of cocoa peptides’ bioactivity, giving the
opportunity to reduce the experimental work aimed at the synthesis of peptides and bioactivity tests.
However, the cocoa tri-peptides predicted as more active, synthetized and effectively tested for their
in vitro bioactivity, resulted in being weak inhibitors, suggesting that probably the dipeptide pattern is
the main one responsible for the activity registered for cocoa samples. A reasonable amount of the
average chocolate portion (30 g) ensures a quantity of peptides after digestion that, assuming complete
absorption, could reach almost a complete inhibition of ACE.

This study further supports the notion that cocoa could be an important component of a healthy
diet by preventing chronic diseases. Taken as a whole, our findings are an important step forward
to the in depth molecular characterization of such a relevant food product beyond its well-known
nutritional properties.
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Abstract: The protein fractions of cocoa have been implicated influencing both the bioactive potential
and sensory properties of cocoa and cocoa products. The objective of the present review is to show
the impact of different stages of cultivation and processing with regard to the changes induced in
the protein fractions. Special focus has been laid on the major seed storage proteins throughout the
different stages of processing. The study starts with classical introduction of the extraction and the
characterization methods used, while addressing classification approaches of cocoa proteins evolved
during the timeline. The changes in protein composition during ripening and maturation of cocoa
seeds, together with the possible modifications during the post-harvest processing (fermentation,
drying, and roasting), have been documented. Finally, the bioactive potential arising directly or
indirectly from cocoa proteins has been elucidated. The “state of the art” suggests that exploration
of other potentially bioactive components in cocoa needs to be undertaken, while considering the
complexity of reaction products occurring during the roasting phase of the post-harvest processing.
Finally, the utilization of partially processed cocoa beans (e.g., fermented, conciliatory thermal
treatment) can be recommended, providing a large reservoir of bioactive potentials arising from the
protein components that could be instrumented in functionalizing foods.

Keywords: cocoa processing; cocoa proteins; classification; extraction and characterization methods;
fermentation-related enzymes; bioactive peptides; heath potentials; protein–phenol interactions

1. Introduction

Principal botanical varieties of Theobroma cacao L. are Forastero, Criollo and Trinitario. Forastero
varieties are regarded as ‘bulk cocoa in trade’ and constitute almost 95% of the cocoa’s total worldwide
production [1]. Both the Trinitario and the Criollo varieties produce the ‘fine flavor’ cocoa beans, which
account for less than 5% of the total cocoa’s world production [1]. Cocoa protein constitutes 11–13%
based on dry weight and may vary depending on geographical origin between 11.8% and 15.7% [2,3].
The average value for the amino acid-based protein content of cocoa bean cotyledons from different
varieties was also investigated and lies at approx. 10.4% [4]; for Criollo it lies at 10%, for Trinitario it
is between 8.8% and 10.7% and that for Forastero lies at 10.2–11.4% [4]. The value for crude protein
(adjusted for alkaloids) is similar to that based on amino protein, although some of the latter values
tend to be slightly lower [4]. The average protein content of roasted cotyledons (also termed “nibs”)
lies at around 12.5% [1]. Many factors affect not only the quality of proteins such as location (climate,
soil, fertilizer, and stress) but also the considered botanical varieties (genomics). In the following, it is
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initially intended to encompass the extraction, characterization options and classification of cocoa been
proteins. In the next step, we address the impact of different stages of cultivation and processing with
regard to the induced changes in the protein fractions. Special focus is laid on the major seed storage
proteins (vicilin and albumins) throughout the different stages of processing.

2. Extraction and Classification of Cocoa Proteins

Some of the early attempts to extract proteins from cocoa beans were conducted after
the removal of lipids (soxhlet extraction with ethyl ether) and of phenolic compounds with
methanol followed by extraction with buffering solutions containing different additives (acidic pH
conditions using acetic acid, urea, hexadecyltrimethylammonium bromide, ascorbic acid, and sodium
ethylenediaminetetraacetate (EDTA)), resulting in a maximum recovery of 25% of the protein
nitrogen [5,6]. The extracted proteins are thereafter classified according to their solubility characteristics
originating from the concept of T. B. Osborne (1859–1929) in the following manner: distilled
water delivers the albumin or water-soluble proteins, a diluted salt solution to obtain a globulin
fraction, extracted with 70% aqueous ethanol followed by 0.2% NaOH, yielding prolamine and
glutelin fractions. Accordingly, 32–37% albumins, 19–25% globulins, 11–13% prolamines and 30–37%
glutelins are allocated to non-pigmented cocoa bean varieties. Similarly, 51–71% albumins, 1–25%
globulins, 12–20% prolamines and 8–12% glutelins are allocated to pigmented cocoa bean varieties,
bearing in mind that only a partial protein recovery is determined [6]. The problems associated
with discoloration and protein insolubility resulting in poor recovery are believed to be caused
primarily by residual polyphenolic materials not removed by the preceding methanol extraction [6].
These protein–phenol interactions can be classified into two subgroups: non-covalent and covalent
interactions [7]. Principally, three potential types of non-covalent interactions of phenolic compounds
and proteins have been suggested: hydrogen, hydrophobic, and ionic bonding [7]. The phenolic
compounds are also susceptible to both enzymatic and non-enzymatic oxidation in the presence of
oxygen, leading to reactive and redox active o-quinones, an electrophilic species, capable of undergoing
a nucleophilic addition to proteins [7]. This results in the derivatization of protein-bound amino acids
invoking consequently also cross-linking reactions. Both of these two types of complexing interactions
results in an increase in protein aggregation, insolubility and discoloration [7].

In the following years, the studies of Voigt et al. (1991–1997) were decisive in improving the
protein extraction and characterization especially in the context of their role while analyzing the
biochemical aspects of cocoa bean fermentation [8–17]. In the same decade, cDNAs encoding of
the major albumin and globulin of cocoa seeds was achieved and the proteins were consequently
cloned and sequenced [18–21]. The reported amino acid sequence of the albumin was homologous
with the Kunitz protease and α-amylase inhibitor family [20,21]. Based on amino acid sequences,
subunit compositions, and the processing of the corresponding polypeptide precursors, the globulins
can be assigned to the vicilin-like globulins of storage proteins, previously found only in legumes
and cotton [18,19]. In the cocoa beans, vicilin is synthesized (partly similar to that in cottonseed) as
an approx. 70 kDa molecular weight precursor protein and then processed to 47 kDa and 31 kDa
mature proteins [18]. A latter study documents that the entire cocoa vicilin is encoded by a single
gene and that heterogeneity of the vicilin subunits may be attributed to statistical post-translational
modifications [22]. In contrast to the major albumin and the vicilin class globulin, there are, however,
at this stage no data available concerning prolamin and the glutelin which were also found in the seeds
of Theobroma cacao [9].

Most of the cocoa seed proteins are solubilized thereafter while working with a dry polyphenol-
free acetone powder and high-salt buffer systems. The separation of albumins is, for example, also
achieved by the following desalting process while applying dialysis against a salt-free buffering
solvent [22]. The major proteins of cocoa beans allocated to vicilin and albumin classes thereafter
represent about 43% and 52% of the total cocoa seed proteins, respectively [9]. Other studies report
that vicilin constitutes ca. 23% and the albumins constitute around 14% of the total soluble seed
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proteins [23]. The observed discrepancies in the values are most likely dependent on the extraction
procedure and allocation method used. Both studies applied previously treated material with ice
cold acetone to remove the interfering polyphenols. In the first study, the results are based on
proteins which were extracted and fractionated into various solubility classes by using different
buffering systems [9]. The protocol applies successive extractions with 10 mM Tris-HC1 (pH 7.5,
containing 2 mM EDTA), 0.5 M NaCl (containing 2 mM EDTA and 10 mM Tris-HCl, pH 7.5), 70%
(v/v) ethanol and 0.1 M NaOH, to obtain the albumin, globulin, prolamin and glutelin fractions,
respectively [9]. The protein contents of these extracts deliver corresponding data reported. In the
latter study [23], the proteins are extracted to be compatible with the high-resolution technique
of immobilized pH gradient of the two-dimensional electrophoresis (2-DE). For this purpose,
a solubilization solution containing different additives (3% (w/v) CHAPS (3-((3-cholamidopropyl)
dimethylammonio)-1-propanesulfonate), 8.5 M urea, 0.15% (w/v) DTT and 3% (v/v) carrier ampholytes
in the pH range of 3–10) can be recommended. The evaluation of 2-DE data deliver the 47, 31 and
15 kDa vicilin-type storage protein components [18,22] representing 23.1% of the soluble seed proteins
for globulins, and 14.1% of the 21 kDa trypsin inhibitor for albumins, respectively [23]. These values
are also lower than those reported (36% for globulin storage protein [24] and between 25% and 30%
for the trypsin inhibitor [21]). The discrepancy was assumed by the authors [23] to be based on
the electrophoretic methods used (estimation by SDS-PAGE being higher and since the polypeptide
bands evaluated may contain different individual species). The most common gel-based technique
used in a proteomic laboratory is 2-DE [25]. Protein quantities, as well as their profiles derived
from two-dimensional gel electrophoresis, show striking differences for non-fermented cocoa beans,
depending on their geographical origin [26]. Although ‘Osborne fractionation’ is still widely used, it is
more usual today to classify seed proteins into three groups: storage proteins, structural and metabolic
proteins, and protective proteins [27]. Figure 1 documents a tentative classification of the proteins
based on different studies. Additional proteins in the cocoa powder after buffer extractions can be
extracted with a solution containing chaotropic agents [28].

Figure 1. Contemporary classification of cocoa seed proteins [2,9,18,20–23,28,29].

During recent years, the area of proteomics has undergone rapid developments integrating
high-resolution, fast, stable and accurate mass detection. Proteomic technologies have made an
extensive development with the discovery of different protein ionization methods, notably the

219



Nutrients 2019, 11, 428 4 of 20

electrospray ionization (ESI) and matrix-assisted laser desorption/ionization (MALDI) techniques
in mass spectrometry (MS), which enable proteins to be identified [25]. MALDI-time of flight/MS
(MALDI-TOF/MS) is also employed to characterize the water-soluble portion of the proteomic seed
extracts from different varieties (Forastero, Criollo, and Trinitario) of Theobroma cacao. Most of the
proteins detected with this approach show molecular weights between 8 and 13 kDa, while a cluster
at 21 kDa is attributed to albumin [30]. The development of gel-free proteomics (while using liquid
chromatography (LC), and capillary electrophoresis) provides here an excellent alternative to more
accurately quantitating protein and enabling deeper explorations of complex proteins [25,31]. Both
the gel-based and gel-free methods integrate MS for protein profiling, protein identification (with
prior tryptic digestion, and analysis of the digestion products), and quantification, as well as analysis
of protein modifications and interactions [25]. Both gel-based and gel-free approaches have also
been developed and utilized in a variety of combinations to separate proteins from tissue culture of
cocoa beans prior to mass spectrometric analysis [32,33]. In this context, one of the first attempts to
characterize the whole cocoa bean proteome by nano-LC-ESI MS/MS analysis using tryptic digests of
cocoa bean protein extracts has recently been made indicating that more than 1000 proteins can be
identified while applying a species-specific Theobroma cacao database [28]. Most of these are related to
metabolism and energy household, protein synthesis and processing and response to different stress
stimuli or connected with defense scenarios [28]. Vicilin and albumin are classified as storage proteins
and show again the highest abundance among all detected proteins, although compared to the total
protein amount their relative amounts are only 3.9% and 11.5%, respectively [28]. These levels are
lower than the values discussed above of between 43% and 23% for vicilin, between 52% and 14%
for albumin [9,23]. It is likely that again the discrepancies could arise from inefficiency of selective
solubilization of proteins [9] and overestimation, due to detection insufficiency based on electrophoretic
methods and eventually also due to incomplete tryptic digestion preceding the nano-LC-ESI MS/MS
analysis. Figure 2 gives a summary of the currently applied methods for extraction, separation, protein
allocation and identification.

Figure 2. Compilation of the methods and characterization options applied for cocoa bean proteins
denoted with corresponding relevant studies [6,9,18,23–25,28,30,34].

For the purpose of cocoa species verification, the extracted proteins and the individual peptides
resulting from their tryptic digestion are initially controlled in silico (e.g., using software tools such
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as Skyline software [35]) with the BLAST algorithm (Basic Local Alignment Search Tool from the
database; UniProt—the Universal Protein Resource: http://www.uniprot.org/) as described in [36,37].
The identification then proceeds with help of mass-spectra algorithms and search engines (e.g., Mascot,
Matrix Science, London, UK; www.matrixscience.com) and available databases [28]. In order to assess
whether searching different databases would yield a higher number of cocoa-specific protein hits,
searches using different databases with taxonomy Viridiplantae, and custom databases containing
only Theobroma cacao entries have been recommended [28]. The recently published cocoa genome
sequences can also be useful to create a predicted proteolytic fragment database [32,38–40]. In this
context, the Universal Protein Resource (UniProt) is the most comprehensive database/resource for
specific protein sequences and annotation data (http://www.uniprot.org/). A recent search in this
database confirmed at least 40,964 (compared to 40,941 according to [28]) Theobroma cacao protein
entries (visited on 4th January, 2019), of which only six were reviewed representing records with
information extracted from literature and curator-evaluated computational analysis. In comparison,
based on this background and utilization of the available sophisticated MS tools, both gel-based
and gel-free approaches have been more frequently applied for proteome analysis during zygotic
and somatic embryo maturation, in order to identify alterations in protein abundance that correlate
with maturation of cocoa embryos or with the intention to accelerate breeding programs and plant
development [25,32,33,41–46].

In summary, it appears from the state of art that cocoa proteins need to be better accessed,
especially while comparing the contents of different varieties of Theobroma cacao. The discrepancies in
protein content observed in the reviewed literature need to be eliminated to obtain more consistent
data. The methodical approach using bioinformatics algorithms, targeted peptide biomarkers and
high-resolution MS can be recommended here for authentication of the analyzed proteins [36,37,47],
especially while considering the different aspects of post-harvest processing.

3. Changes in Protein Composition during Ripening and Maturation of Cocoa Seeds

Cocoa pods need 4–5 months to grow to full size following pollination and the beans contained
therein have reached the maximum development, thereafter they are allowed to ripen for
approximately 4 weeks [5]. The major textural changes that cause softening of fruit during the ripening
(and proceeding in the fermentation process) result from enzyme-mediated alterations in the structure
and composition of the cell wall and partial or complete solubilization of cell wall polysaccharides, such
as pectins [48]. During ripening, the mucilaginous pulp surrounding the beans undergoes changes
critical to a successful fermentation, primarily resulting in an increase in fermentable carbohydrate
components [5,49]. Data on changes in the amount of seed storage proteins during ripening and
maturation of cocoa beans are sparse. During the ripening of cocoa fruit, both the amounts of the
total and extractable protein content of seeds decreased by 25% or 19% respectively, but no consistent
qualitative trends were not apparent [5]. Some differences in solubility trends between the investigated
different ripening stages (135–160 days postpollination) afterwards were noted, although the amino
acid analysis did not reveal any specific related differences [5]. One of the earliest studies to report
on the accumulated globular storage protein during seed development/ripening was achieved while
using antibody against a large subunit of the vicilin (7S) globulin, also capable of cross-reacting with
all of the 7S globulin subunits [16]. The vicilin-like globulin of the cocoa seeds contains two prominent
subunits with apparent molecular masses of 47 kDa and 31 kDa and three smaller polypeptides
with apparent molecular masses of 15.5 kDa, 15.0 kDa, and 14.5 kDa arising from the proteolytic
processing of a 66 kDa precursor [9,22]. Further data indicate that two 28 kDa and 16 kDa components
also observed during characterization of vicilin are not intrinsic subunits of the cocoa vicilin but are
generated by partial proteolysis during preparation of this particular globular storage protein, their
content being strongly diminished while working with a sufficiently high concentration of pepstatin A,
an inhibitor of aspartic endoproteinases [9,22]. These findings are derived from the combined results
of the epitope mapping of the corresponding polyclonal antibody, sequence coverage as documented
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by the MALDI-TOF/MS mapping of the tryptic hydrolysates of the purified fractions and the amino
acid profiling/kinetics of the release of amino acids by carboxypeptidase Y [22]. A comparison of two
entries (60.8 kDa/525 amino acids reviewed and non-reviewed 65.5 kDa/566 amino acids version) from
the database UniProt for cocoa vicilin showing similarities in the amino acid sequence are depicted
in Figure 3a. In the same context, the results reported in [22] are related to the non-reviewed entry
(A0A061EM85_THECC; 65.5 kDa/566 amino acids). Correspondingly, Figure 3b shows the predicted
proteolytic processing of the vicilin precursor based on this particular sequence [22]. The localization
of the 47 kDa vicilin based on the peptide fragments may differ as reported in the context of further
studies [50]. Amino acid position 545 represents the C-terminal end-point of the 47 kDa subunit, as no
peptide was obtained derived from the amino acid sequence beyond position 545 (Figure 3a,b). This
result suggests that the absolute C-terminus of the 566-amino-acid-long vicilin precursor sequence
undergoes a swift carboxypeptidase attack leaving no peptide(s) but just free amino acids or di- and
tri-peptides behind [50]. Finally, the two-dimensional gel electrophoresis of these mature subunits of
cocoa vicilin also revealed their heterogeneity, postulated to result from post-translational modifications
of various amino acid side chains, e.g., due to the action of a protein deaminase during maturation [22].
A more recent study complements these previous findings and documents that the vicilin storage
protein subunits may undergo phosphorylation (modification at positions 232 (Thr), 235 (Ser), 240 (Ser),
and 518 (Ser)), or glycosylation (O-GLcNAc modifications at positions 193 (Thr), 235 (Ser), 338 (Thr)
and 474 (Thr)); please also refer to Figure 3a [50]. Figure 4 shows, for the first time, the tentative
modelling of the storage protein vicilin from Theobroma cacao (entry: Q43358; reviewed version from the
database UniProt: http://www.uniprot.org/; 28th January, 2019), visualizing the accessibility of the
amino acid residues for the post-translational modifications. The molecular modeling is based on the
methods described in [51] (please also refer to Supplementary Figures S1–S3 and Table S1 provided).
The model also shows the different theoretical sites for glycosylation (Figure 4a) or phosphorylation
(Figure 4b). The homology modeling data further indicate that the phosphorylation and glycosylation
sites as reported in [50] are buried within the molecule and are most probably accessible after the initial
proteolytic processing of the 66 kDa precursor [9,22] as discussed above (please refer to supplementary
information provided).

Finally, a major 43 kDa protein also present in the non-fermented bean sample could be identified
belonging to protein kinase superfamily [50]. The most prominent protein with a molecular weight of
21 kDa is again allocated to albumin by tryptic digestion and MALDI-TOF/MS analysis [50].

Further studies address specific enzymes [52–56]. Acyl-thioesterase activity has been examined at
two developmental stages (105/130 days postanthesis) in cocoa documenting low and high stearate
productions [54]. A further study addresses a cysteine protease expressed during the process of the
maturation of the cocoa seed [52]. This enzyme is part of the defense mechanism induced in response
of the action of the parasite Moniliophthora perniciosa, a fungus that causes witches’ broom, which is
one of the diseases that most affects the production of cocoa, dramatically reducing crop yields.
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(a) 

 
(b) 

Figure 3. (a) Comparison of two entries of the storage protein vicilin from Theobroma cacao (a reviewed
and a non-reviewed versions) from the database UniProt (http://www.uniprot.org/; 28th January, 2019)
showing the similarities (blue) in the amino acid sequence. Positions for predicted post-translational
modifications [50] are marked: phosphorylation (red; at positions 232 (Thr), 235 (Ser), 240 (Ser), and
518 (Ser)), or glycosylation (green; O-GLcNAc modifications at positions 193 (Thr), 235 (Ser), 338 (Thr)
and 474 (Thr)). The common residue (white, 235 (Ser)) serves as a possible site for both modifications.
(b) Postulated degradation of cocoa vicilin precursor during maturation by endogenous enzymes
and fermentation adapted from [10–12,22,57]; the 47 kDa subunit may only encompass the sequence
131–545 amino acids [50]. Specific sites for phosphorylation or glycosylation of the subunits are given
in Figure 3a [50]. AA represents the amino acid sequence of the subunits.
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Figure 4. Homology modeling of the vicilin storage protein. (A) Postulated glycosylation (O-GLcNAc)
and (B) phosphorylation sites (both in pink) in the storage protein vicilin from Theobroma cacao
(entry: Q43358; UniProt: http://www.uniprot.org/; 28th January, 2019). The data indicate that
the modifications (illustrated in green/orange spacefilling model) as reported in [50] are most probably
occurring after the proteolytic processing of the 66 kDa precursor [9,22]. Please see supplementary
information provided.

Cocoa beans also contain peroxidase, a heme-containing oxidoreductase, which efficiently
oxidizes the phenolic molecules using H2O2 as a co-substrate. An increase of peroxidase activity
in the seeds of cocoa during their ripening has been documented. The major cocoa isoperoxidase
is an acidic enzyme with the isoelectric point (pI) of 4.7, together with two basic isoenzymes of the
peroxidase with pIs of 8.6 and 9.0 detected, respectively, during the process of the fermentation [55].
The activity proceeds to increases further (about 10 times) during the fermentation and drying of
the beans, again contributing to sensory perception of cocoa [55]. The role of these enzymes is
important, since the oxidation products of phenolic compounds may not only modify amino acids,
peptides and proteins [7], but also is determining in reducing the astringent and bitter taste, thus
also contributing to flavor of cocoa [55]. In a similar context, a series of N-phenylpropenoyl amino
acids categorized as multifunctional polyphenol derivatives (with aspartic acid amide of caffeic
acid-(30,40-dihydroxy-(E)-cinnamoyl)-L-aspartic acid as the most abundant constituent) are identified
as key contributors to the astringent taste of non-fermented cocoa beans [58,59] with their content
decreasing during the cocoa seed development [29]. The results contradict with those reporting an
increased accumulation in the advanced stage of seed development [60].

In Theobroma cacao seeds, an aspartic proteinase has been proposed to be a key enzyme involved
in the formation of one group of cocoa aroma precursors [53]. At least two distinct aspartic
proteinase genes (TcAP1 and TcAP2) are expressed during early cocoa seed development. Of these,
the corresponding TcAP2 protein has been proposed to be primarily responsible for the majority
of the industrially important protein hydrolysis that occurs during cocoa bean fermentation [53].
Aspartic endoproteinase activity increases rapidly during embryo expansion, reaching a maximal
activity before final maturity, a prerequisite for the degradation of seed storage proteins during the
following post-harvest processing [61]. Voigt et al., in 1995, showed that this enzyme accumulates
with the vicilin-class globulin during bean ripening [16]. The enzyme consists of two peptides (29 and
13 kDa) that have been proposed to be derived from a single 42 kDa precursor zymogen, possibly by
self-digestion [9,53]. The mature cocoa seed aspartic proteinase has been proposed to cleave protein
substrates between hydrophobic amino acid residues producing oligopeptides with hydrophobic
amino acid residues at their carboxyterminal ends [9,53]. The enzyme activity is shown to be optimal at
pH 3.5 and is inhibited by pepstatin A. A recent check-up for aspartic proteinase in the protein database
UniProt (http://www.uniprot.org/; 17.01.2019) delivers up to 107 Theobroma cacao entries, largely based
on differing gene ontology (including the genes AP1 and AP2) and representing different isoforms.
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Finally, many reports encompass changes in protein expression during zygotic and somatic
embryo maturation [32,43,44], where the seed storage protein is more strongly accumulated in
cocoa zygotic embryos compared to that in their somatic counterpart [32]. The identified proteins
represent an array of functional categories, including seed storage, stress response, photosynthesis
and translation factors [32]. A system level analysis of cocoa seed ripening further revealed the
accumulation of proteins and metabolites involved in biotic and abiotic stress resistance, leading to
e.g., polyphenol accumulation [62], but also covered the interplay of different specific primary and
secondary metabolism pathways important for the major compound classes (e.g., lipid and sugar
metabolism as well as those of selected secondary bioactive plant metabolites such as alkaloids and
polyphenolic compounds) involved in cocoa aroma and health benefits [29,62,63]. Accordingly, at the
stage of reserve accumulation phase of cocoa seeds [29], most of the amino acids reach their lowest
level similar to the trend observed for the reserve accumulation period of Arabidopsis thaliana seeds [64].

4. Changes in Proteins during Post-Harvest Processing

The complex composition of cocoa bean flavor has been discussed depending on bean genotype,
post-harvest treatments such as pulp pre-conditioning, fermentation and drying, and industrial
processes such as roasting as well as the type of soil and age of cocoa tree [65]. However, how the
age of the cocoa tree and soil chemical compositions influence the formation of flavor precursors
still remains unclear [65]. In this context, the impact of the farming system, the ripeness state of
the pods, and the role of microbial interactions on the fermentation has also been evaluated [1].
Post-harvest processing on farms and plantations involves the following four main steps of pod
opening and beans removal from the pod, beans fermentation, and drying. These steps are most
likely also responsible for many post-transitional/post-processing modifications occurring to different
proteins [1]. Consequently, the most effective and essentially critical step-hear appears to be that of
fermentation which determines the development of flavor quality attributes of the commercial cocoa
beans [1]. Most of the recent studies have been directed to enlighten the role of fermentation as a
quality determining steps for the following roasting process [26,50,57,65–70]. Early studies of Voigt et
al. in the 1990s confirm that cocoa seed storage proteins play an important role in flavor development
since essential precursors of the cocoa-specific aroma components are formed from their degradation
during the fermentation process [9–13,15]. Their experimental approach showed that these aroma
precursors are released from seed proteins by the dual activity of the already mentioned aspartic
endoprotease and a carboxypeptidase (Figure 3b) [10]. Their studies also document the proteolysis
products obtained when these proteins are subjected to autolysis at pH 5.2, under conditions of optimal
fermentation consisting of both hydrophilic peptides and hydrophobic free amino acids (Figure 3b), as
also observed by other studies [53]. This specific mixture of hydrophilic peptides and hydrophobic
free amino acids is capable of producing the typical cocoa flavor when roasted in the presence of
reducing sugars and deodorized cocoa butter [10]. On the basis of sensory evaluation of the resulting
aromas by sniffing analysis, it was further demonstrated that the fraction of hydrophilic peptides
generated in vitro contains the essential cocoa-specific aroma precursors necessary for the following
complex Maillard reaction under these conditions. In comparison, the patterns of free amino acids
alone, specifically leucine, alanine, phenylalanine, and tyrosine found in fermented cocoa seeds, do not
contribute towards the formation of this typical cocoa aroma under roasting conditions in vitro [10].
However, they are still likely to react with the reducing sugars fructose and glucose during the Maillard
reaction as implicated in the following works [71].

To our present knowledge, the fermentation, which is essentially controlled by proteolytic activity
within the cocoa bean, is also driven by changes in the presence of fermentation by-products as a
result of microbial activity outside the bean [67]. This is so-called “post-mortem proteolysis” and
therefore depends on the variable/desired pH value (4.0–5.5) in the seed, e.g., established by acetic
acid absorbed from the fermenting pulp [72]. An aseptic artificial fermentation system, free from
microbial activity, has also been reported, capable of simulating the proteolytic degradation of cocoa
proteins as observed during commercial fermentation, where again acidification was the most crucial
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parameter for the protein degradation [67]. The changes occurring to vicilin-like storage protein at
different stages of fermentation (from the non-fermented stage up to the dried cocoa beans) have
been addressed in detail [50]. Analysis of vicilin breakdown peptide pool during fermentation by the
UHPLC-ESI-MS/MS revealed an initial increase and subsequent decrease in the diversity of peptides
with an increasing degree of fermentation [50]. The results also indicated that the sequences of free
peptides are localized to distinct zones spread throughout the entire C-terminal vicilin sequence, except
the N-terminal where no peptide hits could be found for the amino acid sequence 1–131 [50]. There
are no detectable peptides found in the fully fermented and dried bean samples. This observation
in turn shows the contribution to the pool of free amino acids or di- and tri-peptides as potential
conjugative moieties for aroma compounds, such as Amadori or Strecker reaction products during
the following roasting process [50,73]. The most abundant albumin storage protein is steadily and
homogenously degraded without forming breakdown intermediates with a molecular weight larger
than approximately 10 kDa [50].

The variability in the peptide pattern was observed among cocoa samples of different geographical
origins, suggesting diversified proteolytic activities could be a relevant feature in this context [69].
The applied combination of proteomic and peptidomic fingerprinting enables a more comprehensive
analysis of the attributes that characterize storage protein degradation in cocoa during microbial
fermentation [26]. This study also confirms that the major differences in protein content of non-fermented
cocoa beans are predominantly attributed to the geographic origin in terms of continental regions.
The authors also attest that the formerly detected diversity of peptides could not be correlated to the
geographical origin but rather to the degree of fermentation, depending on the fermentation method
applied in the country of origin underlining again the role of diversified proteolytic activities [26].
In this context, more than 800 unique oligopeptides, excluding di- and tri-peptides, documenting
the largest collection of cocoa oligopeptides, have been identified and relatively quantified by
utilizing UHPLC-ESI-quadrupole-quadrupole-time-of-flight (Q-q-TOF) mass spectrometric analysis.
In the same context, more than 800 fermentation peptides could recently also be unambiguously
identified, providing unprecedented mechanistic details of cocoa fermentation [74]. The cocoa-specific
aroma precursor fractions have also been characterized by MALDI-TOF and their amino acid
sequences determined by ESI-MS/MS, allowing for a partial purification and a consequent detailed
characterization of these peptides responsible for the generation of the cocoa-specific aroma
components [66].

Polyphenols are also oxidized by polyphenol oxidase during fermentation and drying which
reduce the astringency and bitterness of the beans, thus enhancing the flavor of cocoa beans [65].
The total amount of polyphenols in dried fresh cocoa beans may vary between 12% and 20% (w/w)
and these are responsible for its high astringency, contributing to their bitterness as well [1]. Three
main groups of polyphenols are present: anthocyanins, flavan-3-ol (catechins), and proanthocyanidins,
corresponding to approximately 4%, 37%, and 58%, respectively [60,75–79]. An increase of peroxidase
activity in the seeds of cocoa during their ripening and stronger during fermentation has been observed,
implicating a possible oxidation of these compounds [55,65]. In a similar context, the polyphenols
(depending on their structure) are also readily oxidized by polyphenol oxidase [7]. The combined effect
of the interaction of the oxidized phenolic compounds with the degraded protein products (amino
acids, and peptides; Figure 3b) during post-harvest processing may result in a further modification
of the protein-based aroma precursors, although detailed studies in this respect, e.g., those similar to
modification of coffee bean proteins [7,80,81], have not been addressed.

The vicilin-class globulins are quantitatively degraded during fermentation (88–90% of the initial
content), providing the cocoa-specific aroma precursor fractions for the following Maillard reactions
during drying and roasting [9,65,68,71,73,82,83]. The compounds produced in the complex interactions
during the thermal mediated Maillard reaction comprise nitrogen and oxygen heterocyclic compounds,
aldehydes and ketones, esters, alcohols, hydrocarbons, nitriles and sulphides, pyrazines, ethers,
furans, thiazoles, pyrones, acids, phenols, imines, amines, oxazoles, and pyrroles [65]. Approximately
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600 flavor compounds have been identified from cocoa beans and cocoa products [65,84]. The complex
formation of cocoa and chocolate flavor is discussed in detail in [65,71,85]. It is influenced by different
factors starting with the composition of the beans, post-harvest treatment (e.g., fermentation, and
drying), processing (e.g., roasting encompassing the Maillard reactions and alkalization to change
color) and eventually further fine-tuning during chocolate manufacture (conching). Depending on
whether the proteolytic activity has been more or less intense during the fermentation, the result in the
color development during the drying step will also be different. Similarly, depending on whether the
fermentation will be more or less intense (more or less consumption of reducing sugars), the proportion
of residual reducing sugar will also influence the development of the color from the resulting Maillard
reaction products during drying and roasting. The relevant processes inducing the changes in the
proteins fractions during post-harvest treatments are summarized in Table 1.

Table 1. Dominant reported and postulated changes in the protein fractions during the seed maturation
and post-harvest processing.

Determinants
Changes in Protein

Fraction
Mechanisms Involved Relevant Studies Remarks

Genetic predisposition
Location/climate

soil/fertilization Stress
conditions Maturation

Content and
composition/Variation

Post-transitional
modification

Protein expression and
accumulation/

Phosphorylation/
Glycosylation/Oxidation/

Carbonylation

[28,29,32,43,44,62,63]

Reactive oxygen,
carbonyl and nitrogen

species that react with the
proteins under stress

conditions

Harvest/Storage,
Pre-conditioning,

Fermentation
conditions (pH,

temperature, method,
and location/climate)

Degradation
Post-transitional

modification

Proteolytic processing/
Phosphorylation/

Glycosylation/Oxidation,
Carbonylation,
Deamidation,

Decarboxylation Bound
phenolics

[10–12,22,50,57]

Production of precursors
for roasting—peptides/
amino acids/reducing

sugars/lipid
degradation/Phenol

modification

Drying, Roasting
conditions

(temperature, time,
method etc.)

Thermal
modification/Reactions
with other constituents

Maillard reaction Volatile
compounds/Aroma and

flavor development/
Browning/Covalent

bound phenolics

[9,65,68,71,73,82,83]

600 flavor compounds
[65,84]

Melanoidin Fractions
[86–88]

Further processing
conditions/Alkalization

Interactions with
phenolic compounds?

[7,51]

Oxidation and
polymerization of

phenolic compounds/
Reduced acidity/
Improved sensory
perception/quality

[65,71,85] Browning/Melanoidin
fractions [86–88]

5. Bioactive Potential Arising from Cocoa Proteins

The health benefits of cocoa and cocoa-based products have been reviewed, and its potential
for prevention/treatment of allergies, cancers, oxidative injuries, inflammatory conditions, anxiety,
hyperglycemia, and insulin resistance has been discussed in detail [89]. Most of these positive evaluated
effects have been correlated with the high content of the different secondary plant metabolites present
especially encompassing the group of polyphenolic compounds, where several mechanisms have
been proposed that might confer cocoa’s possible health benefit [90–93]. Exemplarily, being a rich
source of flavonoids, cocoa represents a group of potent antioxidant and anti-inflammatory agents,
documenting benefits for cardiovascular health [91,94–96]. Cocoa flavanols are also reported to have
neuromodulatory, neuroprotective and antidiabetic actions in humans [45,97]. In this context, much
recent work has been directed to elucidate the effect of processing on antioxidant properties of cocoa
and cocoa products [98–101].

The bioactivity derived from intact cocoa proteins, or their degradation products and/or their
derivatives, e.g., resulting from post-harvest processing, has been only sparsely addressed. A good
example illustrating the biological activity of the intact proteins is that on cysteine protease of Theobroma
cacao against witches’ broom as already mentioned in the preceding section [52]. The utilization of such
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activities can be used for developing new products of commercial interest [52]. The formation of small
peptides in fermented cocoa beans offers a large reservoir for other interesting aspects, since small
peptides have been discussed as compounds imparting health benefits [26]. Food-derived bioactive
peptides represent one such source of health-enhancing components, which can be released during
gastrointestinal digestion or food processing. They can be physiologically active, either in the native
protein state or as products of hydrolysis in vivo or prior to consumption [102]. Bioactive peptides
usually contain 3–10 amino acid residues; their activity is based on their amino acid composition
and sequence [103] which include several regulatory mechanisms related to nutrient uptake, immune
defense, antioxidant, neuroprotective and antihypertensive properties [104–107]. Peptides which are
not degraded in proteolysis can theoretically be absorbed intactly. It has been suggested that dipeptides
and tripeptides are absorbed in the intestine [108,109]. Furthermore, it has also been reported that
tripeptides containing a C-terminal proline–proline bond are usually resistant to human proteolytic
enzymes [110,111].

In this context, a recent study reported the presence of a bioactive peptide (DNYDNSAGKWWVT)
from a hydrolyzed cocoa by-product that was found to have antioxidant property, which could be used
therapeutically for the prevention of age-related diseases [112]. The study documents that the peptide
protects Caenorhabditis elegans from oxidative stress and is responsible for the modulation of synaptic
and proteosomal functions. The peptide originates from the storage albumin fraction (21 kDa seed
protein), a trypsin inhibitor from Theobroma cacao as confirmed by blast analysis in the protein database
(https://www.uniprot.org; 28th January, 2019; entry: P32765). Similarly, antitumor activity was also
observed in the albumin fraction, which inhibits the growth of cells in murine lymphoma, documenting
one of the earliest reports on biological activity of semifermented-dry cocoa protein fractions [113].
The activity could be attributed to its hydrophobic and sulfur amino acids profile that confers antitumor
and antioxidant potential. Free radical-scavenging capacity was also observed mainly in the albumin
and glutelin fractions from cocoa [113,114]. Finally, the albumin fraction also shows antitumor activity
in a mouse murine model of lymphoma L5178Y, indicating that it could be considered as a source of
potential antitumor peptides [107]. Antioxidant and angiotensin-converting enzyme (ACE) inhibitory
(anti-hypertensive) activities of cocoa autolysates after removing the partly interfering fat, alkaloids
and polyphenols have also been elucidated, conferring again another attribute contributing to its
health-promoting properties [115]. A recent review discusses on a possible antimicrobial potential
of cocoa bean shell related to a diverse pool of bioactive compounds with antimicrobial properties
including, beside other compounds, phenolics and bioactive peptides [116]. A further study suggests
that cocoa products originating from different post-harvest processing steps may possess mild
dipeptidyl peptidase-IV inhibitory activity, and that processing steps such as fermentation may actually
enhance inhibition activity [117]. While considering the anti-obesity and anti-hyperglycemic effects,
one potential mechanism relates to the inhibition of dipeptidyl peptidase-IV. Glucagon-like peptide-1
is a hormone, which is rapidly degraded by dipeptidyl peptidase-IV. The hormone also stimulates
insulin release in response to glucose ingestion, increases satiety, and slows gastric emptying [117]. The
compounds responsible for dipeptidyl peptidase-IV inhibition, according to the authors, may represent
a previously uncharacterized pool of dietary bioactives beyond the flavanols and flavanol products and
still remain to be elucidated [117]. While reducing native polyphenols, fermentation simultaneously
produces complex polyphenol oxidation products, which may interact with proteins, peptides and
amino acid components [7]. These non-native products may retain some polyphenol structure and
activity and/or introduce potentially new activities [117].

Cocoa beans also contain a further interesting group of compounds arising from the enzymatic
and/or (chemical) decarboxylation of amino acids representing bioactive amines, where mainly
2-phenylethylamine, tyramine, tryptamine, serotonin and dopamine are found [118–120]. Cocoa can
also be a source of polyamines (spermidine and spermine), which may also contribute to cocoa’s
antioxidant activity [118]. The biogenic amines play relevant roles in plant development and human
health and can be formed during fermentation [118]. At low levels, bioactive amines are positively
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correlated to human health; however, some amines, at high levels, may cause adverse effects to
human health [118]. The changes in bioactive amines may be partly attributed through amino acid
decarboxylation by microbial enzymes during the fermentation process of cocoa beans and their fate
has been discussed in [118]. The roasting process also modifies significantly the profile and levels of
biogenic amines [120].

Cocoa products undergo several steps of thermal treatment (drying/roasting) during processing
where Maillard reaction products originating from the interactions of proteins, peptides and amino
acids with reducing sugars, classified as early-stage “Amadori products” or advanced brown pigments
termed “melanoidins”, are formed. Melanoidins are brown, high-molecular-weight products of
Maillard reaction [121] and may also contribute to the radical-scavenging potential [122]. Further,
it has been suggested that complex polyphenol oxidation and condensation products may also be
integrated in melanoidins [117]. Recent studies also discuss the loss of the naturally occurring
antioxidants (flavonoids), while others, such as Maillard reaction products, are formed while
considering the different stages of cocoa processing [99,123]. While comparing raw, pre-roasted
and roasted cocoa samples, increased radical-scavenging activity and reduced growth of pathogenic
bacteria in different molecular weight fractions (>30, 30–10, 10–5 and <5 kDa) of roasted cocoa were
determined [122]. However, the study also documents that also beneficial bacteria are suppressed
in their growth activity [122]. The structure and biological activities of melanoidins (antioxidant,
antimicrobial, anticancer, antihypertensive, cytotoxic, genotoxic, and detoxifying activities) have
recently been comprehensively reviewed, giving some implications for human health [121,124]. These
compounds are only partially characterized and their activities are poorly understood, but provide
a potential reservoir for novel and potent bioactivities, underlining the need for further research
in this area [117,121,122,124]. Some very recent works not only underline the complexity of this
compound class, but also reveal that the high-molecular-weight melanoidin fractions formed may
integrate phenolic compounds during roasting, contributing correspondingly to their antioxidant
activity [86–88]. Finally, the protein crosslinking via the Maillard reaction has been shown to alter
the functional properties of several food proteins, but the potential to use this chemistry to alter the
functional performance of cocoa proteins has yet to be fully explored [125]. In summary, Table 2
documents the biological activity of the most relevant protein and their modified fractions.

Table 2. Selected examples for bioactivity potentials connected with cocoa protein fraction.

Protein-Related Fractions Documented Bioactivity Relevant Studies

Intact proteins, e.g., cysteine
protease Albumin and
glutelin fractions

Response of the action of the parasite Moniliophthora
perniciosa, a fungus that causes witches’ broom

[56]

Radical-scavenging capacity [113,114]

Release of bioactive peptides
during fermentation

Antioxidants—therapeutically interesting for the prevention
of age-related diseases

[112]

Antitumor activity in cell culture studies [113]

Anti-hypertensive activities [115]

Dipeptidyl peptidase IV inhibitory activity—anti-obesity
and anti-hyperglycemic effects

[117]

Enzymatic and/or (chemical)
decarboxylation of amino
acids

Bioactive amines–contribution to antioxidant activity
Depending on concentration—positive/adverse effects to
human health

[118]

Thermal modification
Maillard reaction/Melanoidins—antioxidant, antimicrobial,
anticancer, antihypertensive, cytotoxic, genotoxic, and
detoxifying activities

[121,124]

Interactions with phenolic compounds—antioxidant activity [86–88]

Direct modification by
phenolic compounds

Fermentation/Alkalization; retention of some of the
polyphenol structure and activity and/or introduction of
potentially new activities

[7,51,86–88,117]
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6. Conclusions

In conclusion, the present study reviews the literature on the impact of different stages of
cultivation and processing with focus on the changes induced in the protein fractions. It surely does not
handle all the publications available in the field, but should prove helpful for these researchers needing
a quick start in this particular field of research. Some of relevant research areas have been identified
that need to be better accessed, especially while comparing the content and biological activities of
different varieties of Theobroma cacao. The relevant “state of the art” also suggests that exploration
of other potentially bioactive components in cocoa needs to be undertaken, while considering the
complexity of reaction products occurring during the roasting phase of the post-harvest processing. In
the same context, there is an increasing interest in two further involved compound classes (proteins
and phenolics) from the chemical point of view, which is related directly or indirectly to their dual
role as substrates for oxidative-monitored reactions, and integration of mass spectrometric methods
may provide a valuable tool for their characterization. Finally, the utilization of partially processed
cocoa beans (e.g., fermented, conciliatory thermal treatment) provides a large collection of bioactive
potentials that could be included in the designing of functional foods, illuminating an alternative use
of cocoa especially in the cocoa-producing countries to bolster the diets with corresponding positive
impact on the health status of the local populations.
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available online at http://www.mdpi.com/2072-6643/11/2/428/s1, Figure S1: Chronological order of the
steps taken to produce the final model of the vicilin storage protein, Figure S2: Calculated and postulated
phosphorylation sites (green) in the storage protein vicilin from Theobroma cacao (Entry: Q43358; 60.8 kDa/525
amino acids; reviewed version from the database UniProt-http://www.uniprot.org/; 28.01-2019). The data
indicates that the reported modifications (orange) at positions 232 (Thr), 235 (Ser) and 240 (Ser), as reported in [50]
are most probably occurring after the proteolytic processing of the 66-kDa precursor [9,22], Figure S3: Calculated
and postulated glycosylation sites (O-GLcNAc; pink) in the storage protein vicilin from Theobroma cacao (Entry:
Q43358; 60.8 kDa/525 amino acids; reviewed version from the database UniProt-http://www.uniprot.org/;
28.01-2019). The data indicates that the reported modifications at positions 193 (Thr), 235 (Ser), 338 (Thr) and 474
(Thr) as reported in [50] are most probably occurring after the proteolytic processing of the 66 kDa precursor [9,22],
Table S1: Templates utilized for the homology model for vicilin from Theobroma cacao.
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Abstract: Background: While there has been an increasing interest in the health properties of
chocolate, limited research has looked into the changes of antioxidants occurring in the time span
from production to the best before date, which was a period of 18 months in this study. Methods:
Humidity, ash, pH, acidity, fiber, carotenoids, retinols, tocopherols, sugars, proteins, theobromine,
caffeine, polyphenols, fats, the peroxide value, organic acids, and volatile compounds, along with the
sensory profile, were monitored at 18-week intervals for 18 months under conditions simulating a
factory warehouse or a point of sale. Results: At the end of the storage period, more polyphenols
were lost (64% and 87%) than vitamin E (5% and 14%) in cocoa mass and cocoa powder, respectively.
Conversely, a greater loss in vitamin E (34% and 86%) than in polyphenols (19% and 47%) was shown
in the hazelnut paste and gianduja chocolate, respectively. The sensory profiling of cocoa mass, cocoa
powder, and hazelnut paste revealed increases in grittiness and astringency, as well as decreases
in melting, bitterness, and toasted aroma. Moreover, in the hazelnut paste and gianduja chocolate,
oiliness increased with a toasted and caramel aroma. Furthermore, dark chocolate was more gritty,
acidic, and bitter. Milk chocolate lost its nutty aroma but maintained its sweetness and creaminess.
Conclusions: These results should contribute an important reference for companies and consumers,
in order to preserve the antioxidants and understand how antioxidants and sensory properties change
from the date of production until the best before date.

Keywords: Italian chocolate; quality; cocoa-based ingredients; monitoring; nutrition

1. Introduction

Many daily consumed foods, such as fruits, vegetables, wine, coffee, and chocolate, are attracting
increasing attention due to their potential health effects thanks to their richness in polyphenols [1,2].
Recent studies have focused on cocoa products commonly consumed for pure pleasure, since they
also generate tangible benefits for human health [3]. Indeed, cocoa is a complex product with over
300 constituents [4] and one of the richest sources of flavanols [5]. Cocoa belongs to the “nervine food
group” because it contains xanthine alkaloids, with the most important being theobromine (2%) and
caffeine [6]. When eaten in moderation as part of a balanced diet, it has been suggested that flavanols
from cocoa products may exert beneficial effects on the cardiovascular risk via effects of lowering the
blood pressure, anti-inflammation, antiplatelet function, higher HDL, and decreased LDL oxidation.
This evidence has been supported by a systematic review of 136 publications [7] and by the European
Food Safety Agency [8], which stated a health claim for dark chocolate with a high flavanol content
due to its impact on “maintenance normal endothelium-dependent vasodilation which contributes
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to normal blood flow”. In order to obtain the claimed effect, 200 mg of cocoa flavanols should be
consumed daily. This amount could be provided by 2.5 g of high-flavanol cocoa powder or 10 g of
high-flavanol dark chocolate.

On the other hand, the popularity of hedonic foods, like chocolate, mostly depends on its
sensory properties, which in turn constitute the key for the acceptance of food products on the market.
Consumers measure the quality and take raw information on the composition while evaluating the
appearance, aroma, texture, taste, and flavor [9,10]. Additionally, experienced consumers have their
own capability to search for defects leading to the rejection of chocolate and often caused by factors
such as the temperature, relative humidity, and light [11], which in turn affect the stability of cocoa
butter [9,12,13]. Indeed, the fat components are the main components responsible for oxidative
deterioration which leads to the formation of off-flavors in chocolates [9,14].

Although there has been an increasing interest in the health properties of chocolate, mainly due to
its polyphenol content, limited research has looked into the chocolate matrix to investigate the changes
in polyphenols, vitamins, fats, and volatile compounds which also determine the quality [15–17]. While
consumers are increasingly demanding high-quality food, they expect this quality to be maintained
until the consumption time, but little is known about the evolution of chocolates and related raw
materials in response to the storage conditions in a factory warehouse, as well as at a point of sale.
The present study aims to monitor Italian chocolates and related ingredients for their polyphenol
concentration, vitamin E, peroxide, and acidity values during storage for eighteen months under
controlled conditions simulating a factory warehouse or a point of sale. In this study, sensory analysis
was considered to outline the chemical changes which produce wider variations, so is more interesting
from a commercial point of view.

2. Materials and Methods

2.1. Samples

Three types of chocolate (dark (D), milk (M), and gianduja (G)) and three ingredients (cocoa mass
in solid form (CM), cocoa powder 22–24 (C), and hazelnut paste (HP)) were supplied by Venchi S.p.A.
(Castelletto Stura, Cuneo, Italy). The recipes of the chocolates were as follows:

• D: cocoa 56% min., cocoa mass, sugar, cocoa butter, emulsifier: soy lecithin, and natural
vanilla flavor;

• M: cocoa 31.8% min, milk: 23.5% min., sugar, whole milk powder, cocoa butter, cocoa mass,
anhydrous milk fat, emulsifier: soy lecithin, and natural vanilla flavor;

• G: cocoa 21.2% min., Piedmont hazelnut pasta I.G.P. (33%), sugar, whole milk powder, cocoa
butter, cocoa mass, anhydrous milk fat, emulsifier: soy lecithin, and natural vanilla flavor.

All the samples were collected immediately after production (t0) and stored in their own packages
in an air-conditioned room at 21 ± 2 ◦C and 65% Relative Humidity (RH) for eighteen months, i.e., the
best before date established by the company within the EU Regulation 2073:2005 [18]. An eighteen-week
interval was decided for sampling considering both the number of samples made available by Venchi
S.p.A and the storage time (t1, t2, t3, and t4).

2.2. Microbiological Analysis

The total microbial count (bacteria, fungi/molds, and yeasts) according to International Standard
Organization (ISO) 4833-1:2013 [19], along with Enterobacteriaceae and coliforms as respectively described
in ISO 21528-1:2017 [20] and ISO 4832:2006 [21], were detected at the production time (t0) and at the
end of storage (t4). The number of colony-forming units (CFU) per gram of dry mass of the sample
was provided.
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2.3. Chemical Analysis

2.3.1. Humidity, Ash, pH, Acidity, and Fiber

Humidity and ash were determined according to Association of Official Analytical Chemists
(AOAC) 931.04 [22], while food and raw fiber were analyzed using the AOAC 985.29 [23] methodology.
Total acidity and pH were analyzed as reported in the official methods of the Office International du
Cacao et du Chocolat et de la Confiserie [24]. For both analyses, a pH meter (CRISON MICRO TT 2050,
Carpi, Modena, Italy) was used. The pH of a 10 g sample dissolved in 90 mL of boiling distilled water
was measured. The acidity was dosed in the same solution with 20 mL of sodium hydroxide 0.1 N
and then potentiometrically titrated with hydrochloric acid 0.1 N until pH 7.0. The result was finally
expressed in mg equivalents of stearic acid in a 100 g sample.

2.3.2. Carotenoids, Retinol, Tocopherols, and Sugars

Carotenoids and retinol were determined by applying the AOAC 941.15 method [25], while
tocopherols were dosed in compliance with Calvo et al. [26] and Belšcak et al. [27]. The chromatographic
determination of tocopherols was performed on an HPLC system, including a Perkin Elmer (Norwalk,
CT, USA) 200 Series pump equipped with a Perkin-Elmer 650-10S fluorescence detector, Jasco LC-Net
II/ADC (Oklahoma City, OK, USA) communication module, and ChromNAV Control Center software.
A LiChrosorb Si60-5 C18 column 250 mm × 4.6 mm, 5 μm (Supelco, Bellefonte, PA, USA) was used,
the mobile phase was hexane:isopropanol:ethanol (98.5:1:0.5) at a flow rate of 1.0 mL/min and the
injection volume was 20 μL. The fluorescence detector was set at 290 nm excitation and 330 nm emission
wavelengths. α-, γ-, and δ- tocopherols were identified by comparing the retention times with those
of commercial standards. The results were expressed as mg of Vitamin E including α-, γ-, and δ-
tocopherols contained in 100 g of dry sample. To analyze reducing and non-reducing sugars in cocoa
liquor and hazelnut paste, the Luff-Schoorl volumetric analysis suggested by Balestrieri and Marini [6]
was adopted.

2.3.3. Proteins

Protein determination was carried out following AOAC 939.02-1939 [28], as follows. Two grams of
sample were dried in a stove for 24 h. Thirty milliliters of concentrated sulfuric acid (96%) were added
to the sample and homogeneously dispersed, and the mixture was subsequently put into the digester
(K-424 BUCHI) until complete digestion. Then, distillation was performed using a semi-automatic
system (VELP SCIENTIFICA UDK R7), which adds 90 mL of sodium hydroxide (32%) and collects
the distilled ammonia in 50 mL of boric acid (40 g/L), to which 0.5 mL of mixed indicator methyl
red/bromocresol green was added. Finally, titration with 0.1 N sulfuric acid was carried out.

2.3.4. Theobromine, Caffeine, and Polyphenols

For determining theobromine, caffeine, and polyphenols, samples were defatted by extracting 50 g
of each sample three times with 250 mL of n-hexane and drying the resulting powder under a nitrogen
stream to remove the residual organic solvent [29]. For determinations of caffeine and theobromine,
the powder was dispersed in methanol before spectrophotometric analysis, which was carried out by
means of a Lambda Bio 40 UV-VIS spectrometer (Perkin Helmer).

The theobromine was determined following López-Martìnez et al.’s method [30]. Since the
maximum theobromine absorption in our samples was observed at 240 nm, a calibration curve with
methanolic solutions containing 5, 10, 15, 20, 25, 30, and 35 mg/L of theobromine was produced at
240 nm.

Caffeine was determined according to the procedure described by Hečimović et al. [31]. The
absorbance was read at 274 nm and a calibration curve was built using solutions at 20, 40, 60, 80, and
100 mg/L of caffeine dissolved in methanol.
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The total polyphenol content was determined for the defatted samples dispersed in distilled water
according to Belšcak et al. [27], and the absorbance was recorded at 765 nm using a Shimadzu UV-1601
spectrophotometer (Shimadzu Europe, Duisburg, Germany). Gallic acid was used as a standard in
a calibration curve with solutions of 20, 40, 80, 100, and 120 mg/L of gallic acid. The results were
expressed as mg gallic acid equivalents (GAE) per 100 g of defatted sample.

2.3.5. Fat Content

To determine the fat content, the AOAC Official Method [25], modified as follows, was used. The
samples initially underwent acid hydrolysis and extraction by means of a Soxhlet device. Different
quantities of sample were weighed, including 3–4 g of cocoa liquor and hazelnut paste, and 4–5 g of
cocoa powder. These quantities were mixed with 45 mL of distilled water at boiling point, after which
55 mL of hydrochloric acid (25% w/v) was added. The solutions boiled for about 30 min with a reflux
condenser and were then filtered with a Whatman n◦ 595 1

2 filter. The filter containing the hydrolyzed
sample was thoroughly washed with distilled water until the chloride vanished, and it was then dried
at 100 ◦C for 6 h. Finally, the fat matter was extracted by means of a Soxhlet device, where the dry filter
underwent extraction with 50 mL of n-hexane for 4 h. The fatty acid and sterol profile were determined
according to EC Regulation 2568/91 [32].

2.3.6. Peroxide Value

To separate the lipid fraction, 50 g of each sample was extracted three times with 250 mL of
n-hexane [29]. The resulting mixture was centrifuged at 3000 rpm for 15 min (Varifuge 20 RS Hereaus
Sepatech, Hanau, Germany), and the hexane was removed using Rotavapor (Büchi Rotavapor R-114,
Flawil, Switzerland). The oil recovered was analyzed to determine the peroxide value using the
method reported in the EC Regulation 2568/91 [32].

2.3.7. HPLC Analysis of Organic Acids

Twenty grams of sample were melted in 200 mL of hot distilled water, and then decolorized by
means of a suitable quantity of carbon powder. The mix was centrifuged at 5000 rpm for 15 min at 5 ◦C
(Centrifuge SL 16 R Thermo Scientific), with subsequent filtration by Whatman n◦ 589/3 filters with a
porosity of 150 μm. A collected volume of 30–35 mL was acidified with sulfuric acid (25% w/v) until
reaching a pH 2.5. The acidified solution was centrifuged at 8000 rpm for 15 min at 15 ◦C (Varifuge 20 RS
Hereaus Sepatech), in order to further purify the extract from any sediments, pigments, or turbidity.
The supernatant obtained was filtered by means of 45 μm syringe filters. HPLC (Spectra system P4000)
conditions were as follows: stationary phase Phenomenex Rezex column ROA-ORGANIC ACID H+
at 40◦C; mobile phase 0.005 N sulfuric acid solution with a flow of 0.5 mL/min and a 20 μL injection
volume; Spectra system UV 1000 detector at 210 nm.

2.3.8. GC Analysis of the Volatile Compounds

Chocolates and related ingredients’ samples were first dispersed in MilliQ water heated at 80 ◦C,
and then centrifuged at 5000 rpm for 15 min at 15 ◦C (Centrifuge SL 16 R Thermo Scientific) and filtered
(Whatman n◦ 595 1

2 ). Before extraction, magnesium sulfate was added in order to minimize emulsions.
Then, 1 mL of sample was substituted with the same volume of internal standard (1-heptanol) at a
concentration of 50 ppm. Afterwards, 500 mL of sample was extracted for 6 h with the solvent mixture
pentane:dichloromethane (2:1). During extraction, the sample was maintained at 60 ◦C. At the end it was
purified with the addition of anhydrous sodium sulphate and then concentrated by means of Rotavapor
(BUCHI Rotavapor R-114) up to a volume of 1 mL. For the determination of volatile compounds,
gas chromatography (Autosystem XL Gas Chromatograph Perkin Helmer) with a Flame Ionization
Detector (FID) was used, following the chromatographic conditions indicated by Bonvehì [33], by
injecting 1 μL of extract. Standard solutions were prepared with pentane:dichloromethane (2:1) as
the solvent.
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2.4. Sensory Analysis

In order to allow a complete sensory description of products and to identify key sensory attributes
of chocolates and related ingredients [11] the Quantitative Descriptive Analysis (QDA) [34,35] was
applied as a suitable procedure for an assessment of the sensory quality of chocolates and related
ingredients during the whole period of storage. No approval from the Human Ethics Committee was
required by our institution to perform the sensory analysis in this research.

2.4.1. Determination of the Sensory Profile of Chocolates and Related Ingredients

Sensory properties of the chocolates and related ingredients were monitored at each control
time (t0, t1, t2, t3, and t4) under conditions and procedures compliant to ISO standards [36–38]. The
QDA was carried out using eight assessors with a broad experience in sensory evaluation, as well as
interest and availability. The training was performed as reported by Donadini, Fumi, and Lambri [39].
The QDA was composed of the following stages [34,35]: (1) a lexicon generation process and (2) a
set of sensory tests designed to quantify the intensity of the sensory descriptors established in the
lexicon generation phase on a rating scale. The chocolate and ingredient samples were prepared
and individually served to panelists. Three-digit random numbers were assigned to each sample for
tracking purposes prior to service. The order of presentation was balanced and randomized across
samples, panelists, and replicates, according to a rotated tasting plan [40].

2.4.2. Lexicon Generation Process

In the lexicon generation process, participants were preliminarily asked to name as many sensory
characteristics as possible [41–43] which they considered important for the descriptive evaluation of
chocolate [44–48]. Redundant terms were discussed openly, with the intervention of the panel leader
as a moderator. Descriptors cited by at least 30% of the panel were retained and intensively discussed
among panelists in an open session until agreement was reached on the final verbal definition. Selected
sensory attributes as defined for each sample are reported in Table 1.

Table 1. Descriptors used for sensory profiling.

Attribute Description Range and References Sample(*)

Brightness
Ability to reflect light; luminescence
of color, with descriptions ranging

from dull to shiny [42]

Low: Dull; dark chocolate 90%
cocoa with fat blooming

High: Shiny; dark chocolate
90% cocoa

D – M – G

Snap The noise and force with which the
sample breaks or fractures [39]

Low: Gianduja chocolate
High: Dark chocolate 90%

cocoa
D – M

Firmness Force required for compressing the
sample between molar teeth [45]

Low: Milk chocolate
High: Dark chocolate 90%

cocoa
MC – D – M

Crunchiness

Easily broken or ruptured
Degree to which the sample

fractures into pieces on the first bite
with the molars [42]

Low: Dark chocolate 90%
cocoa

High: Milk chocolate
MC

Melting
Chocolate property of melting in

mouth while chewing [45] till
liquefaction [46]

Low: Dark chocolate 70%
cocoa warmed in a microwave

oven during 20 s.
High: Dark chocolate 70%

cocoa warmed in a microwave
oven during 40 s.

MC – C – HP – D – M – G

Stickiness The degree a sample sticks to the
palate [42,47] MC – HP – D – M – G
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Table 1. Cont.

Attribute Description Range and References Sample(*)

Chewiness

Length of time required to masticate
the sample, at a constant rate of

force application, to reduce it to a
consistency suitable for swallowing

[42]

G

Grittiness
Presence of perceptible particles in
the oral cavity. The number of solid

particles during mastication [42]
MC – C – HP – D – M – G

Astringency

Mouth drying and/or puckering
effect which boosts the production

of saliva; perceived between tongue
and palate or at the back of the front

teeth [42,47]

None: Milk chocolate
High: Dark chocolate 90%

cocoa
MC – C – HP – D

Oily The amount of oil left on mouth
surfaces [43] HP – G

Fatness
Surface textural attributes relating
to the perception of the quantity or

quality of fat in a product [43]
HP – G

Creaminess
The mouth-feel related to the

smoothness of the chocolate as
related to fat [44]

D – M – G

Acidity

Citric acid (fruit), acetic acid
(vinegar), lactic acid (sour milk),

and mineral acid (metallic tasting)
[42,46]

MC – C – HP – D – M

Bitterness
The taste on the tongue associated

with substances such as caffeine and
quinine [42]

None: Distilled water
High: Caffeine solution at

0.5%
MC – C – HP – D

Sweetness
The taste on the tongue associated
with sucrose and other sugars or

sweeteners [42]

Low: Sugar solution at 1%
High: Sugar solution at 10% C – HP – D – M – G

Cocoa The flavor associated with cocoa
powder or cocoa beans [43]

Low: Powder cocoa solution
at 0.5%

High: Powder cocoa solution
at 5.0%

MC – C – D – M – G

Toasted/Roasted

Flavor related to cocoa that is very
toasted [46]

The aroma associated with popcorn
or roasted peanut [48]

Low: Dry cocoa seed without
toasting.

High: Cocoa seed toasted for 3
h

MC – C – HP – D – G

Coffee The aroma associated with
medium-high toasted coffee [39] MC – C

Nutty

Delicate aroma of indistinguishable
nuts without roast. Mixed raw nuts
powder (hazelnut, walnut, peanut,

and sunflower seeds) [48]

MC – HP – M – G

Caramel The aroma associated with
caramelized sugar [48]

Low: Dry sugar
High: Sugar warmed at 120 ◦C

until a brown color
HP – M – G

Vanillin The aroma associated with vanillin
[39] D – M – G

(*) D=dark chocolate; M=milk chocolate; G=gianduja chocolate; CM=cocoa mass; C=cocoa powder 22–24;
HP=hazelnut paste.

2.4.3. Sensory Tests of Chocolates and Ingredients to Rate Sensory Attributes

A set of sensory tests was designed to quantify the intensity of the sensory descriptors that were
inserted into the score card on a 9-point scale (anchored at both extremes as “not perceived at all” and
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“extremely intense”). Panelists were provided with mineral water and unsalted breadsticks to cleanse
their palates between samples.

2.5. Statistical Analysis

At each storage time starting from production, the sampling proceeded with two independent
replications and each analysis was performed in triplicate. Data were subjected to Microsoft Excel 2017
and to Levene’s test to point out the homogeneity of variance among sample subsets. Furthermore,
data were analyzed by one-way analysis of variance (ANOVA) with Tukey’s t-test at p ≤ 0.05 to
highlight the significance of the differences among the different storage times (t0, t1, t2, t3, and t4) for
equal sample types (CM, C, HP, D, M, and G). The statistics were prepared using IBM SPSS Statistics
20 (IBM Corporation, New York, NY, USA).

3. Results and Discussion

3.1. Microbiological Analysis

The results of the microbiological analysis were compliant with the limits stated by EC Regulation
2073/2005 [18], as reported in Table 2. Different to other studies focused on microbial evolution in
chocolate-based and confectionery products [49], in this study, no meaningful data were obtained.
This outlined the microbiological quality of the samples under study, along with the strong hygienic
conditions applied in production and storage.

Table 2. Results from microbiological analysis at the end of storage.

Parameter CM C HP D M G

Total microbial count <5000 <5000 <5000 <5000 <5000 <5000
Enterobacteriaceae n.d. n.d. n.d. n.d. n.d. n.d.

Coliforms n.d. n.d. n.d. n.d. n.d. n.d.

n.d. = not detectable.

3.2. Nutritional Composition and Related Characterization

The sample characterization at t0 along with phenolic compounds, alkaloids, and vitamins is
shown in Table 3, while determination of the fatty acid profile, fatty acid composition, and sterol
composition is detailed in Table 4. Finally, the organic acids and the volatile compounds are reported
in Tables 5 and 6, respectively.
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Table 4. Fatty acid profile, fatty acid composition, and sterol composition expressed in % (as 100 of the
total) in cocoa mass (CM), cocoa 22-24 (C), hazelnut paste (HP), dark chocolate (D), milk chocolate (M),
and gianduja chocolate (G) at production time (t0).

Fatty acid / Sterol CM C HP D M G

Saturated fatty acids 63.90 61.29 9.49 63.87 65.23 37.67
Monounsaturated fatty acids 32.95 35.34 83.17 32.69 31.60 57.19
Polyunsaturated fatty acids 3.05 3.30 7.24 3.34 3.12 5.10

Trans-oleic fatty acids <0.01 <0.01 <0.01 <0.01 0.64 0.21
Trans-linoleic fatty acids <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Trans-linolenic fatty acids <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Trans-palmitoleic fatty acids <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

C4:0 Butyric <0.01 <0.01 <0.01 <0.01 0.69 0.23
C6:0 Capronic <0.01 <0.01 <0.01 <0.01 0.43 0.13
C7:0 Enantiic <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
C8:0 Caprylic <0.01 <0.01 <0.01 <0.01 0.28 0.10
C10:0 Capric <0.01 <0.01 <0.01 <0.01 0.58 0.22

C10:1 Caproleic <0.01 <0.01 <0.01 <0.01 0.07 <0.05
C12:0 Lauric <0.01 <0.01 <0.01 <0.01 0.71 0.32

C12:1 Lauroleic <0.01 <0.01 <0.01 <0.01 <0.05 <0.05
C13:0 Tridecanoic <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
C13:1 Tridecenoic <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

C14:0 Myristic 0.10 0.11 <0.05 0.21 2.34 0.98
C14:1 Miristoleic 0.01 <0.01 <0.01 <0.01 0.20 0.08

C15:0 Pentadecanoic <0.05 <0.01 <0.01 0.05 0.26 0.12
C15:1 Pentadecenoic <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

C16:0 Palmitic 26.66 27.83 6.61 25.99 26.96 16.57
C16:1 Palmitoleic 0.27 0.28 0.27 0.24 0.51 0.35

C17.0 Eptadecanoic 0.22 0.23 <0.05 0.23 0.38 0.16
C17:1 Eptadecenoic <0.05 <0.05 0.08 <0.05 0.09 0.08

C18:0 Stearic 35.67 32.08 2.68 36.15 31.53 18.10
C18:1 Oleic 32.68 35.06 82.68 32.40 30.73 56.60

C18:2 Linoleic 2.87 3.10 7.16 3.11 2.83 4.94
C18:3 Linolenic 0.18 0.20 0.08 0.23 0.29 0,16
C20:0 Arachic 1.01 0.90 0.15 1.03 0.90 0,57

C:20:1 Eicosenoic <0.05 <0.05 0.14 0.05 <0.05 0.08
C22:0 Behenic 0.17 0.14 0.05 0.17 0.16 0.11
C22:1 Erucic <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

C22:0 Lignoceric 0.07 <0.01 <0.05 0.09 0.08 0.06
Cholesterol 1.00 1.00 0.30 1.30 26.80 14.70

Brassicasterol <0.10 <0.10 <0.10 <0.10 <0.10 <0.10
2,4-methylene cholesterol 0.30 0.50 0.10 0.20 0.20 0.20

Campesterol 9.00 9.40 4.10 9.60 7.20 6.60
Campestanol 0.20 0.30 0.40 0.20 0.10 0.20
Stigmasterol 25.80 26.10 1.20 24.70 17.80 13.90

Delta-7-campesterol <0.10 <0.10 <0.10 <0.10 <0.10 <0.10
Delta-5,23-stigmastadienol <0.10 <0.10 <0.10 <0.10 <0.10 <0.10

Clerosterol 0.80 0.70 0.70 0.70 0.50 0.90
Beta-sitosterol 58.70 56.30 83.40 58.40 44.20 56.70

Sitostanol 0.70 0.70 1.40 0.70 0.40 1.00
Delta-5-avenasterol 2.50 2.50 6.20 2.40 2.00 3.00

Delta-7,9(11)-stigmastadienol 0.20 <0.10 <0.10 <0.10 <0.10 <0.10
Delta-5,24-stigmastanediol 0.40 0.20 0.80 0.80 0.20 0.80

Delta-7-stigmastenol 0.40 0.90 0.70 0.60 0.20 1.00
Delta-7-avenasterol 0.20 0.70 0.80 0.30 0.10 0.50

245



Nutrients 2019, 11, 2719

T
a

b
le

5
.

O
rg

an
ic

ac
id

s
(m

g/
kg

)
in

co
co

a
m

as
s

(C
M

),
co

co
a

22
–2

4
(C

),
ha

ze
ln

u
t

p
as

te
(H

P
),

d
ar

k
ch

oc
ol

at
e

(D
),

m
ilk

ch
oc

ol
at

e
(M

),
an

d
gi

an
d

u
ja

ch
oc

ol
at

e
(G

)
an

al
ys

ed
at

pr
od

uc
ti

on
ti

m
e

(t
0)

.D
at

a
re

pr
es

en
tt

he
m

ea
n
±S

D
(n
=

3)
.W

it
hi

n
ea

ch
ro

w
,d

iff
er

en
ts

up
er

sc
ri

pt
le

tt
er

s
in

d
ic

at
e

st
at

is
ti

ca
lly

d
iff

er
en

tv
al

ue
s

am
on

g
sa

m
pl

es
ac

co
rd

in
g

to
a

po
st

-h
oc

co
m

pa
ri

so
n

(T
uk

ey
’s

te
st

)a
tp
≤0

.0
5.

O
rg

a
n

ic
A

ci
d

s
C

M
C

H
P

D
M

G

O
ss

al
ic

ac
id

88
9
±2

7.
3

b
18

24
±3

3.
2

a
19

5
±4

.6
d

42
1
±9

.7
c

37
±0

.4
f

79
±1

2.
7

e

C
it

ri
c

ac
id

17
65
±6

9.
7

b
36

40
±5

1.
2

a
54

7
±3

6.
1

d
11

63
±9

8.
5

c
16

81
±7

8.
5

b
12

53
±3

4.
7

c

A
ce

ti
c

ac
id

90
2
±1

3.
4

b
27

50
±5

.8
a

61
0
±7

.9
c

10
9
±0

.3
e

54
7
±3

4.
6

d
45

4
±7

8.
2

d,
e

L-
m

al
ic

ac
id

44
4
±1

5.
9

b
n.

d.
15

24
±1

67
.4

a
39

9
±2

.5
c

19
4
±1

2.
8

d
13

88
±5

4.
9

a

La
ct

ic
ac

id
57

0
±3

.3
b

n.
d.

17
±0

.7
e

19
4
±0

.8
d

87
4
±5

6.
8

a
43

4
±2

3.
8

c

Fo
rm

ic
ac

id
n.

d.
n.

d.
20

8
±1

6.
1

b
84

3
±6

.4
a

22
9
±3

4.
1

b
20

2
±5

.8
b

Ta
rt

ar
ic

ac
id

23
5
±1

5.
7

n.
d.

n.
d.

n.
d.

n.
d.

n.
d.

Su
cc

in
ic

ac
id

48
±0

.7
b

n.
d.

n.
d.

n.
d.

54
±4

.7
a

n.
d.

n.
d.
=

no
td

et
ec

ta
bl

e.

T
a

b
le

6
.

Vo
la

til
e

co
m

po
un

ds
(m

g/
kg

)i
n

co
co

a
m

as
s

(C
M

),
co

co
a

22
–2

4
(C

),
ha

ze
ln

ut
pa

st
e

(H
P)

,d
ar

k
ch

oc
ol

at
e

(D
),

m
ilk

ch
oc

ol
at

e
(M

),
an

d
gi

an
du

ja
ch

oc
ol

at
e

(G
)

an
al

ys
ed

at
pr

od
uc

ti
on

ti
m

e
(t

0)
.D

at
a

re
pr

es
en

tt
he

m
ea

n
±S

D
(n
=

3)
.W

it
hi

n
ea

ch
ro

w
,d

iff
er

en
ts

up
er

sc
ri

pt
le

tt
er

s
in

d
ic

at
e

st
at

is
ti

ca
lly

d
iff

er
en

tv
al

ue
s

am
on

g
sa

m
pl

es
ac

co
rd

in
g

to
a

po
st

-h
oc

co
m

pa
ri

so
n

(T
uk

ey
’s

te
st

)a
tp
≤0

.0
5.

V
o

la
ti

le
C

o
m

p
o

u
n

d
s

C
M

C
H

P
D

M
G

R
e
fe

re
n

ce
s

D
e
sc

ri
p

to
rs

2,
5-

D
im

et
hy

lp
yr

az
in

e
n.

d.
22

.6
9
±2

.2
0

a
5.

21
±1

.5
4

b
n.

d.
0.

46
±0

.0
7d

0.
95
±0

.0
2

c
0.

23
–1

.6
9

co
co

a,
ro

as
tn

ut
s

2,
6-

D
im

et
hy

lp
yr

az
in

e
3.

32
±0

.0
3

b
2.

36
±0

.4
7

c
12

.6
7
±2

.5
8

a
15

.9
4
±3

.1
9

a
n.

d.
14

.1
0
±1

.1
9

a
0.

11
–0

.3
9

nu
tt

y,
co
ff

ee
,g

re
en

2,
3,

5-
Tr

im
et

hy
lp

yr
az

in
e

41
.7

5
±7

.3
9

a
19

.1
8
±3

.5
7

b
3.

63
±0

.4
5

d
7.

38
±2

.6
9

c
0.

12
±0

.0
2

f
0.

33
±0

.1
7

e
0.

21
–1

.7
1

co
co

a,
ro

as
tn

ut
s,

pe
an

ut
2,

3,
5,

6-
Te

tr
am

et
hy

lp
yr

az
in

e
6.

50
±1

.5
1

a
4.

50
±2

.1
1a

b
2.

03
±1

.2
6

c
8.

15
±1

.8
9

a
1.

58
±0

.1
1

c
4.

53
±0

.5
7

a,
b

0.
52

–8
.2

8
ch

oc
ol

at
e,

co
co

a,
co
ff

ee
Be

nz
al

de
hy

de
0.

59
±0

.3
1

d
3.

86
±0

.1
2b

0.
48
±0

.0
4

e
7.

52
±3

.5
0

a
1.

80
±0

.6
0

c
0.

73
±0

.2
9

d
0.

5–
1.

89
bi

tt
er

2-
A

ce
ty

l-
5-

m
et

hy
lf

ur
an

n.
d.

5.
06
±0

.9
2

a
1.

43
±0

.1
6

b
1.

76
±0

.4
5

b
0.

50
±0

.1
4

c
0.

43
±0

.0
1

c

2-
Ph

en
yl

ac
et

al
de

hy
de

0.
55
±0

.0
7

c
2.

15
±0

.7
5

b
4.

02
±0

.3
5

a
1.

47
±1

.1
2b

c
2.

59
±0

.5
4

b
1.

55
±0

.0
7b

c
2–

8.
90

be
rr

y,
nu

tt
y

α
-T

er
pe

ni
lf

or
m

at
o

0.
16
±0

.0
1

c
n.

d.
0.

72
±0

.1
1

b
n.

d.
0.

71
±0

.2
2

b
2.

89
±0

.3
4

a
0–

0.
38

he
rb

ac
eo

us
,c

it
ru

s
Be

nz
yl

ac
et

at
e

0.
37
±0

.2
9

d
n.

d.
1.

92
±0

.0
1

a
0.

59
±0

.1
2

c
0.

45
±0

.0
4

d
1.

32
±0

.1
3

b
0–

0.
03

3
flo

ra
l,

ja
sm

in
e

O
ct

an
oi

c
ac

id
0.

40
±0

.2
9

b
1.

93
±0

.9
6

a
1.

12
±0

.0
9

a
1.

62
±0

.0
2

a
0.

61
±0

.2
3

b
0.

85
±0

.0
1

a
0.

02
1–

0.
37

un
pl

ea
sa

nt
,o

ily
,f

at
ty

2-
A

ce
ty

lp
yr

ro
le

0.
18
±0

.0
3

c
2.

74
±1

.7
1

a
1.

52
±0

.3
1

a
n.

d.
0.

36
±0

.0
1

b
1.

58
±1

.1
1

a
0.

02
1–

0.
38

br
ea

d,
w

al
nu

t,
lic

or
ic

e
3-

H
yd

ro
xy

-2
-m

et
hy

lp
yr

id
in

e
n.

d.
1.

63
±0

.0
6

b
1.

84
±0

.3
2

b
4.

90
±1

.9
4

a
0.

59
±0

.0
4

d
0.

94
±0

.0
6

c
0.

14
–0

.3
8

w
iz

en
ed

2,
3-

D
ih

yd
ro

-3
,5

-d
ih

yd
ro

-6
-m

et
hy

l-
4-

py
ro

ne
n.

d.
n.

d.
n.

d.
n.

d.
0.

50
±0

.1
4

n.
d.

0.
28

–1
.8

7
ro

as
te

d
3,

5-
H

yd
ro

xy
-6

-m
et

hy
l-

4-
py

ro
ne

n.
d.

n.
d.

n.
d.

n.
d.

2.
59
±0

.5
4

n.
d.

0.
02

–0
.3

7
ro

as
te

d

n.
d.
=

no
td

et
ec

ta
bl

e.

246



Nutrients 2019, 11, 2719

3.2.1. Chocolates

For D and M chocolates, the content of ash, proteins, and fats (Table 3) confirmed CREA [50]
and other authors’ findings [19]. The ash levels were similar between samples and minor at 2%,
while proteins were higher in the D sample (at 7.2%) than in the M sample with a content of 6.4%
(Table 3). Since D is obtained from the processing of cocoa mass (CM), its results (Table 4) outlined a
composition of mainly oleic acid (C18:1), stearic acid (C18:0), palmitic acid (C16:0), and small quantities
of linoleic acid (C18:2), confirming what has been reported in the literature [51,52]. As observed by
Çakmak et al. [52], oleic acid (C18:1), stearic acid (C18:0), palmitic acid (C16:0), and linoleic acid (C18:2)
prevailed in the cocoa mass (CM).

The theobromine (Table 3) at a concentration of about 7.3 mg/g for D and almost 4 mg/g for M
agreed with what has been described by Belščak-Cvitanović et al. [53]. Besides, the concentration
in D was compliant with Meng et al. [54], who indicated a range of 237–519 mg of theobromine per
50 g portion of dark chocolate. The total soluble polyphenols, with a value of about 2.1 mg GAE/g,
and caffeine, with more than 21 mg/100 g in D (Table 3), were similarly remarked upon in a previous
study [53].

Citric, oxalic, acetic, malic, lactic, and formic acids were present in all the samples (Table 5), with
formic acid in the D sample having a value of 843 ppm, which is greater than in other research [10,55].
The formic acid did not seem to come from the raw materials, but rather from the transformations
that occurred during the process: despite its volatility, it was maintained at medium-high levels in the
finished chocolates (Table 5). Tartaric acid was completely absent in the chocolates (Table 5), while
succinic acid was only found in the M sample with almost a 55-ppm concentration, probably deriving
from the added milk.

Finally, considering the volatile compounds detected in the D, M, and G samples, Table 6 shows
that D chocolate was characterized by a higher level of pyrazines and benzaldehyde, reaching a value
of about 31.5 and 7.5 ppm, respectively, in line with the results of other studies [48,56]. As a matter
of fact, pyrazines contribute to 40% of the volatile compounds of roasted cocoa aroma with multiple
descriptors. In the study of Liu et al. [48], dark chocolate was characterized by a cocoa flavor with malty,
nutty, and toasted notes. Furthermore, Aprotosoaie et al. [57] stated that different cocoa types may
exhibit various and specific flavors since the concentration and sensory characters of these compounds
vary significantly, depending on the nature and origin of the identified molecules. The literature
has stressed a possible microbial fermentation derivation of Bacillus subtilis and Bacillus megatrium;
however, most cocoa and chocolate pyrazines originate in Strecker degradation and Maillard reactions,
and need heat and precursors such as aminocinetones, acetoin, and diacetyl [56]. This allows us to
conclude that the roasting of both cocoa and hazelnuts has a considerable impact on the aroma profile
of the chocolates and related ingredients.

3.2.2. Ingredients

Polyphenols exceeded 0.30 mg GAE/g (Table 3) in HP, as also reported in other research [58,59].
The highest concentrations were found in the C sample, with more than 7 mg GAE/g of polyphenols,
as in Belšcak et al. [27], although the literature mentions very variable polyphenol contents, depending
on the geographical origin of the beans, degree of maturation, processing, and packaging [7,9,11,29,46].
The content in theobromine and caffeine of the C sample under study (Table 2) was coherent with what
was reported by Jalil and Ismail [60], whilst the pH value (Table 3) matched Miller et al.’s results [61],
since this sample may be considered as quite alkalized cocoa, showing a pH value greater than 8.00.
The alkalization of cocoa powder causes a decrease in the total polyphenols and an increase in pH
up to 8.0. Natural cocoa powder has a pH of about 5.3–5.8, while alkalized cocoa powder may be
classified according to treatment: light treatment (pH 6.5–7.2), medium treatment (pH 7.2–7.6), and
heavy treatment (pH 7.6 and above) [61].

The overall fat content (Table 3) was lower than what was reported by CREA [50], with the
most in HP and the least in the C sample. The lipid content is influenced by the geographical origin
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of cocoa, ranging from 16% to 22% for commercial typologies [6]. The fatty acid composition of C
(Table 4) matched what was stated by Elkhori et al. [51]. As for the triglycerides of cocoa butter,
our results (Table 4) outlined mainly oleic acid (C18:1), stearic acid (C18:0), palmitic acid (C16:0),
and small amounts of linoleic acid (C18:2), as presented in the literature [51], while the Vitamin
E content found in C (Table 3), i.e., more than 9%, complied with Lipp et al.’s findings [62]. The
saturated, monounsaturated, and polyunsaturated fatty acid content (Table 4) of CM agreed with
the values presented by Çakmak et al. [52]. Oleic acid exceeded 30% in all of the samples, reaching
almost 83% in the HP sample (Table 3). Moreover, there were other fatty acids (lauric, myristic,
myristoleic, pentadecanoic, pentadecenoic, palmitoleic, heptadecanoic, heptadecenoic, linolenic,
arachic, eicosadienoic and eicosatrienoic, behenic, and lignoceric) ranging between 0.01% and 1%
(Table 5), as found by Bignami et al. [63]. Finally, vitamin E (Table 2) ranged around 300 ppm,
confirming what was previously reported [63].

Despite various works being carried out on the lipid fraction of hazelnuts, few data are currently
available on the organic acids of HP [63–65], which, in our study (Table 5), showed malic as the most
abundant acid. Citric, oxalic, and acetic were the only acids detected in the C sample (Table 5). Tartaric
and succinic acid were observed in the CM (Table 5), but they were completely absent in the other
samples, while formic acid was only present in the HP (Table 4). Succinic acid contained in CM at a
concentration of 48 ppm was probably a derived fermentation product. D-L lactic and L-malic acid
were present in both CM and HP (Table 5).

The analysis of the aroma compounds led to the identification of the only octanoic acid as off-flavor,
which showed the highest amounts in C (Table 6). Among the main contributors to the overall
profile of cocoa producing, the greatest impacts to chocolate aroma [48,56], tetramethylpyrazine and
trimethylpyrazine, responsible for milk coffee-mocha roasted, nutty, and earthy aromas, respectively,
were present, especially in CM (Table 5), whilst phenylacetaldehyde (rosy-like aroma) showed the
highest value in HP (Table 5).

3.3. Eighteen-Month Evolution of Chocolates and Ingredients: Nutritional and Sensory Changes

As chocolate is a continuous lipid phase, the structural changes in its fat matter may alter volatile
release, thus changing the flavor profile of the chocolate [11,14,17,47,48,56,57,66]. As a consequence,
chocolates and the related ingredients under study were chemically checked during the 18 months
of storage for peroxide and acidity values, polyphenols, and vitamin E [67]. This chemical-physical
monitoring was applied with an eighteen-weekly check frequency and outlined for both chocolates
and ingredients, and the results are reported in Figure 1.

On the other hand, the sensory analysis was performed at t0, t1, t2, t3, and t4 by means of QDA
profiling that allowed identifying significant trends of increase or decrease in the visual, auditory,
mechanical, and flavor perceptions of the samples [11,68]. In the QDA sensory sheet, panelists could
indicate descriptors related to the sensory flaws: this was useful for displaying any “anomalies” that
arose during storage. The evolution of the sensory attributes of each sample during the eighteen
months of conservation is represented in Figures 2 and 3 for ingredients and chocolates, respectively.
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c 

Figure 2. Sensory profile at t0, t1, t2, t3, and t4 of the dark chocolate (D, subfigure a), milk chocolate
(M, subfigure b), and gianduja chocolate (G, subfigure c).
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Figure 3. Sensory profile at t0, t1, t2, t3, and t4 of the cocoa mass (CM, subfigure a), cocoa 22–24 (C,

subfigure b), and hazelnut paste (HP, subfigure c).
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3.3.1. Chemo-Sensory Evolution of Chocolates

In the milk chocolate (M sample), brightness and snap increased over time (Figure 2), whereas
the intensity of brightness remained constant in D, where the snap became less intense from t0 to t4
(Figure 2a). This was in accordance with Machálková et al. [66], who found a slight deterioration of
some mechanical descriptors in the chocolate samples stored at 20 ◦C. The firmness did not change
significantly in D and M samples (Figure 2a,b), while the melting dropped in G and M chocolate
(Figure 2c,b). In this regard, Thamke et al. [68] concluded that chocolate with a lower cocoa content
was characterized by the greatest melting and creaminess, while the product with the highest cocoa
content was characterized as dry dough. This was confirmed by the results from Figure 2c, which
show a lower value of creaminess in D chocolate than in M and G samples.

It is interesting to compare the behavior of fat matter with the modification in structural properties
observed in chocolate samples and previously described, since the physical state of triglycerides is
known to affect the firmness, creaminess, and melting of a chocolate-based product [67]. The alteration
of the physical state of fat matter, which is widely observed over time in the storage of fatty food
products, is mainly due to rancidity phenomena starting with the hydrolysis of triglycerides giving
rise to free fatty acids, which in turn undergo oxidation [69]. This emphasized the role acquired by
the monitoring of both acidity and peroxide values that, together with sensory outcomes, in terms of
perceived acidity, may help to get quick and consistent information about the fat matter evolution of
chocolate-based products during their storage.

Our results evidenced a reduction in the acidity in the first eighteen weeks (t1) (Figure 1D),
followed by a fast and similar increase in all the samples after t2 with values of almost 290, 220, and
185 mg eq. stearic acid/100 g in D, M, and G samples, respectively. Afterwards, it fell again until
the eighteenth month of storage (t4). Considering the M chocolate (Figure 2b), acidity increased, this
was only slightly with respect to the D sample (Figure 2a). Regarding peroxides, the three chocolates
maintained a value ranging between 5 and 11 meq of O2/kg (Figure 1A). In particular, the results
showed no detectable peroxides at the production time (t0), while at the t1, there was a significant
increase, especially in M and D chocolate. The fact that in G, the peroxide value remained lower than
the other two chocolates, confirms the observations of other authors [70,71], who have attributed this
behavior to the phytochemical compounds present in dried fruit, in this case, hazelnuts. As observed
for M samples after 18 months (Figure 1A), the peroxide value decreases due to them changing
into short-chain aldehydes, or in secondary products deriving from their decomposition [69,72].
Therefore, despite chocolates having a high fat content (Table 3), the lipid oxidation at the end of
storage (Figure 1A) was very slow. Both the lyophobic and the lyophilic antioxidants were supposed
to perform a continuously protective activity towards fats [14,69] due to their well-known biological
effects [3,16,17,27,53,60,61,73,74].

At the end of the eighteen months, the residual content in polyphenols of the chocolates ranged
from 50 to 217 mg of GAE per 100 g, highlighting a significant difference between the different types
of chocolate. Phenolic substances are involved in the chocolate’s flavor and in the primary sensory
characteristics as bitterness and astringency. The analysis (Figure 1B) showed a slight increase in D and
M from time t0 to time t1, while in G, the concentration remained constant until t2, and then decreased
significantly up to the end of storage (t4), reaching the value of 54 mg GAE/100 g (Figure 1B). Although
D chocolate showed an important loss of polyphenols (Figure 1B), it maintained the highest content at
the end of storage (t4) when the astringency was perceived to be at a medium level, contrary to M and
G chocolate (Figure 2b,c). Studies [11–13,66,67] have already observed the depletion of polyphenols in
cocoa-based products during storage, correlating this loss with their oxidation in the corresponding
quinones, which might lead to increases in bitterness, as outlined in D chocolate (Figure 2a). In the
same sample, starting from t2, some panelists marked descriptors related to oxidation as “pungent”,
“closed”, “cork”, and “dried fig”. This was in line with Subramaniam [72], who reported that dark
chocolate loses some of its chocolate flavor and develops a “stale note” over time. Additionally, she
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reported that the chocolate develops a stale, “cardboardy” flavor due to oxidative rancidity prior to the
onset of fat bloom.

In this regard, results from vitamin E showing a protective antioxidant effect with a reduction
potential of 500 mV, comparable to that of epigallocatechin gallate (430 mV) [75], were particularly
interesting in the sample derived from hazelnut, i.e., in G chocolate, where a moderate decrease
was recorded at t1 and t4 control times (Figure 1C). The concentration in vitamin E detected in G
supported its non-significant lipid oxidation (Figure 1A), even if the G polyphenol content was lower
than in D and M chocolates (Figure 1B). The G sample (Figure 2c) showed a growth in stickiness,
chewiness, creaminess, and grittiness. A drop in the intensity of positive perceptions was also reported
by Bomba [76], who noted that the addition of nuts to chocolate shortens its shelf-life, even though the
antioxidants in chocolate may be of some benefit to the oil in the nuts. In this regard, the oily attribute
continuously rises, even if the fatness perception slightly decreases (Figure 2c). In the M chocolate
(Figure 2b), the attributes of “liquorice” and “aged” have also been reported, although at medium
levels. Additionally, milk chocolate flavors tend to blend with aging, but extended aging may result in
undesirable fruity notes [77]. Liu et al. [48] reported that the typical flavors of milk chocolate are milky,
nutty, and caramel with coconut notes, as observed in the present study (Table 5).

3.3.2. Chemo-Sensory Evolution of Ingredients

As regards the evolution of ingredients, the three semi-finished products maintained a peroxide
value (Figure 1A) corresponding to a good state of conservation [46], ranging between 4 and 11 meq of
O2/kg, and even if from t2, the parameter was significantly elevated in the CM. On the contrary, in
the HP, the data is not detectable in the first three control times and only at t4 was a value of almost
6 meq of O2/kg registered (Figure 1A). This result confirmed the observations of other authors [70],
who attributed this behavior to the phytochemical compounds present in the hazelnuts. Indeed,
in vitro studies have shown that incubating cells with nut extracts very rich in polyphenols can inhibit
oxidative susceptibility [64]. It should be noted that, as observed for C and CM, after 18 months
(Figure 1A), the peroxide value may decrease when the hydro-peroxides formed evolve into short-chain
aldehydes, i.e., in secondary products deriving from their decomposition. Conversely, the acidity was
risen in a linear way only in the HP sample (Figure 3c), while in CM and C, the trend of this attribute
was quite fluctuating (Figure 3a,b). In detail, the acidity of CM and HP decreased at t1, whereas C
had undetectable values at each sampling point (Figure 1D). After the t2 control, the acidity of CM
increased, while in HP, it continued to decrease, as also reported by Fardelli [70], who analyzed roasted
and natural nuts for nine months of storage.

As well as in chocolates and other studies [12–15,76], a decrease in the total polyphenol content
due to their oxidation was especially observed in CM and C from time t0 to time t1 (Figure 1B) and
then from the t2 to t3 for the C sample till the lowest value of 93 mg GAE/100 g. On the other hand,
the unoxidized polyphenols remained almost constant for HP throughout the full storage period,
ranging between 25 and 39 mg GAE/100 g (Figure 1B). This was quite different from what was observed
by Fardelli [70], who reported decreases in polyphenols during nine-month storage of natural and
roasted nuts.

The results of vitamin E indicated no significant change during the whole storage time in the
HP under examination (Figure 1C), with the exception of a decrease at times t1 and t4. The retained
level of vitamin E explains why the HP did not demonstrate detectable lipid oxidation (Figure 1A),
even though it had polyphenol content levels that were lower than other samples (Figure 1B). The
antioxidant properties of tocopherols come from their ability to donate their phenolic hydrogen to lipid
free radicals and to retard the autocatalytic lipid peroxidation processes [78]. Moreover, they show a
good stability: after six months of maintenance at room temperature, a 13% decrease in antioxidant
activity was already observed [79].

Finally, regarding flavors, an emphasis should be placed on the toasted aroma, whose intensity
increased during storage for CM and HP, while it decreased drastically for C. During the eighteen
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months of storage, in the CM (Figure 3a), the nutty aroma decreased, while cocoa and coffee remained
stable. In C, the coffee aroma dropped significantly in the last months of storage, while the cocoa
intensity remained constant (Figure 3b). On the contrary, in HP, the caramel aroma increased, in
addition to oily and fattiness perception (Figure 3c).

4. Conclusions

In the present work, two main groups of cocoa-based foods (chocolates and related ingredients)
were investigated by monitoring the evolution of some nutritional components during eighteen months
of storage under conditions simulating a point of sale or factory warehouse.

Although the matrices under study contained variable amounts of cocoa butter and hazelnut
oil, the evolution of their fats revealed only slow oxidation phenomena. Due to the known effects of
catechins, flavonols, and proanthocyanins against lipid peroxidation, the polyphenols measured in
chocolates and related ingredients continued to exhibit their protective activity towards fats, even
though a general loss in unoxidized polyphenols was observed over time. Finally, despite some
alteration of mechanical and structural properties, as well as some losses in aroma, the samples
exhibited good sensory scores for the descriptive analysis till the eighteenth month of storage.

Since chocolate, as part of a balanced diet, is becoming a commodity with health and nutritional
benefits, these outcomes are really useful for confectionery companies in order to gain detailed
information about the state of chocolates and related ingredients which is perceptible by humans and
associated with their nutritional composition. Enhancing this knowledge represents a stimulus to
people involved in this kind of production, processing, and consumption.
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Abstract: One of the main by-products in cocoa industry is the cocoa bean shell (CBS), which represents
approximately 12–20% of the bean. This product has been suggested as a food ingredient because
of its aroma and high dietary fiber and polyphenol contents. The purpose of this work was to
evaluate the effects of the CBS particle size and extraction methods on the chemical composition and
consumer acceptance of a functional beverage, in order to find the best combination of technological
parameters and health benefits. Five particle sizes of CBS powder and six home techniques were
used for beverage preparation. The influence of these factors on the physico-chemical characteristics,
methylxanthine and polyphenolic contents, antioxidant and antidiabetic properties, and consumer
acceptance was evaluated. Total phenolic content values up to 1803.83 mg GAE/L were obtained
for the beverages. Phenolic compounds and methylxanthines were identified and quantified by
HPLC-PDA. These compounds may be related to the high antioxidant capacity (up to 7.29 mmol
TE/L) and antidiabetic properties (up to 52.0% of α-glucosidase inhibition) observed. Furthermore,
the consumer acceptance results indicated that CBS may represent an interesting ingredient for new
functional beverages with potential health benefits, reducing the environmental and economic impact
of by-product disposal.

Keywords: cocoa by-product; functional food; polyphenols; α-glucosidase inhibition; antidiabetic
capacity; antioxidant capacity; methylxanthines

1. Introduction

According to the International Cocoa Organization (ICCO), each year, more than 4000 tons
of cocoa beans are processed and consumed worldwide [1]. Considering that the main products
of cocoa are obtained from its roasted bean, which represents only 10% of the total weight of
the fruit, cocoa processing produces a large amount of vegetal residue. Besides being expensive,
the disposal of these by-products can be harmful for the environment because they contain potentially
phytotoxic polyphenols [2] and high concentrations of theobromine, which may be toxic for non-human
mammals [3]. Such underutilization of residual biomass can be overcome by the development
of an added-value foodstuff based on cocoa by-products, particularly the cocoa bean shell (CBS),
which represents 12% to 20% of the cocoa bean [4]. CBS has been reported to be a considerable source
of proteins and dietary fiber, with low fat content in comparison with cocoa beans [5] but with a similar
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profile of volatiles [6]. Considering that CBS is a final-stage by-product from cocoa processing, it appears
to be an economical, organoleptic, and nutritionally rewarding substance for the transformation of cocoa
bean industries. Most of the research into CBS utilization is related to animal feeding and, despite the
presence of theobromine, CBS has positive effects on fortified diets for ruminants, pigs, and poultry [3],
among other animals. Besides, CBS has been applied as an additive in organic fertilizer [7], as biomass
for biogas production [8], or as a pectin source [5], among other applications. The application of this
cocoa by-product to food has attracted some attention due to its nutritional characteristics and high
concentration of phenolic compounds, mainly flavonoids [9]. In recent years, some studies in the food
research field were published, suggesting CBS as a food ingredient [4]. This research interest can be
linked to the sustainability and bioeconomy framework of the modern food and agricultural industries,
leading to the valorization of functional foods developed from by-products, as an opportunity to make
healthier foods. Functional foods are similar to conventional ones in that they are part of a standard diet
and consumed on a regular basis and in regular amounts. A functional food is claimed to have proven
benefits for the maintenance or promotion of a state of well-being or health or a reduction in the risk of
a pathological process or disease [10]. Although this market niche is not well defined, by influencing
the data on global sales, functional foods irrefutably represent a top trend in the food industry.

Because of their antioxidant capacity, phenolic compounds may be capable of protecting cell
components from oxidative damage, thus limiting the risk of several diseases associated with oxidative
stress, for instance, diabetes [11]. The relevance of polyphenols to the management of blood glucose
is mainly due to their inhibition of digestive enzymes involved in the metabolism of carbohydrates
(α-glucosidase and α-amylase) [9]. Even if these phenolic compounds are poorly absorbed, they can still
act on membrane-bound enzymes located in the intestinal epithelium. Moreover, other mechanisms
of action of polyphenols on glucose uptake, after ingestion of carbohydrate-rich meals, are being
studied [12]. The presence of bioactive components in CBS and its sustainable character may arouse
interest in such a product as a potential ingredient in the functional-beverage industry. Despite their
resource-rich matrix, the effective extraction of plant bioactive compounds and their concentrations in
the final product can be influenced by processing or preparation methods.

Unground CBS has already been utilized as one of the ingredients for commercialized herbal
infusion bags, such as the “ChocoTea” infusion bags from Valberbe® or the “Choco” tisane bags from
YogiTea®. Nonetheless, other preparations destined for the use of this by-product in home-based
beverage-making techniques have not been proposed yet. In this paper, several CBS preparations
were developed to be employed in six diffused techniques for coffee home-preparation available at a
consumer level, such as the Moka, Neapolitan flip, American, Espresso, Capsule, and French press
coffee makers. Instead of coffee powder, CBS at different grinding degrees (GDs) was employed to find
the optimal GD for each extraction technique. The aim of this study was to find the best combination
of the CBS GD and the beverage preparation technique in order to obtain a new functional beverage
with the optimal chemical composition, biological effects (antioxidant and antidiabetic properties),
and sensory characteristics.

2. Materials and Methods

2.1. Chemicals

Folin & Ciocalteu’s phenol reagent, sodium carbonate (≥99.5%), 2,2′-diphenyl-1-picrylhydrazyl
(95%) (DPPH), 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (97%; trolox), vanillin (99%),
(+)-catechin hydrate (>98%), methanol (≥99.9%), hydrochloric acid (fuming 37%), aluminum
chloride (99%), sodium nitrite (≥99%), α-glucosidase from intestinal acetone powders from rat,
p-nitrophenyl-α-D-glucopyranoside (≥99%; p-PNG), acarbose (≥95%), potassium phosphate monobasic
(≥99%), formic acid (≥98%), quercetin-3-O-glucoside (≥90%; Q-3-G), theobromine (≥98.5%), caffeine
(≥98.5%), and quercetin (≥98.5%) were provided by Sigma-Aldrich (Milan, Italy). Potassium phosphate
dibasic (≥ 98%) was acquired from Carlo Erba (Milan, Italy). Gallic acid, ethanol (≥99.9%), sodium
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hydroxide (1 M), (-)-epicatechin (>90%), procyanidin B1 (≥98.5%; PCB1), procyanidin B2 (≥98.5%;
PCB2), protocatechuic acid (>97%), caffeic acid (≥95%), and vanillic acid (≥99%) were supplied by
Fluka (Milan, Italy). Ultrapure water was prepared in a Milli-Q filter system (Millipore, Milan, Italy).

2.2. Samples

CBS from São Tomé cocoa beans (Forastero variety) was kindly supplied by Pastiglie Leone S.r.l.
(Turin, Italy). The CBS was divided into different grain sizes using a BA200N vibrating sieve (CISA,
Barcelona, Spain). Five GDs were obtained: above 4000 μm (GD1), 2000–4000 μm (GD2), 1000–2000 μm
(GD3), 500–1000 μm (GD4), and 250–500 μm (GD5).

The chemical and nutritional characterization of CBS was carried out according to
Bertolino et al. [13].

2.3. Preparation of Beverages

The beverages were prepared by six techniques available to consumers, i.e., Moka Express 6 cups
(Bialetti, Brescia, Italy), Neapolitan flip coffee pot (Ilsa, Turin, Italy), American coffee maker Cucina HD
7502 (Phillips, Milan, Italy), Espresso Saeco HD 8423/11 (Phillips, Milan, Italy), Capsule LM 3100 (AEG,
Milan, Italy), and French press Kaffe (Ikea, Collegno, Italy). Still mineral water (Valmora, Luserna San
Giovanni, Italy) was used for the beverage production. Each of the GDs was tested with all the coffee
makers, resulting in 30 beverages. Three production batches were generated for each beverage.

The water quantities employed varied for each technique following the established rules for the
use of the different machines. For Espresso and Capsule techniques, the initial volumes of water are
unknown because both machines operate with a continuous inlet of water and therefore it is possible
to define only the final volume of the obtained beverage. In addition, the quantities of CBS powders
used for the beverage preparations were adapted to each technique and GD to obtain a technologically
viable formulation.

All the beverages were centrifuged on a MPW-260R centrifuge (MPW, Warsaw, Poland) at 3075 ×g
for 10 min and then passed through a 0.45 μm cellulose acetate filter (Carlo Erba, Milan, Italy)
before analyses.

2.4. Analytical Procedures

2.4.1. Physicochemical Analysis

A pH meter MICROpH 2002 (CRISON, Carpi, Italy) served for pH measurement.
Determination of total acidity (expressed in grams of acetic acid per liter of a beverage) was

performed by potentiometric titration of 5 mL of a beverage (diluted to 50 mL with distilled water) by
means of 0.01N NaOH up to pH 8.2.

The dry extract of each beverage was analyzed gravimetrically for a 5 mL sample of each beverage
dried in an oven at 110 ◦C until constant weight.

The color analysis was conducted in transmittance mode on a CM-5 spectrophotometer (Konica
Minolta, Tokyo, Japan). L*, a*, and b* CIELab parameters were used to measure the color, where L* is a
coefficient of lightness ranging from 0 (black) to 100 (white), a* indicates the colors red-purple (when
positive a*) and bluish-green (when negative a*), and b* denotes the colors yellow (when positive b*)
and blue (negative b*). The ΔE parameter, which represents the difference between two colors [14] and
its perceptibility by the human eye when ΔE > 2.5, was calculated according to the equation

ΔE =

√
(L ∗a −L∗b)2 + (a ∗a −a∗b)2 + (b ∗a −b∗b)2
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2.4.2. Total Phenolic, Tannin, and Flavonoid Contents

The total phenolic (TPC), total flavonoid (TFC), and total tannin (TTC) contents were determined
according to the methods described by Barbosa-Pereira et al. [15], in 96-well microplates, using a
BioTek Synergy HT spectrophotometric multi-detection microplate reader (BioTek Instruments, Milan,
Italy). All the measurements were performed in triplicate. For the TPC analysis, a calibration curve
of gallic acid (20–100 mg/L) was constructed to quantify the concentration, which was expressed in
milligrams of gallic acid equivalents per liter of a beverage (mg GAE/L). The quantification of both TFC
and TTC was performed based on a standard curve of catechin (5–500 mg/L), and the concentrations
were expressed in milligrams of catechin equivalents per liter of a beverage (mg CE/L).

2.4.3. Antioxidant Capacity

The antioxidant capacity of the beverages was assessed by the 2,2′-diphenyl-1-picrylhydrazyl
(DPPH•) radical–scavenging method described by Barbosa-Pereira et al. [15]. All the assays were
conducted in triplicate in 96-well microplates with the BioTek Synergy HT spectrophotometric
multi-detection microplate reader (BioTek Instruments). Antioxidant capacity was calculated as the
inhibition percentage (IP) of the DPPH radical as

IP (%) =
(A0 −A30)

A0
× 100

where A0 is absorbance at the initial time point, and A30 is the absorbance after 30 min.
A standard curve of trolox was constructed (12.5–300 μM) for assessment of the radical-scavenging

activity values, which were expressed as millimoles of trolox equivalents per liter of a beverage
(mmol TE/L).

2.4.4. Antidiabetic Capacity

The antidiabetic effects of the beverages were determined by the α-glucosidase colorimetric assay
adapted from the method described by Kwon et al. [16].

An aliquot (50 μL) of the sample was mixed with 100 μL of α-glucosidase (10 mg/mL), prepared
in 0.1 M phosphate buffer pH 6.9, and incubated for 5 min. After that, 50 μL of substrate p-PNG
at 4 mM (prepared in the phosphate buffer) was added, and the solution was mixed. The solution
was incubated for 30 min at 37 ◦C, and then absorbance was measured at 405 nm against a blank
control. Acarbose at 0.5 mM (half-maximal inhibitory concentration, IC50) served as a positive control,
and the antidiabetic capacity was expressed as the α-glucosidase inhibition percentage. All of the
measurements were conducted in triplicate in 96-well microplates, using the BioTek Synergy HT
spectrophotometric multi-detection microplate reader (BioTek Instruments).

2.4.5. RP-HPLC-PDA Analysis

Characterization of the polyphenols contained in the beverages was performed by means of
reversed-phase high-pressure liquid chromatography with a photodiode array detector (RP-HPLC-PDA)
Thermo-Finnigan Spectra System (Thermo-Finnigan, Waltham, MA, USA). The instrument was
equipped with a P2000 binary gradient pump, SCM 1000 degasser, AS 3000 automatic injector,
and Finnigan Surveyor PDA Plus detector. Instrument control, data collection, and data processing
were performed using the ChromQuest software, version 5.0 (Thermo-Finnigan, Waltham, MA, USA).

For separation of compounds, a reverse-phase Kinetex Phenyl-Hexyl C18 column (150 × 4.6 mm
internal diameter and 5 μm particle size; Phenomenex, Castel Maggiore, Italy) was utilized at 35 ◦C.

Two solvents served as a mobile phase: water containing formic acid at 0.1% v/v (solvent A)
and 100% methanol (solvent B). The sample injection volume was 10 μL. To separate the different
compounds, gradient elution at a flow rate of 1 mL/min was conducted during 45 min as follows:
minutes 0–2, 90% A and 10% B; minutes 2–18, a linear gradient from 10% to 50% B; minutes 18–40,
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a linear gradient from 50% to 80% B; minutes 40–42, a linear gradient from 80% to 90% B; and minutes
42–45, a linear gradient until 90% A and 10% B were reached.

Detection was carried out via continuous scanning of wavelengths between 200 and 400 nm.
Methylxanthines (theobromine and caffeine) were quantified at 272 nm, protocatechuic acid at
293 nm, caffeic acid at 325 nm, flavan-3-ols (catechin, epicatechin, and catechin-3-O-glucoside),
and procyanidins B (type B procyanidin and procyanidin B2) were quantified at 280 nm, and flavonols
(quercetin, quercetin-3-O-glucoside, and quercetin-3-O-rhamnoside) at 365 nm.

The quantification was performed based on external linear calibration curves analyzed under the
same conditions and the following correlation coefficients were obtained: R2 = 0.9995 for theobromine,
R2 = 0.9996 for caffeine, R2 = 0.9999 for catechin, R2 = 0.9998 for epicatechin, R2 = 0.9997 for
protocatechuic acid, R2 = 0.9999 for caffeic acid, R2 = 0.9998 for procyanidin B1 (PB1), R2 = 0.9999 for
procyanidin B2 (PB2), R2 = 0.9996 for quercetin-3-O-glucoside (Q-3-G), and R2 = 0.9988 for quercetin.
For catechin-3-O-glucoside, type B procyanidin, and quercetin-3-O-rhamnoside, concentrations were
expressed as catechin, procyanidin B1, and quercetin-3-O-glucoside equivalents, respectively.

2.5. Consumer Acceptance Evaluation

For each beverage, a consumer test was carried out with 20 tasters where appearance, odor, taste,
flavor, texture, overall liking, and purchase predisposition were evaluated on a nine-point hedonic
scale (1 = extremely dislike, 9 = extremely like) [17]. The tests were performed in an air-conditioned
room with white light at approximately 21◦C.

2.6. Statistical Analysis

All the obtained results were subjected to analysis of variance (ANOVA) with Duncan’s post
hoc test at 95% confidence level and to linear regression analysis in the Windows software called
STATISTICA, version 13.3 (StatSoft Inc., Tulsa, OK, USA).

Values obtained by the consumer test were analyzed by the Kruskal–Wallis test (test H).

3. Results and Discussion

3.1. Cocoa Bean Shell—Chemical and Nutritional Composition

The chemical and nutritional composition of the cocoa bean shell employed in beverage preparation,
expressed for 100 g of dried product, was as follows: protein: 20.9 g, fat: 2.3 g, carbohydrates: 7.85 g,
dietary fiber: 55.1 g (42.3 g of insoluble fiber and 12.8 g of soluble fiber), water: 5.9 g, and ash: 7.9 g.

3.2. Beverage Yield

Thirty formulations were developed, resulting in 30 beverages with different yields, mostly
depending on the CBS GD (Table 1). Yields ranged from 72.0% to 93.3% when GDs above 500 μm were
used, and a notable substantial decrease in the recovery percentage was observed with a reduction in
the GD, thereby leading to such values as 29.6% for the beverage prepared with the Moka and GD5.
This decrease could be mostly due to the water-holding capacity of the insoluble fiber present in the
CBS; this fiber became more available when the surface-to-volume ratio of the CBS powders increased.
In some cases, also the larger CBS powder quantities used in order to obtain technologically realistic
preparations influenced the water-holding capacity. Nevertheless, this influence may not affect the
beverages obtained with other coffee makers such as the American pot or French press where the CBS
quantities remain the same at all the GDs, and the reduction in the yield is due to the lower GD only.

For the lowest GD (GD5, 250–500 μm), the beverage yields decreased considerably, and this
parameter, in general, lost the repeatability observed for larger GDs, mostly owing to the technological
problems during beverage preparation such as machine blockage in cases where the CBS absorbed
too much water or with extremely long preparation periods. Due to the aforementioned problems,
the beverages obtained by the Moka, Neapolitan, Espresso, and Capsule techniques with GD5 were
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assumed to be not technologically viable and it was not possible to proceed with further analyses.
Only the beverages obtained with the French press and American techniques were considered for GD5.

Table 1. Amounts of cocoa bean shell (CBS) powder and water utilized for the beverage preparations,
volume of the obtained beverages, and process yield registered for each production technique
and GD. Analysis of variance (ANOVA) was performed on the process yields among GDs and
extraction techniques.

Moka Neapolitan American Espresso Capsule French press Sig.

>4000 μm

Water (mL) 230.00 400.00 200 n/a n/a 100.00

***
CBS powder (g) 10.00 14.00 8.00 7.00 2.00 6.00
Beverage (mL) 188.00 ± 3.46 373.33 ± 2.89 172.00 ± 1.73 123.67 ± 1.53 59.33 ± 0.58 82.67 ± 0.58

Yield (%) 81.74 ± 1.51 bC 93.33 ± 0.72 aA 86.00 ± 0.87 aB n/a n/a 82.67 ± 0.58 aC

2000–4000 μm

Water (mL) 230.00 400.00 200.00 n/a n/a 100.00

***
CBS powder (g) 18.00 17.00 8.00 13.00 2.80 6.00
Beverage (mL) 190.00 ± 2.00 363.33 ± 2.89 159.67 ± 6.81 125.67 ± 2.08 60.33 ± 0.58 83.00 ± 1.00

Yield (%) 82.61 ± >0.87 abBC 90.83 ± 0.72 aA 79.83 ± 3.40 bC n/a n/a 83.00 ± 1.00 aB

1000–2000 μm

Water (mL) 230.00 400.00 200.00 n/a n/a 100.00

***
CBS powder (g) 22.00 30.00 8.00 16.00 6.50 6.00
Beverage (mL) 188.33 ± 1.53 329.66 ± 1.53 152.67 ± 1.15 122.67 ± 0.29 60.33 ± 0.58 78.67 ± 1.15

Yield (%) 81.88 ± 0.66 bA 82.42 ± 0.38 aA 76.33 ± 0.58 cC n/a n/a 78.67 ± 1.15 bB

500–1000 μm

Water (mL) 230.00 400.00 200.00 n/a n/a 100.00

***
CBS powder (g) 26.00 30.00 8.00 18.00 8.00 6.00
Beverage (mL) 186.67 ± 2.31 316.67 ± 5.77 148.67 ± 4.16 119.67 ± 0.58 60.33 ± 0.58 72.00 ± 1.73

Yield (%) 81.16 ± 1.00 bA 79.17 ± 1.44 aA 74.33 ± 2.08 cB n/a n/a 72.00 ± 1.73 cC

250–500 μm

Water (mL) 230.00 400.00 200.00 n/a n/a 100.00

***
CBS powder (g) 26.00 30.00 8.00 18.00 8.00 6.00
Beverage (mL) 68.00 ± 13.86 200.00 ± 81.85 146.67 ± 2.31 71.00 ± 9.64 36.35 ± 0.28 71.33 ± 1.53

Yield (%) 29.57 ± 6.02 cC 50.00 ± 20.46 bB 73.33 ± 1.15 cA n/a n/a 71.33 ± 1.53 cA

Sig. *** ** *** n/a n/a ***

n/a, not applicable. Means followed by different lower case superindexes within the same column (different grinding
degrees) and by upper case superindexes within the same row (different techniques) are significantly different at
p < 0.05. Significance: ** p < 0.01; *** p < 0.001. Data are expressed as mean values (n = 3) ± standard deviation.

3.3. Physico-Chemical Characterization

3.3.1. Acidity, Dry Matter, and Color

The pH and the titratable acidity results obtained for the functional beverages are shown in Table 2.
The beverages had pH and titratable acidity ranging from 4.84 to 5.19 and from 0.12 to 1.64 g of acetic
acid equivalents per liter of a beverage, respectively. In general, lower pH and higher acidity were
observed in beverages produced with a lower GD, except for the beverages produced with the Moka
and the Neapolitan techniques, which showed nonsignificant differences in pH when the GD was
varied. Nevertheless, they still showed the same tendency for acidity, which increased with a decrease
in particle size, probably owing to a major acid extraction when the CBS surface-to-volume ratio was
increased. This tendency was not observed for the beverage produced with the French press technique
where pH and acidity were found to be independent of the CBS particle size.

For all the beverages obtained by percolation techniques (Moka, Neapolitan, American, Espresso,
and Capsule), the quantity of dry matter increased when the GD was reduced (Table 2) because the
extraction seemed to be more effective at low GD. For French press, the quantity of dry matter did not
correlate with the GD of CBS, suggesting that the extraction by this maceration technique was barely
affected by the particle size of the CBS powder.
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Regarding the chromatic parameters (Table 2), generally, the brightness parameter decreased
with the decreasing GD due to the increase in the surface-to-volume ratio of the CBS powder, thereby
allowing for better extraction of color pigments. The beverages having the lowest values of L* and
therefore, darker beverages, were those obtained at the GD4 with Moka and Neapolitan techniques.
Generally, both parameters a* and b* rose with the decreasing GD, as the beverages became browner.
Always following a similar trend, various beverages showed significant differences when the GD
was changed except for the beverages produced with the French press. This fact can be numerically
explained by the ΔE parameter (data not shown), which determines whether two colors can be
distinguished by the human eye (ΔE > 2.5). Considering the different CBS GDs within each technique,
the beverages showed values of ΔE higher than 2.5 except for some beverages obtained with the French
press technique, where ΔEGD1-GD2 = 2.10, ΔEGD1-GD3 = 1.31, and ΔEGD2-GD5 = 1.55, which means that
these beverages had colors indistinguishable for the human eye.

3.3.2. Polyphenolic Content

TPC, TFC, and TTC data are presented in Figure 1 (Figure 1a, Figure 1b, and Figure 1c, respectively).
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Figure 1. Total phenolic content (TPC), (a), total flavonoid content (TFC) (b), and total tannin content
TTC (c), and antioxidant capacity (d) for the beverages produced by the six techniques at different CBS
GDs; ANOVA among GDs for each technique. GAE = gallic acid equivalent, CE = catechin equivalent,
and TE = trolox equivalent. Different letters indicate significant differences at p < 0.05. Significance:
* p < 0.05; ** p < 0.01; *** p < 0.001; ns = not significant.

TPC varied considerably among the beverages obtained by different techniques and at varied GDs,
with values that ranged from 126.86 mg GAE/L for the beverage obtained by the Capsule technique at
GD1 to 1803.83 mg GAE/L for the beverage obtained by the Moka technique using GD4. Except for the
beverage obtained with the French press, large significant differences were detected for all the other
beverages when the GD of the CBS was varied. For the beverages obtained by percolation techniques,
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TPC increased with a reduction in the GD, whereas for the beverage produced by the maceration
technique (French press), TPC values were not influenced by the GD. The highest phenolic content was
seen in beverages prepared by the Moka and Neapolitan techniques, where the results ranged from
276 mg GAE/L at GD1 to 1803.83 mg GAE/L at GD4 and from 263.67 mg GAE/L at GD1 to 1545.87 mg
GAE/L at GD4, respectively. The beverage obtained by the Capsule technique manifested the lowest
values of this parameter, ranging from 126.86 mg GAE/L at GD1 to 671.68 mg GAE/L at GD4. On the
other hand, considering the intake, one cup (200 mL) of the beverage obtained by the French press
technique at any GDs or by the American technique using CBS at GDs 3–5, provided the same quantity
of polyphenols as one cup (60 mL) of the beverages obtained by the Moka or the Neapolitan techniques
with CBS at GD4. The different values of TPC obtained for the beverages ranged between various
values presented in previous studies, where beverages thought to have ‘high-polyphenol content’ were
evaluated. The values of TPC in the present study were in most cases even higher than those found by
Zujko & Witkowska [18] for drinking chocolate (600 mg GAE/L) or hot cocoa (300 mg GAE/L), but also
higher in some cases than those of different tea types such as white tea (1040 mg GAE/L), green tea
(850 mg GAE/L), black tea (720 mg GAE/L), and red tea (380 mg GAE/L). Reported TPC values for red
wine (2410 mg GAE/L) and white wine (260 mg GAE/L) [18] were also within the range of the values
obtained for the beverages studied in the present work. Regarding the values reported for some fruit
juices by Gardner et al. [19] such as orange (755 mg GAE/L), apple (339 mg GAE/L), or pineapple juice
(358 mg GAE/L), the levels of total phenols in CBS beverages were always between these values or
even higher.

Flavonoids were the main compounds that contributed to TPC, constituting from 20.8% to 34.7%
of this value, depending on the preparation technique but these contributions remained constant at
different GDs within each technique. TFC and TPC were highly correlated (r = 0.9965), and thus the
former followed the same tendencies of abundance depending on the technique and GD. In this way,
the highest value of TFC was seen in the beverages obtained by the Moka technique at GD4 (566.42 mg
CE/L), followed by the beverage obtained by the Neapolitan technique with GD4 (489.43 mg CE/L).
Beverages obtained by the two techniques had higher values at each GD compared with the other
techniques except for the French press, for which the beverages showed slight differences with the
variation of the GD. The TFC values of the beverages produced by the French press technique ranged
between 97.98 and 155.63 mg CE/L and therefore had the highest values when larger CBS particle
sizes were chosen. Again, the lowest values were observed for the Capsule beverage, which had TFC
between 8.78 and 198.47 mg CE/L, which increased with a reduction in the CBS particle size.

Values of TTC accounted for 3.4% to 19.2% of TPC with a significantly high correlation (r = 0.9968).
Contrary to what was observed between TPC and TFC, the percentage of TTC’s contribution to TPC
increased with a reduction in the GD within the values obtained for each technique, except for the
beverages produced by the maceration technique, which maintained the contribution of the tannin
content (12.0% to 13.9%) to TPC values independently of the GD. This fact can be noticed as the
differences between big and small CBS particle sizes in TTC values become higher than those of TPC
and TFC. CBS particle size could have an influence on selective extraction of some polyphenol groups
for the percolation techniques, as could be the case for tannins. Tannins are normally larger molecules
than flavonoids and therefore, a decrease in the particle size could facilitate their extraction compared to
that of flavonoids, which were already extracted using the CBS powder with high particle sizes. In this
way, greater increases were observed for TTC within the same technique when the particle size was
reduced in comparison with those observed for TPC and TFC. Nevertheless, the highest concentrations
of tannins were again detected in the Moka and Neapolitan beverages at GD4 (334.64 and 296.06 mg
CE/L, respectively) and the lowest values of TTC were observed in the Capsule beverage, which ranged
from 5.18 to 99.86 mg CE/L.

More than 30 polyphenolic compounds that may contribute to the above values were detected
and quantified by HPLC analysis. Only the concentrations determined for the main cocoa marker
phenolic compounds and those showing the highest concentrations are given in Table 3. Belonging
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to the group of phenolic acids, protocatechuic acid, and caffeic acid were found in CBS beverages,
with the former being the most abundant. Both phenolic acids have already been quantified in
cocoa bean and chocolate samples [20,21]. Nonetheless even if the caffeic acid was present at lower
concentrations than protocatechuic acid, in the CBS beverages it showed higher levels (with respect
to protocatechuic acid) than those found in chocolate 100% cocoa made from Sao Tome cocoa beans
(Forastero variety) studied by Rodríguez-Carrasco et al. [21]. These results indicate that the proportions
of these two components diverge in the CBS with respect to the cocoa bean. For protocatechuic acid,
the concentrations depending on the technique and GD used to produce the beverages followed a
trend similar to the one already observed. The highest concentration was obtained in the beverage
produced by the Moka technique using the minimum GD (18.14 mg/L) while the lowest values were
found for the Capsule beverage (ranging from 1.32 to 10.80 mg/L) and the beverage produced by the
American technique (ranging from 2.91 to 7.23 mg/L). Similar data were obtained for the French press
beverage regardless of the particle size (ranging from 5.06 to 7.70 mg/L). As for caffeic acid, the lowest
concentrations were seen in the beverage produced by the American technique, with values ranging
from 0.15 to 0.33 mg/L. A slight decrease in the caffeic acid concentration was observed in the beverages
prepared by the French press technique in comparison with the other techniques.

As for flavan-3-ols, we detected and quantified catechin, epicatechin, and catechin-3-O-glucoside
in all the beverages; these are three characteristic flavan-3-ols for cocoa beans and chocolate already
reported in CBS [15]. They can be found as free monomers or forming condensed tannins as monomeric
constituents [22]. Variable concentrations were noted for these compounds, with catechin-3-O-glucoside
being the most abundant, followed by epicatechin and catechin. Nevertheless, the concentrations
obtained for both catechin and epicatechin were lower than those obtained with other types of extraction
procedures where organic solvents were used as in the work of Hérnandez-Hérnandez et al. [23].
Catechin and epicatechin showed low solubility in water, even when pressure and high temperatures
were applied in the present work, whereas catechin-3-O-glucoside was present at higher concentrations,
probably because of the water solubility ensured by the glycoside group. As a flavonoid compound,
epicatechin significantly correlated with the results obtained for both TPC and TFC (r = 0.9628 and
r = 0.9574, respectively).

Two procyanidins of type B were detected and quantified by HPLC analysis. Procyanidins are
flavan-3,4-diols, generally forming condensation compounds with epicatechin at 4–8 or 4–6 bonds [22].
Type B procyanidin was found to be the polyphenolic compound at the highest concentration among
those quantified in the studied samples. This compound was present at the highest concentrations
in both Moka and Neapolitan beverages with the smallest CBS particle size (36.30 and 27.10 mg
procyanidin B1 eq/L, respectively) and with the lowest values for the beverages produced by the Capsule
and American techniques; the concentration increased with a decrease in the GD. As epicatechin,
this compound highly correlated with both TPC and TFC (r = 0.9621 and r = 0.9572, respectively).
Procyanidin B2 was also found at its highest concentrations in the Moka and Neapolitan beverages,
and at lower concentrations in the Capsule and American ones. These results followed the trend of an
increasing concentration when the GD was decreased for almost all the beverages obtained by the
percolation techniques; and an intermediate constant concentration was observed for the maceration
technique, independently of the GD.

Finally, three flavonols were quantified in the CBS beverages, quercetin and two of its glycoside
derivates: quercetin-3-O-glucoside and quercetin-3-O-rhamnoside. Quercetin and its derivates are
part of the more abundant and recurrent flavonoids in foods known for their bitter flavor [22].

All these polyphenolic compounds, which possess antioxidant properties, could be beneficial in
terms of prevention of diseases related to oxidative stress. Therefore, it is highly important for humans
to consume them with nutrition. The new beverages (based on CBS) developed in this study may be
an interesting source of these bioactive compounds with potential health benefits.
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3.3.3. Methylxanthines

The concentrations of theobromine and caffeine evaluated by HPLC are given in Table 3.
The amounts of theobromine were approximately 5–7-fold higher than those of caffeine.
The concentrations of both methylxanthines significantly increased with a reduction in the GD for all
the beverages obtained by percolation techniques. In general, the beverages that manifested the highest
concentrations were those obtained by the Moka and Neapolitan methods, ranging from 147.33 to
703.79 mg theobromine/L and 25.44 to 124.84 mg caffeine/L for the former, and from 127.84 to 583.12 mg
theobromine/L and 19.17 to 102.98 mg caffeine/L for the latter. The observed caffeine contents were
lower than those observed for other kinds of beverages such as coffee (567 mg/L), mate (520 mg/L) [24],
matcha (300 mg/L), loose leaf teas (99.21–296.86 mg/L), or bagged teas (151.73–246.71 mg/L) [25].
Nonetheless, the theobromine contents of CBS beverages are significantly higher than those observed
for the same beverages, showing such amounts as 12.18 mg theobromine/L for matcha, 7.55–86.18 mg/L
for loose leaf teas, and 21.58–66.91 mg/L for bagged teas [25].

Nevertheless, considering the expected intake of each type of beverage (60 mL for Moka,
Neapolitan, Espresso, and Capsule and 200 mL for French press and American), the largest amounts
of theobromine and caffeine would be consumed with the beverage produced by the French press
technique, for which up to 60 mg of theobromine and 9 mg of caffeine would be consumed with each
expected dose.

Cocoa is known for stimulating the brain due to the presence of theobromine and caffeine.
As mentioned above, these two methylxanthines are also present in the CBS, the former being notably
more abundant than the latter. They both influence alertness and mood in a positive way, acting on the
central nervous system, and thus, may partly account for cocoa acceptance by consumers. Besides,
several beneficial biological activities are linked to these methylxanthines such as the anticarcinogenic,
antiobesity, antioxidant, antitumor, diuretic, or energizer effects of caffeine or the cAMP-inhibitory (with
IC50 = 0.06 mg/mL), cAMP-phosphodiesterase-inhibitory, diuretic (when consumed at 300–600 mg/day),
stimulant, or myorelaxant activities of theobromine [24]. Theobromine is also linked to the beneficial
effects of cocoa consumption because of various other benefits associated with it, all of them without
some of the unwanted effects of caffeine [26]. Usmani et al. [27] observed that a single 1000 mg
dose of theobromine has a significantly greater antitussive effect on humans than a single 60 mg
dose of codeine, an opioid drug whose clinical use is limited due to its unacceptable side effects,
which could be avoided with an alternative theobromine treatment. Neufingerl et al. [28] reported that
850 mg of theobromine per day increases serum high-density lipoprotein cholesterol concentrations
by 0.16 mmol/L. Another example of theobromine consumption benefits has been demonstrated by
Kargul et al. [29], who showed that application of theobromine at concentrations of 100 and 200 mg/L
to teeth could significantly protect enamel surface via a cariostatic effect, thus being an alternative to
fluoride treatments. According to these data, CBS is likely to represent the proper combination of both
methylxanthines in order to exert all the aforementioned beneficial actions without the secondary effects
of big doses of caffeine, such as tachycardia or increased blood pressure if consumed at doses over
250 mg [30]. Regarding the above-mentioned examples of theobromine’s benefits, one single expected
dose of the CBS beverage would not yield the needed levels to observe the effects on high-density
lipoprotein cholesterol level or the antitussive properties but it would clearly contribute to these
benefits. Moreover, further optimizations or extract concentrations of the prepared beverages could be
proposed to improve their functionality. Additionally, harmful levels of caffeine will not be an issue
when expected doses of the beverages are consumed.

3.4. Biofunctional Characteristics

Polyphenols, as antioxidants, chelators of divalent cations, or inhibitors of enzymatic activities,
have been reported to have several possible beneficial effects, e.g., anti-carcinogenic, anti-ulcer,
anti-thrombotic, anti-inflammatory, anti-allergenic, immunomodulating, antimicrobial, vasodilatory,
analgesic, or antidiabetic effects [16,22].
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The beverages studied in the present work were found to contain considerably large quantities of
various polyphenols and thus could exert a particular functional effect on the human body through
the different properties of their polyphenols. Amongst these features, antioxidant and antidiabetic
properties were studied here to evaluate the potential bioactivity of the beverages.

3.4.1. Antioxidant Capacity

The development of some chronic diseases such as cancer, cardiovascular diseases, and diabetes is
tightly related to oxidative stress. Therefore, new chemopreventive approaches have been developed
for preventing the damaging effects of free radicals and oxidants, mostly based on acquisition of radical
scavengers and antioxidants from the diet. It has been already demonstrated that polyphenols from
cocoa products (mostly flavanols) can interfere with these harmful processes and thus prevent the
pathogenesis of the aforementioned diseases [31].

Results showing the radical scavenging or antioxidant capacity of the functional beverages
expressed in mmol TE/L are presented in Figure 1d. The highest antioxidant capacity values were
found in the beverages produced by the Moka and the Neapolitan methods at GD4 (7.29 and 6.58 mmol
TE/L, respectively). These values were at least twice higher than those observed in the other beverages.
A general trend was observed with a proportional increase in the antioxidant capacity with the
decreasing CBS particle size for all the beverages produced by percolation techniques, whereas
those obtained by the French press manifested no dependence on the GD, having the highest level
of antioxidant capacity at the bigger CBS particle sizes, as reported about other parameters above.
Antioxidant capacity showed significantly high correlations with the obtained values of TPC, TFC,
and TTC (r = 0.9656, r = 0.9716, and r = 0.9649, respectively), even though lower correlations were
seen between the antioxidant capacity and the single compounds detected by HPLC (ranging from
r = 0.7713 for quercetin-3-O-rhamnoside to r = 0.9348 for procyanidin B2).

3.4.2. Antidiabetic Capacity

Cocoa polyphenols, in particular flavanols, have been reported to possess several antidiabetic
bioactivities such as the improvement of insulin secretion by protecting β-pancreatic cells and the
improvement of insulin sensitivity by protecting insulin-sensitive tissues from oxidative damage,
among other reasons [9]. However, the main and more extended antidiabetic property of polyphenols
have been reported to be the inhibition of key enzymes involved in glucose metabolism and absorption
such as α-glucosidase or α-amylase [16]. This effect could be achieved by means of some drugs such
as acarbose, a potent α-glucosidase inhibitor that is in disuse because of its considerable side effects
that affect quality of life, e.g., abdominal distension, flatulence, meteorism, and possibly diarrhea [16].
For all these reasons, there is great interest among researchers in the search for healthy and sustainable
alternatives such as the CBS preparations for beverages presented in this work. We carried out the
study of the antidiabetic capacity due to the α-glucosidase inhibition of the beverages and the results
are depicted in Figure 2.

As expected, according to TPC, TFC, and TTC results and taking into account the potential
influence of these compounds on the antidiabetic capacity, the beverage exerting the higher percentage
of α-glucosidase inhibition was the one obtained with Moka at the smallest CBS particle size GD4
(52.0%), followed by the Neapolitan (36.8%), Espresso (32.0%), and Capsule (26.2%) beverages at the
same GD. The smallest percentage of α-glucosidase inhibition was observed for the beverage produced
by the Capsule technique at the biggest GD of the CBS (4.7% with GD1). In general, beverages produced
with big particle sizes of the CBS are those exerting the smallest α-glucosidase inhibition, especially
for the techniques that employ pressure for extraction, where the contact time between water and the
CBS decreases, and so does extraction performance. The French press beverages instead showed an
intermediate value of α-glucosidase inhibition independently of the CBS particle size. It is important
to note that the contribution to the antidiabetic effect manifested by the new functional beverages is
close to that of 0.5 mM acarbose serving as a control sample corresponding to the IC50 concentration
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for this drug. The α-glucosidase inhibition parameters showed a significantly high correlation with
TPC (r = 0.9537) and some of the detected polyphenolic compounds such as protocatechuic acid
(r = 0.9826), type B procyanidin (r = 0.9870), and, as expected, both flavan-3-ols catechin-3-O-glucoside
and epicatechin (r = 0.9803 and r = 0.9500, respectively).

This is the first study where the α-glucosidase inhibition due to polyphenolic content is reported
for CBS. Nonetheless, the hypoglycemic effects of this by-product due to its fiber content have already
been described by Nsor-Atindana et al. [32]. We did not evaluate this effect.
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Figure 2. α-Glucosidase inhibition by the beverages produced via the six techniques at various CBS
GDs related to the total phenolic content expressed in mM GAE (gallic acid equivalents); ANOVA
among GDs for each technique. Acarbose at 0.5 mM (IC50) served as a control. Different letters indicate
significant differences among the GDs at p < 0.05. Significance: ** p < 0.01; *** p < 0.001.

3.5. Consumer Acceptance Evaluation

Table 4 shows the sums of ranks values calculated for the consumer evaluation parameters
for each beverage preparation technique and CBS particle size. These values were subjected to the
Kruskal–Wallis test to highlight the differences in acceptance for the different beverages prepared by
the same technique, comparing the GDs of the CBS.

As far as the aspect was concerned, slight differences were evidenced, and a general preference
for the beverages obtained with smaller GDs was observed. Taking into account the results obtained
for the beverages’ color, where in general, the brightness decreased while the GD decreased and
both parameters a* and b* rose when the CBS GD decreased, it could be assumed that darker and
browner beverages were preferred over lighter ones. Regarding the odor, the beverages obtained by
the Neapolitan and the Moka techniques were generally the most appreciated while those obtained
by the Capsule and the French press techniques were the least appreciated. In the case of taste,
the beverage obtained by the Capsule technique showed high levels of consumer acceptance for
almost all of the GDs. In some cases, even the beverages obtained by the Neapolitan and American
methods were highly liked. The situation was again ambiguous for the flavor where the liking seems
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to be influenced by the technique–GD interaction, though in general, the beverages obtained by the
Neapolitan or American technique were among the most appreciated. It was observed that overall,
the beverages that had high values of titratable acidity were less liked in terms of taste and flavor.
The overall rating obviously reflects all the previous variability for the various parameters of consumer
acceptance, with the Neapolitan and the American techniques yielding the most liked beverages at the
highest GDs, whereas the Capsule and Espresso methods seem to be the ones preferred at small GDs.
Again, this pattern is reflected in the purchase predisposition, with a greater preference for Neapolitan
technique beverages with large CBS particle sizes and for those generated by Capsule and Espresso at
smaller GDs.

It should be remarked that the most active beverages (Moka and Neapolitan with small GDs) are
between those most appreciated as far as the appearance or the odor are concerned. But, on the contrary,
the appreciation of these beverages decreases considerably when evaluating taste and flavor, and so
do the overall liking and the purchase predisposition. This fact could be related to the unpleasant,
bitter and, in some cases, astringent flavor related to the polyphenols and the methylxantines which
are present in high amounts in these beverages.

Table 4. Consumer evaluation of the beverages and results of the Kruskal–Wallis test. Data are
expressed as the sum of ranks of the results obtained from 20 tasters who filled out a nine-point hedonic
scale (1 = extremely dislike, 9 = extremely like).

Production
Technique

Grinding
Degree

Appearance Odor Taste Flavor Overall liking
Purchase

predisposition

Moka

>4000 μm 309.5 ab 234.0 b 482.5 a 473.0 a 486.5 a 395.0 a

2000–4000 μm 188.0 b 220.0 b 335.0 ab 283.5 b 312.5 b 265.5 a

1000–2000 μm 288.5 ab 311.5 ab 206.0 bc 188.0 b 177.5 b 279.0 a

500–1000 μm 390.0 a 410.5 a 152.5 c 231.5 b 199.5 b 236.5 a

250–500 μm n/a n/a n/a n/a n/a n/a
Significance * * *** *** *** ns

Neapolitan

>4000 μm 372.5 a 291.0 a 449.5 a 362.0 ab 433.5 a 439.5 a

2000–4000 μm 230.5 a 344.5 a 361.0 ab 382.5 a 406.0 a 376.5 a

1000–2000 μm 271.0 a 231.5 a 245.5 bc 202.5 b 181.5 b 205.0 b

500–1000 μm 302.0 a 309.0 a 120.0 c 229.0 ab 155.0 b 155.0 b

250–500 μm n/a n/a n/a n/a n/a n/a
Significance ns ns *** ** *** ***

American

>4000 μm 138.5 b 338.0 a 400.5 ab 446.0 a 436.0 ab 467.5 a

2000–4000 μm 510.5 a 444.0 a 595.0 a 557.5 a 569.5 a 403.0 a

1000–2000 μm 380.5 a 288.0 a 328.0 bc 342.0 a 309.0 bc 318.0 a

500–1000 μm 461.0 a 310.0 a 363.0 bc 396.0 a 392.0 ab 372.0 a

250–500 μm 339.5 ab 450.0 a 143.5 c 88.5 b 123.5 c 269.5 a

Significance *** ns *** *** *** ns

Espresso

>4000 μm 120.0 b 138.0 b 277.0 ab 247.0 ab 172.5 b 214.0 bc

2000–4000 μm 316.0 a 337.0 a 413.0 a 369.0 a 402.0 a 394.5 a

1000–2000 μm 356.5 a 290.0 ab 366.5 a 391.5 a 351.5 a 368.5 ab

500–1000 μm 383.5 a 410.0 a 119.5 b 168.0 b 250.0 ab 199.0 c

250–500 μm n/a n/a n/a n/a n/a n/a
Significance *** *** *** ** ** **

Capsule

>4000 μm 125.5 b 151.0 b 431.0 b 292.5 ab 235.5 b 201.0 b

2000–4000 μm 185.0 b 248.0 b 321.0 b 188.0 b 195.5 b 206.0 b

1000–2000 μm 389.0 a 310.0 ab 172.0 ab 283.5 ab 300.0 ab 339.5 ab

500–1000 μm 476.0 a 467.0 a 252.0 a 412.0 a 445.0 a 429.5 a

250–500 μm n/a n/a n/a n/a n/a n/a
Significance *** *** *** ** *** ***

French press

>4000 μm 464.5 a 526.5 a 192.0 c 472.0 a 436.0 a 319.0 ab

2000–4000 μm 312.0 a 172.0 b 237.5 bc 119.0 b 132.5 b 224.5 b

1000–2000 μm 366.0 a 140.5 b 367.5 abc 290.0 ab 285.5 ab 493.0 a

500–1000 μm 265.5 a 494.0 a 580.0 a 503.0 a 488.0 a 461.5 a

250–500 μm 422.0 a 497.0 a 453.0 ab 446.0 a 488.0 a 332.0 ab

Significance ns *** *** *** *** **

n/a, not applicable. Means followed by different letters are significantly different at p < 0.05. Significance: * p < 0.05;
** p < 0.01; *** p < 0.001; ns = not significant. Data are expressed as sums of ranks.
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3.6. Technological Efficiency of Polyphenol Extraction

To identify the technique allowing higher extraction yield of polyphenols, normalization of the
TPC values was performed according to the different CBS powder amounts and water quantities
employed. The new TPC values, expressed in milligrams of gallic acid equivalents per gram of CBS
ranged between 2.72 and 16.32 mg GAE/g (Table 5). A significant increase in TPC was observed for the
beverages obtained by the forced percolation techniques (Moka, Espresso, and Capsule) at GDs below
1000 μm and for the beverages produced by the Neapolitan method (natural percolation) at GDs below
2000 μm. For the beverage produced by the American technique (natural percolation), TPC increased
progressively with the decreasing GDs. On the contrary, for the beverage produced with the French
press, no influence of the GDs was observed, thereby leading to the conclusion that the difference in GDs
had only a minor impact on the polyphenol extraction by this technique based on a maceration process.
Neapolitan was always the most effective technique when total phenol extraction was compared
among the beverages obtained by all the techniques at the same GD, followed by those produced by
the American, French press, or Moka techniques. The lowest TPC values belong to the beverages
produced by the Capsule and Espresso. On the other hand, these techniques usually afforded higher
extraction of essential oils because they produce more aromatic coffee. The highest TPC observed
(16.32 mg GAE/g for the beverage obtained with Neapolitan using GD4) was significantly higher than
those reported for other types of CBS extraction in previous works. Hernández-Hernández et al. [23]
obtained a TPC value of 3 mg GAE/g when extracting 1 g of CBS at 500 μm in 6 mL of water at 70 ◦C.
Manzano et al. [33] observed a TPC value of 6.04 mg GAE/g using 2 g of CBS screened at 75 μm,
which was processed in 50 mL of water with 5-min reflux extraction. Nevertheless, in other studies in
which assisted extraction was carried out, higher values of TPC were obtained as compared to those
obtained for the beverages in the present work, as expected. Nsor-Atindana et al. [32] reported a value
of 17.21 mg GAE/g after the extraction of 2 g of CBS ground up at 250 μm in 50 mL of water using
microwaves. In any case, it is important to note that the solid/liquid ratio, which was different in all
studies, could also have some influence on these results.

Table 5. Total phenolic content for the beverages after normalization considering CBS and water
quantities. ANOVA among GDs and extraction techniques. Values are expressed in milligrams of gallic
acid equivalents for each gram of CBS powder employed for the beverage preparation (mg GAE/g CBS).

Moka Neapolitan American Espresso Capsule French Press Sig.

>4000 μm 5.21 ± 0.54 cB 7.03 ± 0.47 cA 4.84 ± 0.28 dB 3.12 ± 0.30 bC 3.76 ± 0.25 bC 6.68 ± 0.64 aA ***
2000–4000 μm 6.37 ± 2.25 bcAB 7.14 ± 1.06 cA 5.26 ± 0.09 dB 2.72 ± 0.39 bC 3.25 ± 0.30 cC 6.74 ± 0.72 aA ***
1000–2000 μm 6.92 ± 0.72 bB 10.00 ± 1.33 bA 7.32 ± 0.34 cB 3.41 ± 0.33 bD 3.03 ± 0.11 cD 5.78 ± 0.30 bC ***
500–1000 μm 12.94 ± 0.96 aB 16.32 ± 1.04 aA 9.39 ± 0.92 bC 5.10 ± 0.15 aD 5.06 ± 0.25 aD 4.10 ± 0.31 cE ***
250–500 μm n/a n/a 13.45 ± 0.86 aA n/a n/a 6.29 ± 0.26 aB ***

Sig. *** *** *** *** *** *** ***

n/a, not applicable. Means followed by different lower case superindexes within the same column (different grinding
degrees) and by upper case superindexes within the same row (different techniques) are significantly different at
p < 0.05. Significance: *** p < 0.001. Data are expressed as mean values (n = 3) ± standard deviation.

4. Conclusions

The various extraction techniques used for CBS ground to different degrees allowed us to
obtain beverages with different chemical characteristics and consumer-related parameters. Several
compounds were identified and quantified by HPLC (phenolic acids, flavan-3-ols, quercetin-glycosides,
catechin-glycosides, and procyanidins), which may underlie the high radical scavenging capacity
and significant α-glucosidase inhibition results shown by the beverages. The GD was optimized
for each extraction technique; the smallest GDs allowed us to obtain the most functional beverages
when using percolation techniques, whereas the maceration technique (French press) in general,
showed no dependence on the CBS particle size. This finding may be of great interest as with the
French press technique, no further CBS grinding treatments will be needed to obtain a beverage
having high-potential biological activities. In terms of consumer acceptance, it was found that, in
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general, the most active beverages were the least appreciated as far as taste and flavor are concerned,
probably because of the bigger presence of polyphenols and methylxanhines. This fact could open
a possibility for further research in order to optimize these beverages, aiming at a higher consumer
acceptance. Such optimization could be achieved by bioactive compounds encapsulation or by adding
new pleasant ingredients, among other options.

For the first time, it was demonstrated that the Moka and Neapolitan techniques may be the most
effective methods for polyphenol extraction, affording the highest radical scavenging activity and
α-glucosidase inhibition capacity, whereas the beverage produced by the Capsule technique showed
the poorest extraction. Therefore, this work indicates that CBS may be an optimal ingredient for
home-made functional beverages with potential health benefits for consumers, thereby reducing the
environmental and economic impact of by-product disposal.
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