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Background & aims: Chocolate consumption is associated with a decreased risk for CVD. Theobromine, a
compound in cocoa, may explain these effects as it favorably affected fasting serum lipids. However,
long-term effects of theobromine on postprandial metabolism as well as underlying mechanisms have
never been studied. The objective was to evaluate the effects of 4-week theobromine consumption
(500 mg/day) on fasting and postprandial lipid, lipoprotein and glucose metabolism, and duodenal gene
expression.
Methods: In a randomized, double-blind crossover study, 44 healthy men and women, with low baseline
HDL-C concentrations consumed 500 mg theobromine or placebo daily. After 4-weeks, fasting blood was
sampled and subjects participated in a 4-h postprandial test. Blood was sampled frequently for analysis
of lipid and glucose metabolism. In a subgroup of 10 men, 5 h after meal consumption duodenal biopsies
were taken for microarray analysis.
Results: 4-weeks theobromine consumption lowered fasting LDL-C (�0.21 mmol/L; P ¼ 0.006), and
apoB100 (�0.04 g/L; P ¼ 0.022), tended to increase HDL-C (0.03 mmol/L; P ¼ 0.088) and increased hsCRP
(1.2 mg/L; P ¼ 0.017) concentrations. Fasting apoA-I, TAG, FFA, glucose and insulin concentrations were
unchanged. In the postprandial phase, theobromine consumption increased glucose (P ¼ 0.026), insulin
(P ¼ 0.011) and FFA (P ¼ 0.003) concentrations, while lipids and (apo)lipoproteins were unchanged. In
duodenal biopsies, microarray analysis showed no consistent changes in expression of genes, pathways
or gene sets related to lipid, cholesterol or glucose metabolism.
Conclusions: It is not likely that the potential beneficial effects of cocoa on CVD can be ascribed to
theobromine. Although theobromine lowers serum LDL-C concentrations, it did not change fasting HDL-
C, apoA-I, or postprandial lipid concentrations and duodenal gene expression, and unfavorably affected
postprandial glucose and insulin responses.
This trial was registered on clinicaltrials.gov under study number NCT02209025.

© 2017 Elsevier Ltd and European Society for Clinical Nutrition and Metabolism. All rights reserved.
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1. Introduction

Optimizing dietary intake is a cornerstone for the prevention of
many non-communicable diseases such as cardiovascular diseases
(CVD), diabetes mellitus type 2, and themetabolic syndrome. In this
context, chocolate might have beneficial effects, as high chocolate
intake was associated with a 37% reduction in CVD events, a 31%
reduction in type II diabetes risk and a 29% reduction in stroke risk
[1]. In addition, beneficial effects of cocoa on serum lipid profiles
have been demonstrated in many intervention studies. In fact, two
ism. All rights reserved.
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different meta-analyses concluded that 2e12 weeks of cocoa con-
sumption significantly decreased low-density lipoprotein choles-
terol (LDL-C) and total cholesterol concentrations. However, no
effects were found on high-density lipoprotein cholesterol (HDL-C)
and triacylglycerol (TAG) concentrations [2,3]. Given the macronu-
trient composition of chocolate, the potential positive effects of
chocolate on serum LDL-C are probably due to one of the minor
compounds in cocoa [4]. As dark chocolate containsmore cocoa than
other chocolate types, dark chocolate should therefore have more
favorable metabolic effects than white or milk chocolate. Indeed,
Grassi et al. observed that the intake of 100 g of dark chocolate for 15
days increased insulin sensitivity and decreased blood pressure, total
cholesterol and LDL-C, while white chocolate did not [5]. Further-
more, Taubert et al. found a decrease in blood pressure, but no
changes in plasma lipids or glucose after 18-weeks of dark chocolate
consumption compared with white chocolate consumption [6].

Whether cocoa or dark chocolate also influences postprandial
lipid and glucose metabolism has only been explored to a limited
extent. This is unfortunate, since evidence is accumulating that
disturbances in postprandial lipid and glucose metabolism are
important risk markers for CVD [7,8]. In type 2 diabetic patients,
Basu et al. (2015) showed increased postprandial HDL-C and insulin
concentrations, but no differences in LDL-C, TAG, glucose and high-
sensitivity C-reactive protein (hsCRP) concentrations after acute
cocoa consumption [9]. In contrast, based on an oral-glucose-
tolerance test, insulin sensitivity in healthy subjects improved af-
ter 100 g of dark chocolate consumption for 15 days [10].

An important question is which component in cacao may be
responsible for the suggested beneficial fasting and postprandial
metabolic effects. Theobromine, a methylxanthine in cocoa, is a
promising candidate [11] given its beneficial effects on blood
pressure [10] and fasting plasma lipids [12]. So far, effects of
theobromine on postprandial metabolism have not been examined.
Therefore, the aim of the present study was to evaluate the effects
of 4-weeks pure theobromine intake (500 mg/day) on fasting and
postprandial lipid, lipoprotein and glucose metabolism. We were
especially interested in changes in HDL metabolism, since theo-
bromine has been reported to increase fasting apolipoprotein A-I
(apoA-I) concentrations [12], which may decrease CVD risk [13].
Therefore, overweight and slightly obese subjects with low HDL-C
concentrations were included, as these subjects may be more
responsive to interventions targeting HDL metabolism. Potential
underlying mechanisms were addressed by performing microarray
analyses in duodenal biopsies.

2. Material and methods

2.1. Study population

Apparently healthy middle-aged and elderly overweight and
slightly obese men and women (BMI 25e35 kg/m2) were recruited
in University and hospital buildings by posters, in local newspapers
via advertisements, and among participants who had participated
in earlier studies from our Department. They were invited for two
screening visits with an interval of �1 week. During the screening
visits body weight without heavy clothing, height, and blood
pressure were determined. Blood pressure was measured in four-
fold using an Omron M7 (Omron Healthycare Europe B.V., Hoofd-
dorp, The Netherlands). The first measurement was not used and
thefinal threemeasurementswere averaged. Furthermore, a fasting
blood samplewas taken for analysis of serum total cholesterol, HDL-
C, and plasma glucose concentrations. In addition, subjects had to
complete a general and medical questionnaire. Inclusion criteria
were: men aged between 45 and 70 years, and women aged be-
tween 50 and 70 years to exclude pregnant women, since
theobromine can cross the placenta [14], BMI between 25 and
35 kg/m2, fasting serumHDL-C concentrations<1.2mmol/L formen
and<1.5 mmol/L for women so as to include participants with HDL-
C concentrations below the 50th percentile of the Dutch population
[15], fasting serum total cholesterol concentrations <8.0 mmol/L,
fasting plasma glucose concentrations <7.0 mmol/L, stable body
weight (weight gain or loss <3 kg in the previous 3 months), no use
of lipid-lowering, anti-diabetic or anti-hypertensivemedication or a
medically prescribed diet, no history or current gastrointestinal
diseases or complaints, no use of vitamin or fish oil supplements, no
diabetes, no abuse of alcohol or drugs, no smoking, and no active or
history of coronary artery disease. In addition, subjects had not
participated in another biomedical study for the past 30 days. After
information about the aim of the study was given and the potential
risks of the experimental procedures were discussed, all partici-
pants gave their written informed consent before entering the
study. Forty-eight participants were included. After inclusion, sub-
jectswere urged not to change their dietary habits, levels of physical
exercise, and alcohol intake during the study. The study was per-
formed according to the guidelines laid down in the Declaration of
Helsinki. The protocol was approved by the Medical Ethical Com-
mittee of the University Hospital Maastricht and the trial was
registered on clinicaltrials.gov under study number NCT02209025.

2.2. Study design and product

The study had a randomized, double blind, placebo-controlled,
crossover design and consisted of 2 intervention periods of 4-
weeks, separated by a 4-week washout period. From 2-weeks
before the start of the study and during the study, participants
were instructed by a research dietician to avoid products contain-
ing cocoa, for which they received a detailed list with products.
Furthermore, the consumption of caffeine-containing drinks was
restricted to a maximum of 4 cups a day, since theobromine is a
metabolite of caffeine. In theory, these 4 caffeine-containing drinks
could result in the formation of maximally 80 mg of theobromine
[16], which was ±16% of the daily experimental theobromine intake
(500 mg) as provided by us. During the test days, caffeine intake
was prohibited. Based on a computer-generated randomization
scheme, subjects were allocated to a group starting with theobro-
mine or placebo drinks. At breakfast, subjects consumed daily
drinks (20 ml) enriched with 500 mg theobromine or placebo. The
experimental and placebo drinks were matched for composition,
appearance and taste (Supplementary data, Table 1). Theobromine
was obtained from Fagron (Uitgeest, the Netherlands) and drinks
were produced by Pharmavize (Mariakerke, Belgium). The drinks
were provided in boxes of eight 20 ml flasks and participants
received 2 boxes at the start of the 4-week intervention period and
2 boxes halfway the intervention period. The drinks and boxes were
color-coded to blind the participants and investigators. Subjects
were required to return all empty bottles and unused drinks, which
were counted to estimate compliance. At the end of the two
intervention periods, subjects had to record their habitual food
intake of the previous 4 weeks by completing a food frequency
questionnaire (FFQ). From these FFQs, energy and nutrient intakes
were calculated using the Dutch Nutrient databank [44]. FFQs were
immediately checked by the research dietician in the presence of
the subjects. Participants recorded in diaries any signs of illness,
medication used, alcohol consumption, and any deviations from
the study protocol and other complaints.

2.3. Visits, postprandial test, test meal and biopsies

All subjects visited the University at the start of the study (day
1), and twice in the fourth week (days 25 and 28) of both the

http://clinicaltrials.gov
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experimental and placebo periods tomeasure blood pressure, heart
rate and bodyweight, and to take a fasting blood sample (no food or
drinks, except water, 12 h before the visit). All visits were in the
morning and volunteers arrived at the metabolic research unit of
our Department by public transport or car to standardize mea-
surements as much as possible. Furthermore, subjects were not
allowed to use drinks containing alcohol and strenuous activities
48 h before the visits.

At day 28 of both experimental periods, subjects participated in a
postprandial test. To minimize differences in dietary intake before
these test days, subjects were provided with a standard dinner the
evening before the test day, which consisted of a commercially
available lasagne (638 kcal, 28.4 g protein, 44.0 g carbohydrates and
37.6 g fat). At the start of the postprandial test day, blood pressure
and heart rateweremeasured, an intravenous cannulawas inserted
in a forearm vein and a fasting blood sample was collected (T0).
Next, subjects were asked to consume a high-fat mixed meal and
their test drink within 10 min. This meal provided 965 kcal, 17.9 g
proteins, 85.7 g carbohydrates and 60.6 g fat (Table 1). After meal
intake, the volunteers were not allowed to eat or drink, except
water. Postprandial blood samples were taken at T ¼ 15 (T15),
T¼ 30 (T30), T¼ 45 (T45), T¼ 60 (T60), T¼ 90 (T90), T¼ 120 (T120)
and T¼ 240 (T240) minutes after meal consumption. A subgroup of
10 menwas willing to participate in an additional duodenoscopy to
sample duodenal biopsies. Additional inclusion criteria for this
supplementary measurement were willingness to undergo duode-
noscopy, for which also informed consent was obtained. Five hours
after meal intake, duodenal biopsies were taken at the Department
of Endoscopy. During duodenoscopy, no sedatives were given. Four
duodenal mucosal tissue samples, just before the ampulla of Vater,
were taken using standard biopsy forceps. The diameter of the bi-
opsies varied from2.0mm to 2.2mm. After sampling, biopsies were
immediately frozen in liquid nitrogen, stored at �80 �C, and at the
end of the study analyzed for gene expression profiles.

2.4. Blood sampling

Fasting blood was sampled in serum, EDTA- and NaF-vacutainer
tubes from a forearm vein by the same person in the same room,
and generally at the same time of the day. During the postprandial
test, serum and NaF-vacutainer tubes were sampled at each time
point. Furthermore, at T0, T60, T120 and T240, blood was sampled
in EDTA-vacutainer tubes. Directly after sampling, the EDTA- and
NaF-tubes were put on ice and centrifuged at 1300� g for 15min at
4 �C within 60 min to obtain plasma. Serum tubes were allowed to
clot for 1 h at 20 �C, and then centrifuged at 1300 � g for 15 min at
20 �C to obtain serum. Serum and plasma aliquots were stored
at �80 �C until analyses. At the end of the study, samples from one
subject were analyzed within the same analytical run.
Table 1
Composition of the test meal.

Nutrient Amount

Energy (kcal) 965
Protein (g) 17.9
Energy (%) 7
Carbohydrates (g) 85.7
Energy (%) 35
Mono- and disaccharides (g) 45.6
Polysaccharides (g) 40.1
Total fat (g) 60.6
Energy (%) 56
Saturated fatty acids (g) 36.0
Monounsaturated fatty acids (g) 18.7
Polyunsaturated fatty acids (g) 4.1
Cholesterol (mg) 341
2.5. Analysis

In all fasting serum samples, concentrations of total cholesterol
(CHOD-PAP method; Roche Diagnostics System, Mannheim, Ger-
many), HDL-C (precipitation method; Roche Diagnostics System,
Mannheim, Germany), TAG (Trigl; Roche, Mannheim, Germany),
insulin (human insulin-specific radioimmunoassay (RIA) kit, Linco
Research, Missouri, USA), apoA-I, apolipoprotein B100 (apoB100)
(Horiba ABX, Montpellier Cedex, France) and hsCRP (Horiba ABX,
Montpellier, France) were measured. In all fasting NaF plasma
samples, glucose (Roche Diagnostic Systems, Woerden, the
Netherlands) and free fatty acid (FFA) concentrations were
measured (Wako Biochemicals, Richmond, USA). Theobromine,
caffeine and paraxanthine concentrations were measured in fasting
serum samples of day 28, as described [17]. Liver and kidney
function parameters (creatinine, aspartate aminotransferase
(ASAT), alanine aminotransferase (ALAT), total bilirubin, and
gamma-glutamyltransferase (gamma-GT)) were measured in fast-
ing serum samples from day 28 (Beckman Coulter Synchron LX20
PRO Clinical System, Beckman Coulter Inc., Fullerton, CA, USA).

Fasting LDL-C was calculated using the Friedewald formula [18].
As this formula is not accurate when fasting serum TAG concen-
trations exceeds 4.52 mmol/L, LDL-C could not be calculated for 3
subjects. The homeostasis model assessment for insulin resistance
(HOMA-IR) and the quantitative insulin sensitivity check index
(QUICKI) were calculated to estimate the degree of insulin resis-
tance [19,20].

In all postprandial serum samples HDL-C, TAG, apoA-I and in-
sulin concentrations and in all postprandial NaF-samples glucose
and FFA concentrations were measured. Serum apolipoprotein B48
(apoB48) concentrations (Shibayagi Gunma, Japan) were measured
at T0, T30, T60, T90, T120 and T240.

2.6. Microarray processing and data analysis

Total RNAwas extracted from a frozen mucosal duodenal sample
using TRIzol reagent (Invitrogen, Breda, the Netherlands) with puri-
fication on columns using Qiagen RNeasy Micro Kit (Qiagen, Venlo,
theNetherlands). Total RNA (100ng)was labeledbyWholeTranscript
Sense Target Assay and hybridized to human whole-genome Affy-
metrix Gene 1.1 ST arrays targeting 19697 unique genes (Affymetrix,
Santa Clara, CA). Microarray analyses were performed as described
[21]. In short,microarrayswerenormalizedwith the robustmultichip
averagemethodandprobeswere annotated asdescribed [22,23]. This
gene set was filtered on an expression of >20 on at least 5 arrays
and measured with �5 probes. The filtered data set consisted of
12,294 genes. Individual genes were defined as changed when com-
parison of the normalized signal intensities showed a P� 0.05 in a 2-
tailed paired intensity-basedmoderated t-statistics and a fold change
of >1.2 or<�1.2 [24]. Further functional data analysis was performed
on the filtered dataset with ingenuity pathway analysis (IPA), up-
stream regulators and Gene Set Enrichment Analysis (GSEA) [25].
Pathways were selected on �log P-values of <1.3, which indicates
a significant change of P < 0.05 in that specific pathway. In the up-
stream regulator analysis, significant linked gene sets were selected
using a P-value of <0.05 for gene expression and a P-value of overlap
of <0.05. A z-score above 1.5 indicates activation, whereas a z-score
below �1.5 indicates inhibition of this upstream regulator. In the
GSEA, gene setswere selectedona FalseDiscovery Rate (FDR) q-value
of <0.2 and were ranked on the Normalized Enrichment Score (NES).

2.7. Statistical analysis

If available, fasting concentrations of days 25 and 28 were
averaged. Parameters were checked for normality using the
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ShapiroeWilk test. Fasting parameters were tested for carryover
effect, which were absent [26]. Effects of theobromine consump-
tion on fasting parameters, that were normally distributed, were
evaluated using the mixed models procedure with subject as
random factor, and period and treatment as fixed factors, and re-
ported as estimated marginal means ± SDs. Fasting TAG concen-
trations, which were not normally distributed, were log
transformed and reported as geometric means with 95% CI. Dif-
ferences in hsCRP concentrations and liver and kidney function
parameters were not normally distributed, also not after log
transformation, and were therefore evaluated by a Wilcoxon
signed-rank test, and reported asmedians with ranges. Since not all
FFQ results were normally distributed, also not after log trans-
formation, energy and nutrient intakes were evaluated by a Wil-
coxon signed-rank test, and reported as medians with ranges.
Relationships between changes in theobromine, caffeine and par-
axanthine concentrations with those in lipid and lipoproteins were
evaluated with the Pearson's correlation coefficient. Spearman's
rank correlation coefficients were calculated for changes in hsCRP
and changes in theobromine, caffeine, paraxanthine, glucose, lipid
and lipoprotein concentrations.

Postprandial responses were analyzed by linear mixed models
with subject as between subject variable, treatment and time as
fixed factors and a treatment*time interaction. If this interaction
term did not reach statistical significance, it was omitted from the
model. If the factor time was significant, time points were
compared to baseline concentrations, using Bonferroni's correc-
tions for multiple comparisons. For TAG, apoB48, FFA, glucose and
insulin, the incremental area under the curves (iAUC) or the
decremental area under the curves (dAUC) were calculated using
the trapezoidal rule [27]. Since only the iAUC for apoB48 was nor-
mally distributed, and log transformation did not result in
Fig. 1. Flow chart of participant in
normality for all parameters, the iAUCs, maximal increases and
time to peak values are reported as medians with ranges, and ef-
fects of theobromine were tested using a Wilcoxon signed-rank
test. The iAUCs were tested for carryover effect. None of the pa-
rameters showed significance [26].

Differences between subject characteristics of the total group
(n ¼ 21 men) and the subgroup (n ¼ 10 men) in which duodenal
biopsies were sampled, were tested with an independent t-test.
Results were considered to be statistically significant if P � 0.05. All
statistical analyses were performed using SPSS 20.0 for Mac (SPSS
Inc., Chicago, IL, USA).

3. Results

3.1. Subject characteristics and compliance

A flow diagram of the participants throughout the study is
presented in Fig. 1. After screening, 48 subjects were eligible and
started the study. During the first intervention period, four partic-
ipants discontinued participation. At that time, three subjects (2
men and 1 woman) received the theobromine drinks. One man
withdrew, because of non-study related illness and the woman
because she did not like the taste of the drinks. The other man was
excluded in the second week of the study, because of non-
compliance, i.e. he had consumed less than 80% of the drinks
provided. Finally, one woman receiving the placebo drinks had to
stop, because she was diagnosed with CVD by her cardiologist. This
appointment was already planned before the start of the study
without informing the project team. Baseline characteristics of the
44 participants, who completed the study, are shown in Table 2.

Based on the number of returned bottles, mean compliance was
99% (range: 89e100%) during both intervention periods. To further
clusion throughout the study.



Table 2
Baseline characteristics of the participants who completed the study.a

Mean ± SD

Age (years) 60.3 ± 5.5
BMI (kg/m2) 29.2 ± 3.0
Total cholesterol (mmol/L) 5.65 ± 0.92
HDL-C (mmol/L) 1.22 ± 0.18
Glucose (mmol/L) 5.56 ± 0.63
SBP (mmHg) 134 ± 15
DBP (mmHg) 86 ± 9
Heart rate (bpm) 70 ± 12

a Values are mean ± SD. n ¼ 44. bpm: beats per min, DBP: diastolic
blood pressure, HDL-C: high density lipoprotein cholesterol, SBP:
systolic blood pressure.
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substantiate compliance, serum theobromine concentrations were
measured. Fasting serum theobromine concentrations significantly
increased after the theobromine period as compared with placebo
period (placebo 0.6 ± 0.6 mmol/L vs. theobromine 7.0 ± 6.6 mmol/L,
P < 0.001) (Fig. 2). Forty-three of the 44 participants had higher
theobromine concentrations after the theobromine period than
during the placebo period. Furthermore, also plasma caffeine and
paraxanthine concentrations were significantly increased after
theobromine consumption (caffeine: placebo, 5.4 ± 5.1 mmol/L vs.
theobromine, 6.9 ± 6.0 mmol/L, P ¼ 0.013 and paraxanthine: pla-
cebo, 1.5 ± 1.2 mmol/L vs. theobromine, 1.9 ± 1.4 mmol/L, P ¼ 0.022).
Changes in serum theobromine concentrations did not correlate
with changes in serum caffeine and paraxanthine concentrations,
but changes in serum caffeine concentrations correlated positively
with changes in serum paraxanthine concentrations (r ¼ 0.740,
P < 0.001).

3.2. FFQ

Energy, protein, carbohydrate, fat, saturated fatty acids, mono-
unsaturated fatty acids, polyunsaturated fatty acids, alcohol,
Fig. 2. Individual theobromine concentrations after 4-weeks of placebo or theobro-
mine consumption (n ¼ 44).
cholesterol or fiber intakes between the 2 periods were comparable
(Supplementary data, Table 2).

3.3. Fasting lipid, lipoprotein and glucose metabolism

Fasting serum LDL-C (�0.21 mmol/L; 95% CI: �0.35, �0.06;
P ¼ 0.006), apoB100 (�0.04 g/L; 95% CI: �0.07, �0.01; P ¼ 0.022)
and total cholesterol (�0.10 mmol/L; 95% CI: �0.28, �0.02;
P ¼ 0.029) concentrations were significantly reduced at the end of
the theobromine period as compared with the placebo period
(Table 3). Fasting serum HDL-C tended to increase after theobro-
mine consumption (0.03 mmol/L; 95% CI: 0.00, 0.06; P ¼ 0.088),
while apoA-I concentrations were comparable between the 2 pe-
riods (0.01 g/L; 95% CI: �0.02, 0.04; P ¼ 0.576). As a consequence,
the ratios of total cholesterol/HDL-C (�0.23; 95% CI: �0.39, �0.07;
P ¼ 0.006) and LDL-C/HDL-C (�0.29; 95% CI: �0.44, �0.15;
P < 0.001) were significantly lower after theobromine consump-
tion. Finally, fasting serum TAG, FFA, glucose, and insulin concen-
trations, as well as HOMA-IR, QUICKI, BMI, systolic blood pressure
(SBP), diastolic blood pressure (DBP) and heart rate were not
significantly changed after theobromine consumption (Table 3).

3.4. Postprandial lipid, lipoprotein and glucose metabolism

No significant treatment*time interactions were found during
the postprandial period. However, time effects were significant for
all parameters (P < 0.001; Fig. 3). Theobromine intake had no ef-
fects on postprandial changes in HDL-C, apoA-I, TAG and apoB48,
but did affect those of FFA, glucose and insulin (Fig. 3, Table 4). After
theobromine consumption, the decrease in postprandial FFA con-
centrations was less pronounced (P ¼ 0.002), the iAUC was
increased (P ¼ 0.003) and the maximal FFA concentrations were
increased (P < 0.001). Further, theobromine consumption increased
the postprandial glucose response (P ¼ 0.001) as well as the iAUC
(P ¼ 0.026). Postprandial insulin concentrations tended to increase
after theobromine consumption (P ¼ 0.052), while the iAUC was
increased (P ¼ 0.011). Furthermore, maximal postprandial insulin
concentrations were increased (P ¼ 0.005).

3.5. Hs-CRP and markers reflecting liver and kidney function

Theobromine had no effect on parameters related to liver and
kidney function. In addition, values remained for all subjects within
reference ranges during the entire study (Table 5). However,
theobromine consumption increased plasma hsCRP concentration
with 1.2 mg/L (P¼ 0.017, Table 4). As elevated hsCRP concentrations
are associated with changes in fasting lipid, (apo)lipoprotein [28]
and glucose concentrations [29], correlations with changes in
hsCRP were calculated. Only significant correlations with changes
in TAG (r ¼ �0.332, P ¼ 0.028) and apoA-I (r ¼ �0.383, P ¼ 0.010)
were found. Changes in hsCRP concentrations did not correlate
with those in theobromine (r ¼ 0.041, P ¼ 0.790).

3.6. Gene expression and pathway analysis

Baseline characteristics and responses to theobromine con-
sumption of the men (n ¼ 10), in which duodenal biopsies were
taken, were comparable to those of the other men (n ¼ 21). Only
baseline glucose concentrations were significantly higher
(6.07 ± 0.78 mmol/L vs. 5.34 ± 0.42 mmol/L) in the subgroup in
which duodenal biopsies were taken (data not shown).

Theobromine significantly changed the expression of only 100
genes (Fig. 4). None of these genes were related to lipid, cholesterol
or glucose metabolism. IPA showed that 9 pathways were changed
(Table 6), which were again not related to lipid, cholesterol or



Table 3
Fasting lipids, (apo)lipoproteins, glucose, insulin, andmetabolic riskmarkers after 4-
weeks of theobromine consumption.a

Placebo Theobromine Difference

LDL-C (mmol/L)b 3.75 ± 0.91 3.54 ± 0.75 �0.21 ± 0.45*
ApoB100 (g/L) 1.24 ± 0.26 1.21 ± 0.24 �0.04 ± 0.13*
Total cholesterol

(mmol/L)
5.71 ± 1.10 5.56 ± 1.01 �0.10 ± 4.44*

HDL-C (mmol/L) 1.09 ± 0.19 1.11 ± 0.21 0.03 ± 0.13
ApoA-I (g/L) 1.39 ± 0.16 1.40 ± 0.18 0.01 ± 0.13
Total

cholesterol/HDL-C
5.41 ± 1.38 5.18 ± 1.36 �0.23 ± 0.53*

LDL-C/HDL-C 3.53 ± 1.01 3.24 ± 0.89 �0.29 ± 0.46*
TAG (mmol/L)c 0.31 (0.47e0.57) 0.44 (0.52e0.62) 0.06 (�0.01e0.13)
FFA (mmol/L) 408 ± 147 385 ± 118 23 ± 126*
Glucose

(mmol/L)
6.01 ± 0.62 6.02 ± 0.61 0.01 ± 0.27

Insulin
(mU/mL)

15.78 ± 5.42 15.50 ± 6.54 �0.28 ± 3.45

HOMA-IR 2.09 ± 0.72 2.07 ± 0.86 �0.02 ± 0.46
QUICKI 0.31 ± 0.02 0.32 ± 0.02 0.00 ± 0.01
BMI (kg/m2) 29.2 ± 3.0 29.2 ± 3.1 0.0 ± 0.40
SBP (mmHg) 134 ± 14 135 ± 14 0 ± 7
DBP (mmHg) 86 ± 9 86 ± 10 1 ± 7
Heart rate (bpm) 62 ± 9 63 ± 9 1 ± 7

a Values are estimated marginal means ± SD. n¼ 44. * Significantly different from
placebo (linear mixed models): *P < 0.05. apoA-I: apolipoprotein A-I, apoB100:
apolipoprotein B100, bpm: beats per min, DBP: diastolic blood pressure, FFA: free
fatty acids, HDL-C: high density lipoprotein cholesterol, LDL-C: low density lipo-
protein cholesterol, SBP: systolic blood pressure, TAG: triacylglycerol.

b n ¼ 41 because of missing values.
c Values are geometric mean with 95% CI in parentheses.
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glucose metabolism. GSEA revealed that 3 gene sets were down-
regulated, whereas 364 gene sets were upregulated after theo-
bromine consumption (Supplementary data, Table 3). Many of
these gene sets were related to the cell cycle or the immune system.
Also the 53 upstream regulators that were changed were not
related to lipid, cholesterol or glucose metabolism (Supplementary
data, Table 4).

4. Discussion

This randomized, double-blind, placebo-controlled human
intervention study showed that a daily intake of 500 mg theobro-
mine for 4-weeks decreased fasting serum total cholesterol, LDL-C,
and apoB100 concentrations, tended to increase fasting serum
HDL-C concentrations, and significantly increased those of hsCRP.
During the postprandial phase, theobromine consumption
increased both glucose and insulin responses, which suggests a
lower insulin sensitivity. In addition, theobromine increased post-
prandial FFA concentrations, while TAG, HDL-C, apoA-I and apoB48
responses did not change. These findings suggest that it is highly
unlikely that theobromine is the component in cocoa that explains
the epidemiological findings suggesting that high dark chocolate
consumption reduces CVD risk.

Theobromine has been reported to increase fasting serum HDL-
C and apoA-I concentrations [12]. However, in the present study,
fasting serum HDL-C concentrations only tended to increase, while
apoA-I concentrations were unchanged. With 44 participants, the
statistical power to detect a difference of 0.07 g/L in serum apoA-I
concentrations, as reported by Neufingerl et al., was >95%
(a ¼ 0.05), when a within-subject variability of 0.10 g/L was used.
There are at least three explanations for these contradicting find-
ings. First, Neufingerl et al. used 850 mg theobromine, while the
intake in our study was 500 mg. Second, Neufingerl and colleagues
added the theobromine to a milk-based drink, while we dissolved
the theobromine in water [12]. It is possible that theobromine
needs one or more components from milk to effectively increase
serum apoA-I and HDL-C concentrations. Third, Neufingerl et al.
studied healthy subjects, while we included overweight or obese
participants with relatively low HDL-C concentrations. Further, in
our study serum HDL-C concentrations tended to increase while
apoA-I concentrations did not, which may suggest that HDL-C
particle composition e and possibly HDL functionality e changed.
In agreement with the study of Neufingerl et al. (2013), serum LDL-
C and apoB100 concentrations also decreased [12].

So far, no other study has examined the effects of theobromine
on fasting or postprandial glucose metabolism. For cocoa, beneficial
effects on fasting insulin concentrations and insulin resistance has
been reported [30]. However, effects on postprandial glucose
metabolism are inconsistent. One study found increased post-
prandial insulin responses, but no differences in those of glucose
after acute cocoa consumption [9], while another study reported
lower glucose and insulin responses after dark chocolate con-
sumption for 15 days [10]. In our study, theobromine unfavorably
affected postprandial glucose and insulin responses. We can only
speculate about the mechanism underlying these responses. It has
been reported that theobromine inhibits cyclic adenosinemono-
phosphate (cAMP)-phosphodiesterase [31,32], which increases
cellular cAMP levels, leading to a net increase in hepatic glucose
production [33]. This may result in higher plasma glucose con-
centrations and consequent higher insulin responses. In addition,
cAMP amplifies the exocytosis of insulin granules in the pancreas
[34], which may also have contributed to the observed higher
circulating postprandial insulin concentrations. Another mecha-
nism could relate to the hepatic metabolism of theobromine, where
cytochrome P450 2E1 (CYP2E1) and cytochrome P450 1A2
(CYP1A2) are involved [35]. It is known that the activity of CYP2E1
can be upregulated by its own substrates [36]. Therefore, higher
theobromine intakes may increase CYP2E1 activity, which causes
oxidative stress, leading to hepatic insulin resistance [37]. In fact,
CYP2E1 knock out mice are protected against insulin resistance,
obesity and hyperlipidemia [38]. Finally, hsCRP concentrations
increased after theobromine consumption, which is also associated
with insulin resistance [39]. hsCRP is an acute phase protein, which
can be produced in the liver in response to factors (e.g. interleukin 6
(IL-6)) released by adipocytes and macrophages [40]. Whether this
pathway was upregulated by theobromine intake warrants further
study.

Theobromine had no effects on postprandial lipid and lipopro-
tein metabolism. FFA concentrations normally decrease following
meal consumption [41,42]. However, we found here that in both
intervention periods, FFA concentrations slightly increased during
the first 45 min after meal consumption preceding the expected
decrease. This increase was more pronounced and the decreases
less pronounced after theobromine consumption, for which we
have no explanation.

Microarray analysis showed that only few genes in duodenal
biopsies were differentially expressed and did not suggest regula-
tion of pathways, gene sets or upstream regulators related to lipid
or glucose metabolism after 4-weeks of theobromine consumption.
We therefore conclude that theobromine does not change
duodenal gene expression of genes related to lipid and glucose
metabolism. The changes observed in this study are thus caused in
other organs.

Compliance was excellent as evidenced by the increased serum
theobromine concentrations. Furthermore, also the concentrations
of serum caffeine and paraxanthine, a metabolite of caffeine,
increased after theobromine consumption. The hepatic enzymes e
CYP1A2 and CYP2E1 e that metabolize theobromine also function
in caffeine metabolism [41]. Therefore, it is possible that these
enzymes are occupied by theobromine and have a limited capacity
to metabolize caffeine, leading to higher circulating caffeine



Fig. 3. Mean baseline-corrected changes for A. high density lipoprotein cholesterol (HDL-C), B. apolipoprotein A-I (apoA-I), C. triacylglycerol (TAG), D. apolipoprotein B48 (apoB48),
E. free fatty acids (FFA), F. glucose, and G. insulin concentrations after theobromine (dotted line, triangle) or placebo (line, square) consumption for 4-weeks. Values are mean ± SD.
n ¼ 44. * Significantly different from T0 (linear mixed models): *P < 0.05.
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Table 4
iAUC, dAUC, maximal increase and time to peak or dip for triacylglycerol (TAG), apolipoprotein B48 (apoB48), free fatty acids (FFA), glucose and insulin after 4-weeks
theobromine consumption.a

iAUC/dAUC b Maximal peak in/decrease c Time to peak/dip (min)

Placebo Theobromine Placebo Theobromine Placebo Theobromine

TAG iAUC 249 (7e608) 219 (58e518) 1.9 (0.1e5.1) 1.8 (0.6e5.2) 240 (120e240) 240 (120e240)
ApoB48 iAUC 11.1 (2.7e23.0) 12.3 (1.4e24.1) 7.0 (2.2e18.4) 6.7 (1.4e16.4) 180 (60e240) 120 (60e240)
FFA iAUC 3.3 (0.0e19.6) 6.9 (0.0e38.7)* 117 (0e279) 154 (0e534)* 23 (0e240) 30 (0e240)
FFA dAUC 12.1 (92.7e0.1) 11.2 (60.9e0.0) 97 (618e0) 108 (349e0) 90 (60e240) 90 (45e240)
Glucose iAUC 126 (3e689) 151 (6e726)* 1.4 (0.3e4.0) 1.5 (0.4e4.1) 45 (15e240) 45 (15e240)
Insulin iAUC 7.1 (1.0e39.6) 7.3 (0.0e20.7)* 53.0 (14.8e247.5) 64.1 (0.0e192.7)* 60 (15e240) 60 (0e240)

a Values are medians with ranges. n ¼ 44. * Significantly different from placebo (Wilcoxon signed-rank test): *P < 0.05.
b TAG (mmol*min/L), apoB48 (ng*105*min/mL), FFA (mol*104*min/L), glucose (mmol*min/L) and insulin (U*103*min/mL).
c TAG (mmol/L), apoB48 (mg/mL), FFA (mol/L), glucose (mmol/L) and insulin (U/mL).

Table 5
Markers reflecting liver and kidney function and hsCRP after 4-weeks theobromine
consumption.a

Placebo Theobromine Reference valuesb m/f

Creatinine (mmol/L) 86 (60e112) 85 (58e104) 60e115 50e100
GammaGT (U/L) 27 (13e88) 25 (13e70) <55 <38
ASAT (U/L) 28 (17e42) 27 (18e63) <35 <31
ALAT (U/L) 24 (16e50) 24 (12e47) <45 <34
Bilirubin (mmol/L) 8.7 (4.3e33.8) 8.1 (3.7e31.7) <20 <20
hsCRP (mg/L) 1.7 (0.2e14.5)* 2.8 (0.1e5.0)*

a Values are medians with ranges. n ¼ 44. * Significantly different from placebo
(Wilcoxon signed-rank test): *P < 0.05. ALAT: alanine aminotransferase, ASAT:
aspartate aminotransferase, gamma-GT: gamma-glutamyltransferase, hsCRP: high
sensitivity c-reactive protein.

b Reference values are specific for the clinical chemistry laboratory of the Aca-
demic Hospital Maastricht.

Fig. 4. P-value distribution of the microarray analysis of duodenal biopsies after 4-
weeks of theobromine consumption (n ¼ 10).

Table 6
IPA results of the microarray analysis of duodenal biopsies after 4-weeks of theo-
bromine consumption.a

Pathway �log(P-value) Ratio

Mitotic roles of polo-like kinase 1.30 0.06
Eicosanoid signaling 1.34 0.06
CDP-diacylglycerol biosynthesis I 1.36 0.13
Sulfate activation for sulfonation 1.38 0.50
Glycine biosynthesis I 1.38 0.50
Glutamate biosynthesis II 1.38 0.50
Glutamate degradation X 1.38 0.50
Cell cycle: G2/M DNA damage

checkpoint regulation
1.72 0.08

p38 MAPK signaling 1.93 0.06

a n ¼ 10.
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concentrations. In the liver, caffeine is mainly metabolized into
paraxanthine by CYP1A2 [42]. Theoretically, higher caffeine con-
centrations may therefore also lead to higher paraxanthine con-
centrations. Consequently, it is also possible that the effects on lipid
and glucose metabolism observed in this study are caused by the
increases in caffeine and/or paraxanthine concentrations and not
only by the elevation of theobromine.

This study has several limitations. First, we studied a relatively
homogenous group in terms of ethnicity, age, BMI, and HDL-C
concentrations and it remains to be determined to what extent
these findings can be extrapolated to other population groups.
Furthermore, participants consumed the theobromine at breakfast
and the fasting blood samples were taken 24 h later. Peak plasma
concentrations of theobromine are usually seen 3 h after theobro-
mine consumption and have returned to baseline 24 h after intake
[43]. Therefore, it can be speculated that effects of theobromine on
fasting metabolism have already disappeared 24 h after intake.
However, as also no effects on postprandial lipids were observed,
this speculation is not very likely.

In conclusion, it is not likely that the potential beneficial effects
of cocoa on CVD can be ascribed to theobromine. Although theo-
bromine improves serum LDL-C concentrations, it did not change
fasting HDL-C, apoA-I, or postprandial lipid concentrations and
duodenal gene expression, and unfavorably affected postprandial
glucose and insulin responses.
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