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Abstract

Background: Dietary cocoa is an important source of flavonoids and is associated with favorable cardiovascular disease
effects, such as improvements in vascular function and lipid profiles, in nondiabetic adults. Type 2 diabetes (T2D) is
associated with adverse effects on postprandial serum glucose, lipids, inflammation, and vascular function.

Objective: WWe examined the hypothesis that cocoa reduces metabolic stress in obese T2D adults after a high-fat fast-
food-style meal.

Methods: Adults with T2D [n = 18; age (mean = SE): 56 *+ 3y; BMI (in kg/mz): 35.3 = 2.0; 14 women; 4 men] were randomly
assigned to receive cocoa beverage (960 mg total polyphenols; 480 mg flavanols) or flavanol-free placebo (110 mg total
polyphenols; <0.1 mg flavanols) with a high-fat fast-food-style breakfast [766 kcal, 50 g fat (59% energy)] in a crossover trial.
After an overnight fast (10-12 h), participants consumed the breakfast with cocoa or placebo, and blood sample collection
[glucose, insulin, lipids, and high-sensitivity C-reactive protein (hsCRP)] and vascular measurements were conducted at
0.5, 1, 2, 4, and 6 h postprandially on each study day. Insulin resistance was evaluated by homeostasis model assessment.
Results: Over the 6-h study, and specifically at 1 and 4 h, cocoa increased HDL cholesterol vs. placebo (overall
A: 1.5+ 0.8mg/dL; P= 0.01) but had no effect on total and LDL cholesterol, triglycerides, glucose, and hsCRP. Cocoa increased
serum insulin concentrations overall (A: 5.2 = 3.2 mU/L; P < 0.05) and specifically at 4 h but had no overall effects on insulin
resistance (except at4 h, P<0.05), systolic or diastolic blood pressure, or small artery elasticity. However, large artery elasticity
was overall lower after cocoa vs. placebo (A: —1.6 = 0.7 mL/mm Hg; P < 0.05), with the difference significant only at 2 h.

Conclusion: Acute cocoa supplementation showed no clear overall benefit in T2D patients after a high-fat fast-food-style
meal challenge. Although HDL cholesterol and insulin remained higher throughout the 6-h postprandial period, an overall
decrease in large artery elasticity was found after cocoa consumption. This trial was registered at clinicaltrials.gov as
NCT01886989. J Nutr2015;145:2325-32.
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Introduction

Increasing evidence suggests that the postprandial (fed) state is a
contributing factor to the development of atherosclerosis (1, 2).
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Given that most of the population in the United States with
obesity and diabetes (3, 4) is in a postprandial state for most of
the day, the postprandial state has become an increasingly
important area of investigation. Endothelial function is altered
early in diabetes. Postprandial hyperglycemia and hyperlipid-
emia may induce vascular stress, with diminished vasodilation
and increased intimal thickening, in people with type 2 diabetes
(T2D)° (5-7). Several surrogate markers of endothelial dysfunc-
tion, especially the inflammatory cytokines and chemokines, are
also elevated in response to postprandial metabolic stress in T2D

® Abbreviations used: CRP, C-reactive protein; CVD, cardiovascular disease;
hsCRP, high-sensitivity C-reactive protein; T2D, type 2 diabetes.
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TABLE 1 Composition of cocoa and placebo powders admin-
istered in the postprandial study in participants with type 2
diabetes’

Composition Cocoa Placebo
Serving size, g 20 12
Energy, kcal 67 66
Fat, g 47 50
Protein, g 27 1.1
Carbohydrates, g 96 40
Carbohydrate:protein 36:1 36:1
Fiber, g 44 0.1
Total polyphenols, mg 960 110
Total flavanols, mg 480 <0.1
Proanthocyanidins 1-10, mg 201 <0.001
Epicatechins, mg 40 0
Catechins, mg 18 0
Theobromine, mg 220 0
Caffeine, mg 21 0

" Source of the powders: The Hershey Company (Hershey, PA).

(1, 8). These postprandial responses are aggravated by certain
dietary macronutrients, especially refined carbohydrates and
fats (1, 8-11) and fast-food—style meals (12, 13) and are reversed
by the addition of antioxidant vitamins and dietary bioac-
tive compounds, such as the polyphenolic flavonoids (14, 15).
Studies that used high-fat or fast-food-style meal challenges in
participants with the metabolic syndrome or T2D have revealed
pronounced postprandial lipemia, glycemia, and inflammation,
lasting up to 8 h, and these were associated with atherogenic
effects and endothelial dysfunction (9, 10, 13). However, a few
studies demonstrate the role of soluble fiber and vitamin therapy
in attenuating meal-induced postprandial metabolic stress in
T2D (14, 16, 17), and some studies show effects of red wine,
berries, and fruit extracts in reversing postprandial metabolic
stress, but these mostly involve nondiabetic adults (15). Thus,
there is a substantial lack of studies that address the role of
bioactive dietary compounds, especially the polyphenolic flavo-
noids, in the modulation of postprandial metabolism in diabetes.

Among the commonly consumed sources of bioactive com-
pounds, cocoa is an important functional food with several
medicinal health effects (18). Cocoa powder is a rich source
of phytonutrients, especially the polyphenols, and they com-
prise 12-18% dry weight of unprocessed cocoa beans, al-
though a smaller proportion of processed commercially
available cocoa powder (19, 20). Cocoa or dark chocolate
consumption improves cardiovascular disease (CVD) risk,
especially endothelium-dependent vascular function and in-
sulin sensitivity, based on recent epidemiologic and clinical
studies (21, 22). In a few studies of healthy participants (23,
24) and smokers (25), acute supplementation with cocoa or its
bioactive compound epicatechin was shown to improve post-
prandial lipemia and endothelial dysfunction. However, these
studies in nondiabetic adults did not examine the role of cocoa
in counteracting a high-fat or fast-food-type meal challenge;
these foods are associated with weight gain, insulin resistance,
and inflammation (12, 26, 27).

We hypothesized that dietary cocoa powder attenuates high-
fat, fast-food meal-induced postprandial metabolic stress in
people with T2D. To investigate this, we measured effects of
cocoa vs. placebo on postprandial changes in serum glucose,
insulin, conventional lipids, C-reactive protein (CRP), blood
pressure, and arterial compliance in a randomized crossover trial.
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TABLE 2 Baseline characteristics of the study participants’
Variable Value
n 18
Age, y 56 + 3.2
Sex (n), M/F 4/14
Weight, kg 100 + 12
BMI, kg/m? 353+ 20
Waist circumference, cm 114 = 457
Serum glucose, mg/dL 136 + 16
Serum insulin, mU/L 148 = 26
Insulin resistance (HOMA-IR) 3509
Serum HbAT1c, % 82+ 06
Serum total cholesterol, mg/dL 188 = 11
Serum LDL cholesterol, mg/dL 12 +£1
Serum HDL cholesterol, mg/dL 46 + 25
Serum LDL:HDL cholesterol 254 = 0.24
Serum TGs, mg/dL 140 + 13
Serum hsCRP, mg/L 53 +12
Systolic blood pressure, mm Hg 144 £ 55
Diastolic blood pressure, mm Hg 85 + 3.0
Small artery elasticity index, mL/mm Hg X 100 56 = 36
Large artery elasticity index, mL/mm Hg X 10 17 74
Medication/supplement use, n (%)
Insulin 0(0)
Oral hypoglycemic agents 15 (83)
Statins/fibrates 5(28)
CCBs 3(17)
ACEIs/ARBs 10 (56)
Diuretics 2 (1)
Aspirin 6 (33)
Multivitamins/minerals 6 (33)
Botanical supplements 2(1)
Macronutrient and food intake
Energy, kcal/d 2216 *= 198
Carbohydrates, g/d 263 + 38
Total fats, g/d 92 +8
Protein, g/d 94 +9
Fiber, g/d 30x9
Fruit servings, g/d 144 + 52
Vegetable servings, g/d 160 = 35

"Values are means + SEMs unless otherwise indicated. ACEI/ARB, angiotensin
converting enzyme inhibitor/angiotensin receptor blocker; CCB, calcium channel
blocker; HbA1c, glycated hemoglobin; hsCRP, high-sensitivity C-reactive protein.

Methods

Participants. The study protocol was approved by the Institutional
Review Boards of the Oklahoma University Health Sciences Center and
the Oklahoma State University. Written informed consent was obtained
from all enrolled participants. All study procedures were conducted at
the Harold Hamm Diabetes Center at the Oklahoma University Health
Sciences Center. Volunteers of either sex (7 = 18) with elevated waist
circumference (>89 cm for women or >102 cm for men) and with
established and stable T2D for at least 5 y but not on insulin therapy
were screened. T2D eligibility was confirmed according to the guidelines
of the American Diabetes Association (28). Presence of other CVD risk
factors, such as elevated blood pressure or serum lipids, did not preclude
participation in the study. Potential recruits were excluded if they were
=21y of age; presented with preexisting conditions, such as cancer or
coronary heart disease; or had abnormal liver, renal, or thyroid function
or anemia on the basis of screening examinations. Potential recruits
also were excluded if they were consuming antioxidants or fish oil
supplements on a regular basis, were currently enrolled in a weight-loss



program, were current smokers, were consuming alcohol on a regular
basis (except social drinking, 1-2 drinks/wk), or were pregnant or
lactating. Each participant’s regular oral medications were continued
throughout the study.

Study design. Participants completed a randomized, double-blind,
crossover study in which they made 2 separate visits to the study site,
arriving in a fasting state (10-12 h). Each visit lasted ~6-7 h. The 2
study days were separated by a 1-wk washout phase (Supplemental
Figure 1). On each study day, blood draws, blood pressure, and
vascular measurements were conducted in the fasting state (baseline),
then again at 30 (0.5 h), 60 (1 h), 120 (2 h), 240 (4 h), and 360 min (6 h)
postprandial time points, starting from the time of completion of the
breakfast meal and beverage intake. After the fasting blood draw and
measurements of blood pressure and arterial elasticity, participants
were administered a high-fat fast-food—style breakfast with the cocoa
or placebo beverage. The breakfast was prepared at the clinic, and all
participants underwent supervised consumption of the test meals.
Participants were asked to refrain from alcohol and caffeine for 24 h
and from polyphenol-containing foods, such as berries, tea, red wine,
soy products, citrus juices, nuts, chocolate, and cocoa-containing
products, or dietary supplements of these food extracts for 48 h before
each study visit. Otherwise, participants were asked to maintain their
usual diet, medications, and lifestyle during the entire course of the
study. Three-day food records (2 weekdays and 1 weekend day) were
collected at baseline before the start of the study, and nutrient and food
group intakes were analyzed with Nutritionist Pro version 3.2 (Axxya
Systems).

Interventions. The nutritional composition of the cocoa and placebo
powder is summarized in Table 1. Cocoa powder had substantially higher
total polyphenols and flavanols per serving than the flavanol-free placebo
powder. The total polyphenol content was determined by the Folin-Ciocalteu
assay as described by Singleton et al. (29), and the total flavanol content was
determined by the 4-dimethylaminocinnamaldehyde assay as described
by Payne et al. (30). In addition to the cocoa, the powder contained the
following ingredients: sunflower oil, corn syrup solids, and =2% food
additives (carrageenan, vanillin, salt, sodium caseinate, aspartame,
dipotassium phosphate, monoglycerides, diglycerides, acesulfame
potassium, soy lecithin, and silicon dioxide). The composition of the
placebo powder mix was similar to that of the cocoa mix, except the
cocoa was replaced with milk protein isolate. The fast-food—style
breakfast meal consisted of 2 scrambled eggs (no added fat), hash
brown potatoes (70 g), 2 buttermilk biscuits, butter (15 g), and a
sausage patty (57 g). The breakfast meal provided a total of 766 kcal,
50 g total fat (25 g saturated fats, 12 g monounsaturated fats, 13 g
polyunsaturated fats; 59% energy), 50 g carbohydrates (26%
energy), 30 g proteins (16% energy), 465 mg cholesterol, and 2.4 g
dietary fiber. All meal ingredients were purchased from a local grocery
store and prepared in the metabolic kitchen at the clinic each
morning on the 2 trial days. The cocoa and placebo beverage mixes
were reconstituted in warm water and were provided to the
participants in closed lid cups with the breakfast meal for supervised
consumption.

Anthropometrics and vascular measurements. Body weight (+0.05
kg) was measured on a calibrated scale, and height (=0.05 cm) was
measured with the use of a stadiometer. Waist circumference (=0.05 cm)
was measured at the superior iliac crest. On each day of the trial, systolic
and diastolic blood pressures and arterial compliance were measured in a
quiet, temperature-controlled laboratory after an overnight fast and
before blood sampling. With the subject supine, radial arterial waveforms
were recorded for 30 s. The pressure transducer amplifier system was
connected to a specially designed device (Model CR-2000; Hypertension
Diagnostics Inc.). This technique was previously validated (31, 32) and
was performed with a simple noninvasive radial pulse wave recording and
computer analysis of the diastolic decay. This method provided separate
assessment of the large artery or capacitive compliance and small artery
reflective or oscillatory compliance. These measures were performed at
baseline and at 0.5, 1, 2, 4, and 6 h postprandially.

Biochemical variables. Freshly drawn blood samples were sent to the
Oklahoma University Medical Center Laboratory for analysis of serum
glucose, insulin, lipid profiles (total cholesterol, TGs, LDL cholesterol,
and HDL cholesterol) and high-sensitivity CRP (hsCRP). Analyses for
glucose, insulin, and lipids were conducted with the use of automated
diagnostic equipment (Abbott Architect Instruments) by enzymatic
colorimetric methods that used commercially available kits according to
manufacturer’s protocols. hsCRP was assayed by ultrasensitive nephe-
lometry (Dade Behring). Serum glycated hemoglobin was analyzed with
the use of a DCA 2000+ Analyzer (Bayer). Insulin resistance was
evaluated by HOMA-IR and was calculated as follows: [fasting insulin
(mU/L) X fasting glucose (mmol/L)]/22.5 (33).

Statistical analysis. For each outcome, change from baseline (i.e., the
fasting, preintervention time point) was calculated for each time point.
Data are presented as means = SEMs for serum glucose, insulin, HOMA-
IR, lipid profiles, hsCRP, blood pressure, and arterial compliance. For this
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FIGURE 1 Changes from baseline (fasting) in serum glucose (A),
insulin (B), and HOMA-IR (C) after cocoa vs. placebo intervention with
a high-fat meal in obese participants with type 2 diabetes. Data are
means *+ SEMs, n = 18. *Different from placebo, P < 0.05. Overall P,
derived from general estimating equation, is for difference between
change after cocoa vs. placebo intervention across the entire 6-h
period, accounting for the variation at each time point.
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crossover design, between-intervention comparisons were performed
at each time point with the use of generalized estimating equation
analyses to account for the repeated measures in the same individual.
Between-intervention comparisons across all time points, that is, for
the entire 6-h time period, were performed with the use of generalized
estimating equation analyses (with results indicated as overall P) with
the intervention effect being fitted after the (nuisance) time effect. In
addition, the AUC (0-360 min) was calculated for each subject and
intervention. Differences between intervention and placebo were
analyzed with the use of paired ¢ tests. Data analyses were conducted
with the use of IBM SPSS Statistics version 20.0 (IBM Corp.). Results
corresponding to P < 0.05 are described as significant for the purposes
of discussion.

Results

Baseline characteristics. All participants had clinically diag-
nosed T2D (28), with a large proportion taking oral hypogly-
cemic agents (83%) and antihypertensive medications (84 %)
(Table 2). All were obese [BMI (in kg/m?): >30]. At baseline, all
participants had hyperglycemia (>126 mg/dL) and elevated
systolic and diastolic blood pressures, whereas fasting lipid
profiles were mostly within optimal ranges. Baseline dietary
analyses revealed low intake of fruits and vegetables and high
intake of total fats and fat calories (37%).

Postprandial glucose, insulin, and insulin resistance.

Changes in glucose concentrations were not significantly differ-
ent after cocoa compared with placebo intervention over the

A

6-h postprandial phase compared with baseline (0 h) (Figure 1A).
In addition, the mean AUC (0-360 min) of serum glucose
responses did not show any significant difference after cocoa vs.
placebo intervention. Overall changes in insulin during the entire
6-h postprandial phase were significantly higher after cocoa
(overall P = 0.028) than after placebo, but overall changes in
HOMA-IR did not differ between the 2 interventions (overall P =
0.24) (Figure 1B, C). However, both insulin and insulin resistance
(HOMA-IR) were increased 4 h after cocoa vs. placebo (P < 0.01;
Figure 1B, C). Mean AUC (0-360 min) for serum insulin was not
significantly different at any time point, whereas AUC (0-240
min) for HOMA-IR remained significantly higher at 4 h after
cocoa than after placebo (P = 0.026) (data not shown).

Postprandial lipid profiles. Postprandial serum TGs, total and
LDL cholesterol, and the LDL cholesterol:HDL cholesterol ratio
did not significantly differ after cocoa vs. placebo intervention
(Figure 2A-D). No differences were observed in AUC values.
However, postprandial HDL cholesterol remained higher after
cocoa than after placebo throughout the 6-h postprandial period
(overall P = 0.011), with significant differences at 1 and 4 h into
the study (P = 0.01; Figure 2E). Mean AUC (0-360 min) of
serum HDL cholesterol was significantly higher after cocoa than
after placebo intervention (P < 0.02) (data not shown).

Postprandial CRP. No significant changes after cocoa or

placebo were noted for CRP over the 6-h postprandial period
(Figure 3). No difference was observed in the AUC.
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FIGURE 3 Changes from baseline (fasting) in serum C-reactive
protein after cocoa vs. placebo intervention with a high-fat meal in
obese participants with type 2 diabetes. Data are means = SEMs,
n=18.

Postprandial blood pressure and artery elasticity. Post-
prandial changes in systolic and diastolic blood pressures did not
differ between cocoa and placebo intervention at any time point
(Figure 4A, C). A general decrease was found in the large artery
elasticity after cocoa vs. placebo (overall P = 0.043), significant
at 2 h (P < 0.05; Figure 4B), but with no differences in small
artery elasticity (Figure 4D).

Discussion

Cocoa and its principal flavonoid, epicatechin, have displayed
antidiabetic effects in laboratory-based studies (34, 35) and were
shown to improve insulin resistance in clinical studies conducted

mostly in nondiabetic participants (36). However, in postpran-
dial studies of acute cocoa or dark chocolate supplementation no
significant differences were noted in postprandial glycemia and
insulin concentrations after an oral fat load in healthy volun-
teers (23) or in volunteers with smoking habits (25) or T2D (37).
In our study, although postprandial glucose showed no differ-
ences after cocoa vs. placebo interventions, cocoa intervention
elicited a higher insulin response and revealed insulin resis-
tance (HOMA-IR) in participants with T2D. Our findings are
consistent with previously reported studies that showed higher
postprandial insulin after consumption of cocoa products in
healthy nondiabetic participants (38, 39) and in male partici-
pants with T2D (40). Specific insulinogenic amino acids in cocoa
(41) or greater cephalic phase insulin release in response to
chocolate confectioneries (42) were proposed to explain these
observations. However, in a postprandial study in participants
with type 1 diabetes, no differences in glucose and insulin
responses were found after a chocolate cake-substitution meal
vs. a standard meal (43). Thus, cocoa supplementation may
counteract postprandial hyperglycemia by inducing insulin
secretion and concomitant insulin resistance in the presence of
a high-fat meal as observed in our study. Further studies are
needed to address the long-term implications of these repeated
episodes in diabetes.

Evidence of effects of cocoa and chocolate on blood lipid
regulation comes from experimental animal models of athero-
sclerosis (44, 45) and from clinical trials in nondiabetic
participants in which they showed a significant reduction in
total and/or LDL cholesterol, marginal increases or no effects
on HDL cholesterol, and no effects on TGs (36, 46). In a
postprandial study in healthy volunteers reported by Westphal
and Luley (23), acute cocoa supplementation after an oral fat
load (100 mL whipping cream with 33 g total fats) showed
significant improvements in lipemia-induced endothelial dys-
function. However, the study showed no effects of cocoa on
postprandial lipids (23). In contrast, acute supplementation of
epicatchin, the principal bioactive cocoa flavonoid, in over-
weight adults showed significant decreases in postprandial
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TGs and increased fat oxidation after an oral challenge with
a commercial nutritional supplement (meal replacement
drink, 237 mL, 6 g total fats) (24). In our postprandial study,
HDL cholesterol after cocoa remained higher throughout
the postprandial phase than concentrations after placebo,
whereas no notable effects were observed in the case of total
and LDL cholesterol or TGs. The magnitude of difference in
HDL cholesterol in our study is comparable with the overall
increase in HDL due to cocoa intervention in a meta-analysis
of clinical trials (36). The effects of chronic cocoa intake in
raising HDL cholesterol in healthy participants were identified
many years ago by Kris-Etherton and Mustad (47) and were
explained by mechanisms such as the increased expression and
secretion of apoAl and increased production of mature form
sterol regulatory element binding proteins by cocoa polyphe-
nols in hepatocytes (48). Thus, on the basis of this evidence,
cocoa may offer some protection against postprandial
dyslipidemia after a high-fat meal challenge. This needs
further investigation in larger trials of participants with
diabetes.

Evidence of the anti-inflammatory benefits of cocoa was
supported predominantly by studies of animal models and in
vitro and ex vivo experiments (49), although a review of clinical
trials in nondiabetic participants has shown conflicting data on
selected biomarkers of inflammation (50). In most of these
clinical studies, CRP was unaffected, whereas other inflamma-
tory biomarkers, such as cytokines and chemokines, were shown
to be modulated by cocoa intervention (50). In our postprandial
study, CRP revealed no significant changes after cocoa vs. placebo
in diabetic participants. Consistent with this, acute supplemen-
tation of tea and berry polyphenols also showed no effect
on postprandial CRP in participants with CVD or its risk factors
(51, 52).

The health benefits of cocoa in improving vascular function,
especially in lowering blood pressure and arterial stiffness and
increasing vasodilation, have received great emphasis in a substan-
tial number of clinical trials (36). Vascular benefits of acute cocoa
supplementation were also reported in postprandial studies
of healthy volunteers (23, 53, 54) and in volunteers with T2D
(37). However, in contrast to these positive findings, in the
present study that used a fast-food-style meal in T2D patients,
no such effects were observed. Methodologic differences, such
as flow-mediated dilation vs. pulse wave velocity in assessing
vascular reactivity, study design (acute with or without meal
challenge vs. chronic; type of meal), and differences in study
participants must be taken into consideration when assessing
effects of cocoa on vascular function. In addition, acute food
intake was associated with variability of vascular reactivity in
the early postprandial phase (55); thus, our observed changes in
arterial elasticity within 2 h of the meal challenge may be of
limited clinical implications.

Our study has limitations, specifically the small sample size,
the absence of a nondiabetic group for comparison, and the lack
of analyses of biomarkers of inflammation and oxidative stress,
that may be modulated by cocoa in the postprandial phase. In
addition, we used just one type of test meal, albeit an important
one, and did not include interventions with low-fat or standard
breakfast meals to assess effects of meal composition. Our study
involves an acute intervention with cocoa, as opposed to a
priming phase in which short-term polyphenol supplementation
before an acute meal challenge could lead to favorable postprandial
responses as was shown previously (56). Finally, our participants
with T2D on blood glucose management with the use of diet,
exercise, and oral hypoglycemic agents may not be generalizable
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to diabetic participants with advanced vascular complications or
those on insulin therapy.

In conclusion, our postprandial study in obese participants
with T2D revealed that cocoa supplementation increased post-
prandial insulin but with no effects on glucose and raised HDL
cholesterol but with no effects on total or LDL cholesterol or TGs
compared with the placebo intervention. Finally, no notable
effects were observed on the inflammatory marker CRP and
measures of blood pressure and vascular function. Thus, in
contrast to the existing body of evidence that supports substantial
health benefits of cocoa in short- and long-term studies, we report
modest benefits of acute cocoa supplementation in diabetes after a
high-fat meal challenge. This difference may be explained by our
use of an acute fat overload as the primary meal challenge that
may blunt any secondary effects of cocoa beverage, especially in
the presence of CVD risk factors such as obesity, hypertension,
and diabetes. The consumption of high-fat fast foods is common
and increasing, and diabetes becomes ever more prevalent.
Further investigations are warranted to determine whether
cocoa supplementation, acute or long term, has a role in the
prevention of vascular complications of diabetes.
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